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Four species of malarial parasite, members of a genus of
protozoa within the suborder Haemosporidiidea, infect hu-
mans, and all are spread by female Anopheles mosquitoes. In
practice, only one of these parasites, Plasmodium falciparum,
causes fatal disease. It is the organism targeted in attempts to
develop a malarial vaccine and is also the focus of research on
antimalarial drug resistance. Therefore, references to malaria
in this review are to falciparum malaria. Malaria stands out
among the systemic infectious diseases of humans for many

reasons, apart from the sheer scale of the problems it causes
(344). Although it has been recognized as an entity for thou-
sands of years, it was still thought to be noninfectious long after
Pasteur had demonstrated that a number of other major dis-
eases were caused by bacteria, and knowledge of its life cycle
was not complete until 1951 (370). The relatively large P. fal-
ciparum is easy to locate within blood vessels in fixed tissue
sections, and from the late 19th century (40), this characteristic
allowed a plausible explanation of falciparum malarial disease,
particularly its coma, in terms of poor oxygen delivery through
partly obstructed blood vessels. This appeared to give malarial
disease a unique pathogenesis, still with some currency today.

It is our view that focusing on malaria in isolation will never
provide the insights required to understand the pathogenesis
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of this disease. How can the illnesses caused by a spirochete
and a virus be so clinically identical (184), typhoid readily
diagnosed as malaria (296), and malaria in returning travelers
so commonly dismissed as influenza? Why do former military
personnel with much personal experience of malaria invariably
believe that the onset of brucellosis or Q fever is a relapse of
malaria when they first seek out medical advice? An adequate
explanation of malaria disease has to answer these questions.
Understanding why these clinical confusions occur entails ap-
preciating the sequence of events that led up to the cytokine
revolution that has transformed this field over the last 15 years.
To explain this adequately, we must outline the pathogenesis
of these clinically overlapping systemic diseases caused by in-
fectious agents other than malaria, as well as that of conditions
such as burns, trauma, hemorrhagic shock, snakebite and heat-
stroke, which are not caused by specific microorganisms but
which apparently have a similar molecular pathogenesis. An
additional layer of complexity is provided by the fact that these
molecules, often referred to as the proinflammatory cytokines,
are also the basis of much cell-mediated immunity against
infectious agents. We only touch on the recognition end of the
spectrum of events that leads to the mediators of innate im-
munity and disease, which was comprehensively reviewed for
bacterial infections recently in this journal (420). Instead, we
concentrate on the current state of knowledge at the effector
end of the process, where disease is actually generated. The
pathogenesis of the more clinical aspects of falciparum ma-
laria, such as hyperlactatemia, metabolic acidosis, hypoglyce-
mia, respiratory distress, impaired consciousness, and anemia,
has been reviewed recently (91).

CYTOKINE THEORY OF DISEASE

The Pre-rTNF Era

To our knowledge, Paul Cannon was the first to argue, in
1941, that the diseases caused by malaria and bacterial infec-
tions would prove to be governed by the same pathologic
principles (63). Later that decade, Brian Maegraith, quoting
Cannon, reasoned that a range of infectious agents, including
Plasmodium, probably all caused disease by generating acute
general inflammation (p. 367 of reference 253). The opinion
that infectious organisms do not harm us directly, but do so
indirectly through our response to them, was nicely put by
Lewis Thomas in an erudite 1972 essay (410). But it was an
essay of its time, about complement activation, epinephrine,
and lysozymal enzymes, not the soluble mediators we would
now call proinflammatory cytokines. These, now so numerous
as to be grouped in sets of families, had already begun to be
described by this time, with the advent of macrophage migra-
tion inhibitory factor (MIF) (42, 113), lymphotoxin (LT) (342),
and tumor necrosis factor (TNF) (66). However, no link was
made between these mediators and systemic disease pathogen-
esis or protection against pathogenic organisms, but they were
linked to delayed hypersensitivity (42, 113, 342) and protection
against tumors by bacterial immunostimulants (66). The newly
described roles for MIF, and its detection in human sepsis and
malaria tissues, has been extensively reviewed recently (91).

TNF acquired its name because Carswell et al. (66) had
collected serum 2 h after mice (infected 14 to 21 days earlier

with live BCG, the bacillus Calmette-Guérin strain of Myco-
bacterium tuberculosis) had received an injection of gram-neg-
ative enterobacterial wall endotoxin, i.e., lipopolysaccharide
(LPS), and found that this serum, and defined fractions of it,
caused necrosis of established tumors in other mice. A little
earlier, it had been observed that mouse hemoprotozoa died
inside circulating red cells in undisturbed infections at higher
parasite densities (96) and at very low parasite densities, in the
absence of a parasite-specific antibody, in mice that had been
infected with BCG (85).

This implied the activity of a novel soluble circulating me-
diator. TNF was plausibly involved. First, the interval between
BCG and infection with hemoprotozoa was the same as the
Sloan-Kettering group had used before administering LPS
(66), and second, other protectants against mouse hemopro-
tozoa (80, 81, 85, 93), all acknowledged macrophage activators,
were all known to protect against tumors. Some had been
shown to prime for TNF generation. Moreover, the ability of
these agents to protect against hemoprotozoa could be pre-
dicted by how well they sensitized mice to LPS (81). A collab-
oration with the original laboratory studying TNF showed that
TNF-rich serum fractions would indeed inhibit malaria para-
site growth in vivo (99), that malaria infection would replace
BCG as a primer for TNF production (99), and that the ability
of a priming agent in our system paralleled its effectiveness, at
the same dose, to prime for TNF generation (E. A. Carswell,
personal communication). In addition, interleukin-1 (IL-1)
(then called lymphocyte-activating factor) was present in the
TNF-rich fractions, and roles for it in malaria were proposed
(99). Thus developed the argument that TNF and similar me-
diators were involved in the host response to malaria parasites,
a field previously the province of antibody-based mechanisms.
TNF had no previously proposed role in immunity against any
infectious agent—nor, indeed, in disease pathogenesis.

This work on malaria was confirmed and considerably ex-
tended by researchers at the Middlesex Hospital in London,
who were the first to show that LPS induces serum factors that
kill malaria parasites in vitro (400). They also showed, by using
murine models, that TNF-rich serum would kill Plasmodium
yoelii, a non-lethal parasite; but not Plasmodium berghei, one of
the parasites lethal to mice (399), a pattern that corresponded
to that found in the original BCG protection experiments (85).

During these studies, we observed many parallels between
the pathology caused by enterobacterial LPS and malaria in-
fection in mice (79), a similarity (the LPS source being the
typhoid vaccine of 1945) previously noted for human malarial
illness (p. 345 of reference 253). The late 1970s was the era in
which it was being realized that the many host responses to
LPS, including its capacity to induce illness and pathology,
were not caused by the direct effects of this molecule but
instead were caused indirectly, by inducing host cells to release
soluble mediators. To our knowledge, this was first demon-
strated (in Joe Berry’s laboratory in Austin, Tex.) by showing
that C3H/HeJ mice, while refractory to the ability of LPS to
block gluconeogenesis, were susceptible to the transfer of this
activity via peritoneal exudate cell supernatants from wild-type
mice exposed to LPS (285, 286). A few years later, the idea of
the effects of LPS in mammals being mediated by soluble
factors generated by host cells had become a widely accepted
principle (273). Thus, it was reasoned that this group of cyto-
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kines would explain much of the illness and pathology of ma-
laria, the Jarisch-Herxheimer syndrome (discussed below), and
the clinical similarity between malaria and typhoid (99). This
seemed inevitable for this disease and other infections caused
by gram-negative bacteria, since in the 1970s the Sloan-Ket-
tering group had often used Salmonella infection instead of
BCG, and LPS from Salmonella strains instead of Escherichia
coli, to generate TNF (Carswell, personal communication).

One indirect approach to understanding this similarity took
advantage of the unique characteristic of hemoprotozoan in-
fections that allows counts of Giemsa-stained peripheral blood
smears to provide information, not available for bacterial or
viral infections, about the total pathogen load in an infected
host. If the arguments for a key role for the mediators of
endotoxicity in malaria and similar diseases had validity, it
would follow that the parasite density at which a host species
begins to exhibit illness on a first exposure to malaria or babe-
siosis would be in proportion to the amount of E. coli LPS that
the host could withstand before the onset of toxicity. This
proved to be the case for all hosts, including reptiles, birds, and
a range of mammals including humans (82). Sometimes only a
50% lethal dose was available in the literature, but the range of
responses is so extreme that the correlation is still obvious.
Since P. falciparum and Babesia microti, another hemoproto-
zoan protozoan, infect both humans and another host (the owl
monkey, Aotus sp., and the mouse, respectively), it was possible
to establish that the relationship depended on a characteristic
of the host, not the parasite species. This provided, for the first
time, a plausible explanation for the long-standing puzzle that,
although very low parasite densities cause onset of illness in
first infections of human malaria and babesiosis and bovine
babesiosis, mice withstand high parasite densities of several
species of either causative genus before onset of illness. In
other words, previously unexposed humans become ill after
exposure to very few hemoprotozoan parasites whereas mice
do not become ill until exposed to many organisms. Similarly
inexplicable had been the observation that incredibly high ma-
laria parasite densities (sometimes reaching a peak of 35,000
parasites per 10,000 red cells) do not cause illness in reptiles
(161). Thus, the pursuit of the LPS-inducible soluble factors
(later called cytokines) appeared to be the best way to under-
stand disease pathogenesis in malaria and babesiosis. Since
individuals recently recovered from malaria withstand high
doses of both malaria parasites and LPS (186, 341), it was
reasoned (79, 83, 99) that this approach to innate malarial
tolerance in different host species offered insight, in terms of
reduced levels of TNF and related cytokines, into understand-
ing the acquired malarial tolerance seen in children in malarial
areas.

A corollary to these ideas was that the long-postulated ma-
laria toxin did not cause illness directly, as had been assumed
since the late 19th century, but did so through inducing the
host to release a shower of LPS-inducible cytokines that, at
lower concentrations, are an essential part of the host immune
response. Thus, it was noted that TNF induction could be used
as an in vitro assay for the presence of the active principle of
malaria toxin (83, 99). This has proved to be so for P. falcipa-
rum (363) and also for Trypanosoma brucei (393), another
hemoprotozoan in which low parasite densities can cause onset
of human (231) and bovine (263) illness but, as in malaria and

babesiosis, high densities are required in rodents (424). Ma-
laria toxins are discussed later in this review.

The Post-rTNF Era

TNF. When Chiron (courtesy of Bruce Beutler) and later
Asahi recombinant TNF became available to us, we found that
this cytokine, when continuously released in small quantities
from intraperitoneal osmotic pumps, would inhibit the in vivo
growth of the rodent malaria parasite, Plasmodium chabaudi
(95). This result was extended by the Middlesex group to P.
yoelii, with the additional information that it did not have this
activity in vitro, implying that an additional mediator had to be
induced in vivo by TNF (401). When we injected rTNF into
mice carrying low loads of another rodent malaria parasite,
Plasmodium vinckei, it caused changes that completely mim-
icked the hypoglycemia, mid-zonal liver damage, and pulmo-
nary accumulation of neutrophils seen in the terminal stages of
this infection (92). Also, the dyserythropoiesis and erythro-
phagocytosis (89) and fetal death (88) observed in P. vinckei-
infected mice, as well as in human falciparum malaria, were
induced by injecting a small dose of rTNF into mice carrying a
light, subclinical load of P. vinckei. Others, by now interested in
the role of TNF in bacterial sepsis, showed that the increased
serum lactate level, hypotension, adrenal medullary necrosis,
renal tubular necrosis (413, 414), and hepatomegaly (143), all
seen in falciparum malaria, occur in animals given parenteral
rTNF.

The availability of rTNF also ushered in a period when it was
used use in therapeutic trials in human tumor patients, and its
side effects strikingly mimicked many of the clinical changes
seen in malaria. These included fatigue, fever, chills, head-
ache, thrombocytopenia, anorexia, hypotension, myalgia,
nausea, vomiting, and diarrhea (206, 380). Symptoms were
worse with higher doses and were often dose-limiting. Bio-
chemical changes recorded in malaria, such as hypertriglycer-
idemia (304) and low serum iron levels (316), were also ob-
served in patients to whom TNF had been administered (108,
206, 274). Likewise, the clotting cascade, which is often acti-
vated in malaria patients (322), was activated in TNF recipients
(32, 421). Altered mental states were also recorded, particu-
larly in patients receiving infusions of IL-2, a cytokine that
induces TNF (276). In one IL-2 study, 15 of 44 patients devel-
oped behavioral changes sufficiently severe to warrant acute
intervention and 22 had severe cognitive defects (117). All
recovered without residual neurological deficit, which is rem-
iniscent of cerebral malaria. Even the labial herpes often seen
in malaria may be reproduced by infusing TNF into tumor
patients (119, 397), implying a role for TNF in malarial immu-
nosuppression. We subsequently attributed this to its ability to
induce inducible nitric oxide synthase (iNOS) (331). Since
these changes were often induced by doses of rTNF too small
to cause a detectable rise in serum TNF levels (206, 436), it is
not surprising that patients with clinical falciparum malaria, in
whose serum high levels of TNF can be detected (see below),
often exhibit these changes in a severe and protracted form.

A technical advance made possible by the availability of
rTNF was an enzyme-linked immunosorbent assay to assay the
serum of malaria patients for the presence of this molecule.
Systematic studies, comparing serum TNF levels with complex-
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ity of disease and outcome, began soon thereafter. For exam-
ple, it was found that the serum TNF level in East African
(165) and West African (229) children at time of admission
correlated with the severity of disease and mortality, even
though serum TNF levels varied greatly. This highlights a prob-
lem inherent in studying malaria in tropical countries, where
variations in previous malarial exposure through malarial tol-
erance and thus variable degrees of inhibition of the ability to
generate TNF make the interpretation of data difficult. A
clearer pattern was detected in a group of nonimmune Euro-
peans who had not previously traveled to tropical areas (215).
Patients with complicated malaria (combined organ dysfunc-
tion, hypotension, thrombocytopenia, and the highest parasite
densities) and the longest durations between onset of clinical
symptoms and diagnosis had significantly higher TNF levels
than did those in whom malaria ran a more benign course. In
another contrasting setting (the Solomon Islands), we found
that serum TNF levels correlated directly with both fever and
parasite density (58). Since then, TNF has become a standard
cytokine assay for malaria, and its study has generated over 750
papers.

IL-1. As noted above, we proposed roles for IL-1 in malaria
in 1981 (99) and showed that macrophages from malaria-in-
fected mice were primed for the release of IL-1 (437). Circu-
lating levels are increased in septic shock and experimental
endotoxin fever in humans (62). In our view, the impression
that IL-1 is a much less important cytokine than TNF in ma-
laria and sepsis pathogenesis largely stems from the fact that
IL-1, unlike TNF, has never been made available in amounts
sufficient to generate a critical mass of literature on its in vivo
use. Undoubtedly the main champion of IL-1 has been Charles
Dinarello, who began working on this mediator when it was
still called endogenous pyrogen, then an undefined entity.
Credit for linking this undefined pyrogen to IL-1 must go to
Keith McAdam, who, in collaboration with Dinarello, showed
that serum amyloid A inducer copurified with both endoge-
nous pyrogen and lymphocyte-activating factor, an earlier
name for IL-1 (266). As often noted in reviews (120, 121), it
would be a mistake not to take IL-1, which is just as pleotropic
as TNF, into equal consideration when investigating diseases
such as malaria.

We later demonstrated that the presence of very low con-
centrations of either rIL-1� or rIL-1� can greatly enhance the
effectiveness of a fixed dose of TNF to generate nitric oxide
and to induce hypoglycaemia in malaria-primed mice (330).
Increased concentrations of IL-1�, as well as TNF, in serum
have been associated with the severity of falciparum malaria in
West Africa (229), and were also generated in cocultures con-
taining monocytes or unfractionated peripheral blood mono-
nuclear cells and P. falciparum-infected red cells (426). In
addition, glycosylphosphatidylinositol (GPI), a major malarial
toxin, induces IL-1 from macrophages (364). Moreover, infu-
sion with rIL-1 generates the same fever, rigors, fatigue, head-
ache, and nausea as does administration of rTNF (427). Nev-
ertheless, sepsis patients receiving recombinant human IL-1
receptor antagonist in a phase III trial derived little benefit
(220). As Dinarello has stressed in summarizing some of his
group’s laboratory work, simultaneously blocking both IL-1
and TNF is a logical therapeutic direction (120, 442), but to

date the realities of biotechnology patents appear to be retard-
ing enthusiasm for testing this combined treatment in patients.

Lymphotoxin. As with IL-1, LT has generated only a limited
literature because of its poor availability for in vivo experi-
ments. One of the very first cytokines described (342), LT was
cloned (166) and generated in recombinant form (6) before
rTNF was available. LT was termed TNF-� for a period (when
TNF was TNF-�) before reverting to its original name of
lymphotoxin. Since then, it has been further investigated and
now has alpha and beta categories of its own. LT upregulates
TNF expression (306) and shares at least one of the TNF
receptors (359), yet data obtained in experiments with mice
support the notion that TNF and LT have largely nonredun-
dant functions in vivo (228). While LT has been described in a
pig model of sepsis (235), its detection in human sepsis has
been more equivocal (382). Like TNF, LT increases the ex-
pression of intercellular cell adhesion molecule 1 (ICAM-1)
and vascular cell adhesion molecule 1 (VCAM-1) (200) and
thus enhances cellular adhesion to endothelium.

The work that led to the identification of the malaria toxin,
GPI, was based on its capacity to induce TNF (discussed be-
low), but formal investigations of whether this molecule in-
duces LT have not yet been done. Some years ago, we showed
that LT was present in human malarial serum and that inject-
ing the recombinant form into malaria-primed mice induced
the same high levels of IL-6 and hypoglycemia (both of which
are seen in the severe disease) as did administration of TNF
(94). It now seems clear-cut, from experiments with knockout
mice, that LT is the key mediator of the mouse model of
cerebral malaria, the ANKA strain of P. berghei (137). The
prevention of this cerebral pathology through immunization
against malaria GPI is therefore difficult to interpret other
than indicating that GPI induces LT. Moreover, LT shares with
TNF and IL-1 the ability to induce nitric oxide generation in
vivo (329). It has been known for some years that a crude
extract of P. falciparum-infected red cells induces LT (146),
and GPI has been shown to be responsible for all of the
iNOS-inducing activity in crude P. falciparum extracts (391).
Taken together, these data imply that GPI does indeed induce
LT as well as TNF and IL-1. An earlier claim that anti-TNF
antibody prevented the development of cerebral symptoms in
this mouse cerebral malaria model (163) is probably best ex-
plained by the polyclonal antibody then available neutralizing
LT as well as TNF. In summary, despite its small literature,
LT may well be as important in practice as TNF in initiating
many inflammatory pathways, and ignoring it may have caused
a number of surprising negative in vivo results with TNF
neutralization.

HMGB1 RELEASE INTO THE CIRCULATION

The cytokine response that leads to malarial disease is still
not fully explained. For example, the mediators thus far in-
criminated are released early and have short lives in the cir-
culation, yet untreated malaria is a chronic disease. HMGB1,
one of the high-mobility group box (HMGB) proteins, which is
now accepted to enhance the severity of sepsis pathogenesis
and to extend its duration, may well elucidate this. This family
of nuclear molecules was named in the 1960s (as HMG pro-
teins) for their electrophoretic mobility properties on acryl-
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amide gels. HMGB1 is a ubiquitous, abundant, and evolution-
arily conserved nonhistone DNA-binding molecule that has
been known for decades to be present in all vertebrate cell
nuclei and to play roles in DNA transcription, replication,
bending, and repair (47). In passing, we note that HMGB2 and
HMGB3 are widespread during embryogenesis, with only the
former existing in adults cells, and then in limited locations
(57). Well before its additional role in sepsis was appreciated,
HMGB1 was unwittingly supporting a thriving area of research
in neuronal development and neurite outgrowth under the
name amphoterin (272) when sequencing data revealed unex-
pectedly, in 1993, that amphoterin and HMGB1 were identical
(310). Although HMGB proteins are normally intracellular,
work published in 1999 by Haichao Wang and Kevin Tracey
showed that a novel protein circulating in mice during the
later stages of the lethal toxicity of enterobacterial LPS was,
like amphoterin, unexpectedly found, when sequenced, to be
HMGB1 (428). This paper also reported the presence of
HMGB1 circulating in the blood of sepsis patients and mimicry
of the in vivo pathological effects of LPS with rHMGB1. Ac-
cordingly, the authors suggested that HMGB1 could act as an
inflammatory mediator downstream of TNF and IL-1, and
enthusiasm for this concept, as well as evidence to support it,
has spread (see below).

The identity of HMGB1 as an unusual and complex cytokine
that also binds to DNA has recently been reviewed (13). Be-
cause it lacks a classical signal sequence, the regulation of its
release is not clear. In monocytes, its LPS-induced secretion
occurs through exocytosis of cytoplasmic granules containing
HMGB1 (153). LPS operates in collaboration with lysophos-
phatidylcholine, a bioactive lipid generated at the site of in-
flammation (153). As evidence that HMGB1 has now become
acceptably “mainstream” in sepsis, we note that references to
its origins, activities, and clinical implications have been in-
cluded in recent prominent general reviews of this condition
(45, 102, 326).

HMGB1 consists of two homologous DNA-binding se-
quences, termed box A and box B. The DNA-binding domain
within box B (localized to 20 amino acids, from positions 89 to
108) contains the proinflammatory function of the full-length
molecule (242); paradoxically, the A-box protein, when admin-
istered alone in recombinant form, has a strong anti-inflam-
matory activity (13). In vitro studies have shown that HMGB1
is secreted by activated monocytes and macrophages (13, 153,
428). This has been confirmed in vivo through its detection by
immunohistochemistry during experimental arthritis in rats
(224) and rheumatoid arthritis in humans (224, 396). As well as
being found in the nucleus of synovial macrophages (as in
controls), HMGB1 was abundant in the cytoplasm of these
cells, in keeping with its secretion via a nonclassical, vesicle-
mediated secretory pathway (153). It was also present in the
adjacent extracellular matrix (224).

In contrast to the rapid rise and fall of TNF and IL-1 release,
HMGB1 is released from macrophages only after they have
been exposed to LPS, TNF, or IL-1 for 8 h, and secretion
continues for an unusually long period (20 h) (428). In its turn,
HMGB1 generates a further wave of these inflammatory cyto-
kines, with a slower onset and a longer duration, than does LPS
(14). This is consistent with the presence of raised TNF levels
for up to 24 h after onset of illness in the mouse cecal ligation

and puncture model (376), a condition in which HMGB1 is
found in the circulation (418) and against which anti-HMGB1
treatments protect (13, 418). When injected, the recombinant
form of HMGB1 produces the changes characteristic of endo-
toxicity (428), and a single injection of 1 �g into joints of mice
generates histologically confirmed arthritis that lasts for up to
28 days (323). In addition, TNF and IL-6 have been found in
the brain after HMGB1 has been introduced into the cerebral
ventricles of mice (7). HMGB1 has also been reported to be
present in plasma in ischemia/reperfusion injury (373), human
hemorrhagic shock (303), and, in mice, LPS toxicity (418), ce-
cal ligation and puncture (418), and brain trauma (221). De-
layed injection of neutralizing anti-HMGB1 antibodies signif-
icantly protects mice against a 100% lethal dose of LPS (428),
and antibody specific for the B box is just as effective (242).

It was first shown in the amphoterin literature that HMGB1
binds to RAGE, the receptor for advanced glycation end prod-
ucts (AGE) (197). This receptor is a member of the immuno-
globulin superfamily and is unusual in that it has a repertoire
of ligands, including amyloid fibrils and S100, a chemokine, as
well as HMGB1 and AGE. AGE is relevant to diabetes pa-
thology. Its expression is upregulated at a number of cellular
locations, including endothelial cells, in various examples of
inflammation. When engaged with AGE, RAGE increases
the permeability of endothelial cells to albumin-sized mol-
ecules (353), and the presence of the soluble form of RAGE
(sRAGE) prevents this in vivo (432). There is, not surprisingly,
considerable interest in the usefulness of sRAGE in various
disease states mediated by a number of the ligands of RAGE,
but the possibility of its relevance to sepsis and malaria has not
yet been exploited. Following the engagement of RAGE on
human endothelial cells with rHMGB1, there is a dose- and
time-dependent increase in the expression of ICAM-1 and
VCAM-1, TNF, IL-8, monocyte chemotactic protein 1, plas-
minogen activator inhibitor 1, and tissue plasminogen activa-
tor, as well as RAGE itself (149). Apparently TNF can also
upregulate RAGE (395). These consequences of RAGE-li-
gand interaction are likely to reinforce, from a malaria and
sepsis perspective, the proposal (354, 355) that HMGB1 is
an important amplification signal in inflammation. This prop-
erty makes it a worthwhile therapeutic target. The place of
HMGB1 within the inflammation process is depicted in Fig. 1.

In collaboration with Kevin Tracey and coworkers, we have
found that circulating levels of HMGB1 are increased in fal-
ciparum malaria (L. M. Alleva et al., unpublished data). In
addition, the translocation of HMGB1 from the nucleus to the
cytoplasm, as occurs after LPS (153) and within synovial fluid
macrophages of rat and human rheumatoid arthritis (224) has
been observed in several organs in fatal human malaria (A. C.
Mills et al., unpublished data). Thus, it appears that this new
development in understanding inflammation applies equally to
malaria as to sepsis, as has been found recently for MIF and
iNOS (78, 87). Its links to adhesion and coagulopathy media-
tors, as outlined above (149), are particularly intriguing for the
pathogenesis of malaria disease. This is explored further later
in this review.

We also note a report that human platelets, of which
HMGB1 is a normal constituent, present this molecule on their
surface once they become activated (338). Should this HMGB1
be directly donated to RAGE (as expected, since activated
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platelets adhere to endothelial cells), it would not have con-
tributed to the levels of this cytokine in plasma, assays for
which could therefore underestimate total activity in circum-
stances where platelet activation occurs, such as malaria (281)
and sepsis (156). Circulating TNF, whose level is increased in
malaria, has been reported since 1988 to activate platelets (112),
and such activation has since been proposed to be associated
with malarial vascular pathology (164). A recent immunohis-
tochemical study has shown platelets to have aggregated in
brain blood vessels in a selected group of human cerebral
malaria cases (164). Presumably, these platelets were activated
and therefore can be expected to carry much HMGB1 on their
cell surface (338), thus upregulating adhesion and coagulopa-
thy activity (149). Unfortunately, a complete interpretation of
this platelet immunohistochemistry (164) is not yet possible,
since the one-third of the patients in that series whose brain
sections did not show significant inflammatory change or se-
questration of parasitized red cells or monocytes in the cere-
bral vasculature (87) were not included in this study (164).

Therapeutic Approaches Targeting HMGB1

Two possible therapeutic approaches arise from the HMGB1
literature. Parenteral ethyl pyruvate (a common food additive)
has been reported to rescue mice from models of sepsis and
systemic inflammation, whether administered before or 4 or

24 h after the onset of inflammatory insult (418). This has been
argued to occur because it is a potent water-soluble radical
scavenger. When given before LPS, it inhibits the usual in-
crease in the levels of both TNF and HMGB1 in plasma due to
LPS, whereas when given 4 or 24 h after LPS, when the early
TNF peak had come and gone, HMGB1 release was still in-
hibited (418). This implies a more important role for HMGB1
than for TNF in these model diseases. Cecal ligation and punc-
ture is the hardest model of systemic inflammation to influence
experimentally. The ability of ethyl pyruvate (418), recombi-
nant Box A protein (13), and neutralizing antibody specific for
the B box of HMGB1 (13, 242) to significantly enhance survival
in this model when treatment is delayed for 24 h after cecal
ligation and puncture, by which time 10% of mice had already
died, provides the best example yet of a clinically relevant
therapeutic window for sepsis. In other words, these results
meet, for the first time, a goal that would be required for
practical intervention in patients who are already ill with a
range of systemic infectious conditions, including falciparum
malaria. A similar analysis, with the same conclusions, has
been performed with ethyl pyruvate in a rat LPS shock model
(423). Ethyl pyruvate (402) and sodium pyruvate (284) have
been reported to protect against experimental hemorrhagic
shock. This is further discussed in the section on PARP-1
activation (see below). In addition, recombinant HMGB1 A-
Box protein and neutralizing antibody specific for the B box of

FIG. 1. The proposed central role of HMGB1 in the amplification and perpetuation of inflammation. As well as excessive TNF and IL-1
inducing HMGB1 secretion, they can be predicted to run down cellular energy through overactivating PARP-1, thus favoring necrosis, which
releases HMGB1 from the nucleus, over apoptosis, which is energy dependent and does not cause HMGB1 release. By increasing the expression
of RAGE (a receptor for which HMGB1 is one of several ligands) and then activating it, HMGB1 induces a further wave of inflammatory
cytokines, including the TNF and IL-1 that induced it in the first place. Thus, HMGB1 is thought to amplify and extend inflammatory reactions.
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HMGB1 are both efficacious in treating established arthritis in
mice and rats (223). This result, seen in conjunction with the
outcome when these agents are used in experimental sepsis
(13), demonstrates the essential similarity between local in-
flammation and these systemic diseases.

sRAGE is effective in vivo in various models, its efficacy
includes blocking the onset of increased vascular permeability
(432) and accelerating wound closure in diabetic animals
(162). As the functions of the HMGB1-RAGE complex be-
come elucidated in malaria and sepsis, it may become increas-
ingly plausible that sRAGE is a therapeutic approach with
much potential across the circumstances in which HMGB1, as
well as AGE and the other ligands of RAGE, cause pathology.
By binding to HMGB1, sRAGE inhibits HMGB1-induced
neurite outgrowth (197) and release of TNF from human mac-
rophages in vitro (396). At the time of writing, we are not
aware of any in vivo data on whether sRAGE might act, when
administered after the onset of models of sepsis illness, as does
ethyl pyruvate (418). One unknown dimension is the degree to
which RAGE monopolizes the functional capacity of its wide
range of ligands. For example, S100B, a well-accepted ligand
for RAGE has also been reported to act independently of it
(375). It has also been demonstrated that when extracellular
HMGB1 stimulates the differentiation of a murine erythroleu-
kemia cell line, it does so independently of RAGE (378).
Nevertheless, since HMGB1 is a late-onset mediator down-
stream from TNF, both of these approaches, ethyl pyruvate
and sRAGE, are exciting practical possibilities in the treat-
ment of systemic inflammatory disease, including malaria, sep-
sis, and the range of noninfectious states described later in this
review. Knowledge about the proinflammatory actions of this
mediator is still in its infancy, and, as clearly set out at the end
of a recent review, many key questions about its interactions
with the rest of the inflammatory response remain to be an-
swered (13).

NITRIC OXIDE

Twenty years ago, nitric oxide (NO) was of biological inter-
est only as an air pollutant from car exhausts, but this changed
in 1987, when it was shown to be produced in living mamma-
lian cells (201, 307). It is now the theme of a massive biomed-
ical literature, currently generating 8,000 to 9,000 publications
each year. Predominantly it has physiological signaling func-
tions, although it can cause damage if excessively produced. It
is widely studied across the entire spectrum of biology, extend-
ing from plants and insects to mammals, in which it plays roles
in blood vessel tone, vision, hearing, smooth and skeletal mus-
cle control, brain function, and the immune system. Biological
NO is generated from arginine by an enzyme, NOS, with sev-
eral forms, including two that are constantly present and acti-
vated by high local concentrations of calcium. Another form of
the enzyme, iNOS, is induced by inflammatory cytokines and
operates independently of local calcium concentration.

In the late 1980s, malaria researchers were confronted with
the puzzle that TNF, which had no known way of influencing
neurons, nevertheless (once hypoglycemia, which TNF was
known to cause, was excluded) correlated with the degree of
coma in cerebral malaria (215, 229). When it became evident
that TNF could induce endothelial cells to generate NO (217),

that neurons respond to NO (151, 155), and that NO, like
oxygen, freely crosses cell membranes, it was proposed (97, 98)
that TNF-generated iNOS in cerebral blood vessel walls could
provide a plausible link between TNF and coma. This sugges-
tion led to considerable data from various sources, much of it
conflicting, in which plasma nitrogen oxide levels (a surrogate
for NO generation) varied according to geographical location,
the patients’ ages, and malarial endemicity (10, 103, 123, 225,
297). Not only were many studies inadequately controlled for
dietary nitrite and nitrate and renal function, but also the
interpretation of all of them was limited because levels of
nitrogen oxides in plasma, even if they were generated by
endogenous iNOS, provide no clue to their precise cellular
origins. This is all-important when dealing with a molecule so
ephemeral that it can act in a very local area only. As described
below, iNOS immunohistochemistry eventually answered
many of these questions.

Homeostatic Functions

As with most molecular pathways that influence biological
processes, the inflammatory cytokine cascade has various neg-
ative-feedback mechanisms built into it to minimize the chance
of its getting out of hand. For example, inflammatory cyto-
kines, via iNOS, inhibit the growth of many organisms that
induce them (70, 118, 152, 170), peroxynitrite (generated when
NO reacts with superoxide [34]) inhibits the activity of iNOS
(311, 328), and NO downregulates TNF production (203).
Such a homeostatic role for NO in severe malaria is suggested
by data from Gabon (225), Tanzania (16), and Papua New
Guinea (84), where healthy children, whose age and history
implied that they were malaria-tolerant, had the highest circu-
lating nitrogen oxide levels in the population. In Tanzania, this
group also had the highest-peripheral blood monocyte iNOS
level, an observation that, together with high serum nitrogen
oxide levels, has been extended to adults in Indonesian Papua
(50). This last observation is consistent with the high frequency
of asymptomatic parasitemia that can be present in adults in
this population (50) and in adults in tropical Africa (116). In
view of the negative feedback that exists between NO and
TNF, these results may shed light on NO as a contributor to
malarial tolerance in humans. Complexities inherent in such
field studies include gross whole-body measurement of a me-
diator that acts very locally and other infective sources of NO
induction, such as intestinal parasites (50).

High levels of NO have been functionally linked to LPS
tolerance in various animal species (141, 203, 227, 334, 377,
411). At least in mice, the phenomenon may have functional
redundancy, since mice genetically deficient in iNOS (iNOS
knockout [KO] mice) can be made LPS tolerant (447). Toler-
ance to LPS and tolerance malaria presumably have related
mechanisms, since patients who are malarial tolerant are also
tolerant to LPS (186, 341). Toll-like receptors (TLR) are the
linchpins of the recognition by the host of the initiators of
innate immunity and thus of the onset of cytokine-induced
disease. Protozoal GPI (along with peptidogylcans from gram-
positive bacteria, Borrelia LPS, Mycoplasma lipoproteins,
Treponema glycolipids, and Mycobacterium cell wall molecules)
is recognized on cell surfaces by TLR2 (61), and once enter-
obacterial LPS forms a complex with LPS-binding protein and
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CD14 (439), it is recognized by TLR4 (76). These two TLRs mu-
tually cross-tolerize (237), so that the molecular site of toler-
ance lies somewhere along the downstream signaling pathways
shared by TLR2 and TLR4 that lead to activation of AP-1 or
NF-�B and thus to generation of inflammatory cytokines. This
would explain, at a signaling level, why GPI from Trypanosoma
cruzi cross-tolerizes with LPS in vitro (337). There is as yet no
information on whether the malaria GPI does the same, but
the presence of general similarities between GPI from these
two sources (392) makes it likely. Some time ago, antisera
raised against whole crude preparations of exoantigens of
P. berghei, P. yoelii, or P. falciparum were shown not to neu-
tralize the activity of LPS (27). These data are consistent with,
but do not prove that, the chronically high NO production in
malaria-tolerant individuals in Tanzania (16) plays a homeo-
static role through TNF inhibition and is thus a major cause of
the ability of these individuals to withstand large parasite loads
without experiencing illness. In both LPS and malaria toler-
ance, a plausible way in which it might do this is to reduce the
production of inflammatory cytokines along the TLR2/TLR4
signaling pathway (150, 411). LPS tolerance, with reduced
TNF production, has also been demonstrated at the cellular
level in chronic sepsis (181). As discussed below, IL-10-in-
duced carbon monoxide also has credence in all of these cir-
cumstances where a control on TNF production must be ex-
plained.

Another example of NO acting to achieve homeostasis in
falciparum malaria is its capacity to inhibit the adhesion of
parasitized red cells to vascular endothelium (367). Such ad-
hesion has recently been demonstrated to be necessary to
maximize TNF production and hence illness (298). Hence, by
reducing adhesion, NO is reducing the amount of TNF that,
through iNOS, had been generating it. A further example of its
homeostatic activity is the immunosuppression that accompa-
nies malaria. Since macrophages can suppress nearby lympho-
cytes by generating NO (278), this concept was adopted to
provide an explanation for malarial immunosuppression (8,
331). This has proved to be a general concept for diseases in
which the systemic release of inflammatory cytokines occurs
and has rationalized the immunosuppression that accompanies
thermal injury (261, 366), graft versus host disease (GVHD)
(44), and Trypanosoma cruzi infection (2), as well as malaria. It
was also argued that NO-induced T-cell suppression, as a by-
product of this homeostasis, explained the rarity of autoim-
mune diseases in the areas of Africa where falciparum malaria
is hyperendemic (84). The persistence of high NO until well
into adulthood (50), shown in Papua and implied in Africa by
the high asymptomatic parasitemias that have been reported
(116), improves this argument, since it is not just children in
whom autoimmune diseases are rare in these areas (167).
Where NO fits in to the broad picture of the homeostatic
pattern within the inflammatory pathways that operate in dis-
ease is discussed later in this review.

Pathogenic Activity

Intuitively, homeostatic.agents cannot also be harmful, and
unfortunately this assumption has become embedded, for NO,
in the recent malaria literature (16, 190). Certainly the poten-
tial for cytokine-induced NO to cause pathology exists, since

iNOS KO mice have been reported to be protected against a
diverse range of pathology, including that caused in the lungs
by LPS (226), that caused in the lungs and liver after hemor-
rhagic shock (187), the refractory vasodilation seen after cecal
ligation and puncture (193), mortality and organ failure in-
duced by zymosan (109), endothelial dysfunction after 15 h of
treatment with enterobacterial LPS (72), and liver damage and
fatal outcome after treatment with anti-Fas antibody (69).
Likewise, the increased gut permeability caused by HMBG1
does not occur in iNOS KO mice (348). Testing this approach
in humans has been hampered by the absence of a selective
iNOS inhibitor that is safe for human use. Recently, however,
results on the safety and technical efficacy of a prodrug, L-N-
6-(1-iminoethyl)lysine 5-tetrazole amide (SC-51), which is rap-
idly converted in vivo to the active metabolite L-N-6-(1-imino-
ethyl)lysine (L-NIL), have been published (176). It caused no
side effects in a randomized double-blind placebo-controlled
crossover trial and reduced NO levels in exhaled breath by
�90% relative to control levels in asthmatic patients, with the
effects lasting at least 72 h.

When autopsy samples became available, iNOS could be
detected in a number of organs from patients with fatal falci-
parum malaria, including many of the brains (87) of African
children. Similar results obtained with material from a smaller
number of patients were presented at the 1999 International
Nitiric Oxide Meeting (I. A. Clark, M. M. Awburn, R. O.
Whitten, R. A. Carr, N. G. Liomba, M. E. Molyneux, and T. E.
Taylor, Acta Physiol. Scand. 167(Suppl. 645): abstract O-45, p.
14, 1999). The most dramatic concentrations of iNOS were not
in the brain but in the systemic blood vessel walls and skeletal
muscle. This was also true for sepsis cases (87). Others also
detected this inducible form of NOS in brains of adults from
Thailand with fatal cases (258), although they did not examine
other organs. In our experience, only about half of a group of
32 patients with clinically defined pediatric cerebral malaria
showed appreciable iNOS in cerebral vessel walls. These
brains, but no other brains, contained clusters of monocytes,
which also stained for iNOS. These changes were not seen in
the other half of the 32 patients, and many of these (11 of the
32 patients with clinically diagnosed cerebral malaria cases)
had no, or negligible, sequestered parasitized erythrocytes in
the brain vessels (87). As recently reviewed (91), this may
provide some appreciation of how wide the net is cast, in
pathophysiological terms, when cerebral malaria is diagnosed
in children compared to adults (371). This review (91) also
discusses how the high levels of iNOS in ventilatory skeletal
muscle (poor oxygen delivery), in combination with NO-in-
duced mitochrondrial failure (poor oxygen utilization), provide
a likely prospect of contributing to the respiratory failure seen
in many cases of pediatric falciparum malaria (107, 136, 301).
Documentation of mitochondrial failure during malaria infec-
tion has a long history (327).

Recent studies of human sepsis have found a positive asso-
ciation between high local NO levels and disease severity (51,
280), and, as noted above, they have found high levels of iNOS
protein in key tissues in fatal human malaria (87) and sepsis
(87, 232) cases, but not in controls. Moreover, there is a great
deal of detailed literature exploring how high generation of
NO from iNOS can cause pathology at a molecular level, for
example in skeletal muscle (134, 232, 295, 346). As reviewed
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recently in a malaria context (91), inhibition of membrane
Na�K�-ATPase, the cell’s sodium and water expulsion pump,
by NO (172, 332) can be expected to have profound effects on
the integrity of cellular membranes wherever iNOS induction
is strong. An additional pathological role for excessive NO
production is in ATP depletion, via peroxynitrite excessively
activating poly(ADP-ribose) polymerase 1 (PARP-1) (365), as
discussed below. In summary, more commonly the homeostatic
functions of NO prevail, but, given the opportunity, it also
contributes to fatal pathology.

The widespread interest in NO from iNOS in protection
against and pathology of malaria has extended to investigating
variations of African populations for modifications within the
NOS2A gene, which encodes iNOS. Various NOS2A polymor-
phisms in African populations, probably in regulatory regions
controlling gene transcription, have a range of associations
with severe falciparum malaria and also with a fatal outcome
for this disease (54, 55, 190). There is much to be resolved,
such as the possible effects of linkage disequilibrium, in which
genetic variants located physically close to each other often
have correlated alleles. Nevertheless, one allele described from
The Gambia has been associated with susceptibility to cerebral
malaria, as distinct from death from this disease (54). Another
allele, possibly the same one as that associated with protection
against severe malaria in Tanzania, had no association with
severe malaria in The Gambia (54). The presence of this poly-
morphism in Tanzania and Kenya (190) was shown to be as-
sociated with increased nitrogen oxide levels in fasting urine
and plasma and also with protection from severe malarial ill-
ness and anemia, two acknowledged cytokine-induced pathol-
ogies. This implies that this polymorphism provides those car-
rying it with the ability to become tolerant to malaria faster
than those without it, through rapid generation of enough NO
to inhibit TNF production (150, 411), and to be particularly
efficient at maintaining that tolerance.

This raises the question of how, in the fatal cerebral malaria
cases (with high iNOS levels in cerebral and systemic blood
vessel walls and skeletal muscle [87]), the iNOS level became
high enough to cause pathology without having shut down TNF
production, and thus protect the host rather than causing se-
vere disease. We propose here that the factor which deter-
mines whether iNOS-generated NO protects or harms the host
is the rate at which it is produced. Before expanding this
argument, we must recall the differences that occur when TNF
is induced by either LPS or HMGB1, as described above.
There appears to be good evidence that T. cruzi GPI requires
TLR2 expression for induction of IL-12, TNF, and NO (61),
not the TLR4 used by LPS (76). Nevertheless, LPS and GPI
appear to induce TNF along similar pathways, with a similar
extent of phosphorylation of the range of mitogen-activated
protein kinases and with similar kinetics, and to use function-
ally similar receptors (337). An excellent overall review of
pattern recognition molecules and innate immunity in parasitic
diseases has appeared recently (268). HMGB1, in contrast,
leads to a different profile of gene expression, pattern of cyto-
kine expression, and kinetics of activation of p38 mitogen-
activated protein kinase from that associated with LPS (309).
This is consistent with HMGB1 inducing TNF from human
peripheral blood mononuclear cells more slowly than does
LPS, and levels remaining increased for longer (14).

Moreover, LPS-tolerant human monocytes can still be trig-
gered by HMGB1 to generate TNF (14), even though the NO
level would be high in these cells. This implies that NO, the
main suppressor of TNF induction by LPS (and therefore
probably by malaria), cannot switch off the inflammatory cyto-
kine cascade initiated by HMGB1. Hence, if NO generation by
malaria toxin occurs too slowly to downregulate the primary
wave of TNF induced by malaria toxin (and thus downregulate
itself); it would be powerless either to stop the secondary wave
of inflammatory cytokines induced by HMGB1 or to thereby
downregulate its own induction. In this way, a relatively slow
buildup of iNOS-induced NO could result in its reaching the
harmful levels seen in fatal sepsis (51, 87, 280) or malaria (87).
We suggest that this is less likely to occur in individuals genet-
ically endowed to induce NO rapidly through iNOS, such as
the individuals described in East Africa (190). Instead, malaria
tolerance would become established more readily in these peo-
ple than in the rest of the population. This interpretation im-
plies that hypoargininemia in children with cerebral malaria
(247) is caused by its increased consumption as NO is gener-
ated and that arginine infusion late in the infection, when the
HMGB1-induced inflammatory wave is under way and ho-
meostasis has been lost, could occur too late for NO to switch
off the inflammatory response and, indeed, could exacerbate
aspects of the pathology.

CARBON MONOXIDE

Both carbon monoxide (CO) and NO are generated by en-
zymes that have at least one constitutive form and another
form, iNOS and hemoxygenase-1 (HO-1), respectively, in-
duced by various agents, including inflammatory cytokines. NO
and CO act interactively as second messengers in many ways
(178), a well-known example being that they both can activate
soluble guanylate cyclase to generate cyclic GMP (356) and
thus dilate blood vessel walls. They also both inhibit TNF
generation (305) through their action on NF-�B (349). Hence,
CO and NO provide an important degree of redundancy in
inflammatory homeostasis.

This shared inhibitory activity of NO and CO against TNF
duplicates that of IL-10, the prototype anti-inflammatory cy-
tokine, which suppresses the generation of TNF and IL-1� by
inhibiting NF-�B (429). Indeed, the high circulating levels of
IL-10 seen in human malaria (315, 433) and sepsis (244) have
been proposed to suppress disease severity by inhibiting the
systemic inflammatory effects of TNF (189). The recent report
of IL-10 producing its strong anti-TNF effect by inducing
HO-1, and thus generating CO (233), brings these previously
unconnected observations into the same chain of events. The
earlier observation that TNF induces HO-1 (64) is also now
explained by its ability to induce IL-10 (318). Likewise, the
anti-inflammatory effect of 15d prostaglandin J2, shown to be
present in tissues during inflammation (158), also operates
through HO-1 induction and subsequent generation of CO
(234). As in sepsis, cyclooxygenase-2 is induced in severe ma-
laria (114). Thus, rather than still simply being a marker for
heme degradation and a generator of antioxidant defenses,
HO-1 is now recognized to be an integral part of the network
of inflammatory mediators. Its proposed homeostatic role in
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malaria, helping reduce inflammatory cytokine production and
thus generating malarial tolerance, is shown in Fig. 2.

Before the IL-10 or prostaglandin links of HO-1 were ap-
preciated, others (271, 351) had immunostained brains, but no
other tissues, from adult malaria cases, for this enzyme. With
this additional background for its anti-inflammatory capacity,
brain, lung, and liver tissues from 40 African children with fatal
falciparum malaria and sepsis or septic meningitis were stained
for HO-1 to locate cellular sites where the CO-mediated anti-
inflammatory activity of IL-10 might be mediated. In brief,
HO-1 was strongly upregulated in Kupffer cells from virtually
all malaria and sepsis patients (86). In contrast, it was absent in
the Kupffer cells from all three patients in whom death was not
associated with severe systemic infection or coma (Fig. 3). It
was almost as frequently seen in macrophages and monocytes
in lungs across all cases, but it was least frequent in brain
monocytes, where it was rare or absent in 8 of the 11 brains in

which none of the features (sequestered parasites and micro-
hemorrhages) usually associated with adult cerebral malaria
were observed. This study provides evidence, in addition to our
findings with iNOS (87), that the entity covered by clinically
diagnosed cerebral malaria in African children is primarily a
systemic inflammatory disease, with coma sometimes being an
encephalopathy of systemic, rather than local cerebral, origin.
Moreover, this evidence of strong upregulation during malaria
of the enzyme that generates CO provides, through the capac-
ity of CO to downregulate TNF, a plausible model of an IL-
10-induced pathway for malarial tolerance.

Although we did not directly demonstrate CO generation in
malaria or sepsis cases, HO-1 provides the same quality of
evidence as does iNOS for inducible NO, for which it is a
widely used correlate. Our HO-1 results are consistent with
endogenous CO production, measured in exhaled breath from
mechanically ventilated patients suffering from severe sepsis,
being significantly higher than in controls (446). Over a decade
earlier, endogenous CO production was found in dogs severely
ill from infection with Babesia canis (404), which has been
documented to cause a disease with pathophysiology parallel-
ing that of falciparum malaria (254).

EXCESSIVE PARP-1 ACTIVATION

Normally, PARP catalyzes the successive transfer of ADP-
ribose units from its substrate NAD� to a variety of proteins,
and this is now accepted to control many biochemical pro-
cesses, most notably, as reviewed recently (183), those related
to genome stability. Homologues have been identified, and so
a numbered sequence, in which the original PARP is now
called PARP-1, was introduced. Seven PARP genes have now
been cloned, and up to 16 sequences related to PARP have
been identified in the human genome. We shall restrict our
comments to PARP-1, the variant for which there is evidence
of relevance to disease pathogenesis. PARP-1 is a DNA repair
enzyme, catalyzing poly(ADP-ribosyl)ation in response to

FIG. 2. The shared ability of cytokine-induced NO and CO to in-
hibit TNF production and therefore provide a negative-feedback loop
to inhibit the illness and pathology in cytokine-release syndromes.
Reprinted from reference 99a with permission from the publisher.

FIG. 3. HO-1 staining of liver tissue, showing a representative field of the three cases in which death was not associated with severe systemic
infection or coma (A) and and a representative field from the 37 malaria or sepsis patients who had been comatose before death. Biotin-conjugated
secondary antibody and streptavidin-conjugated horseradish peroxidase from an LSAB� kit (DAKO) were applied to sections to amplify the
antigen signal for subsequent 3,3�-diaminobenzidine staining, which produces a permanent brown color. Magnification, �400.
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DNA damage, thereby facilitating its repair (56). As noted
above, overactivity of PARP-1, which can be driven by DNA
nicks generated by peroxynitrite (a product of excessive NO,
and superoxide, downstream of TNF [34]), can deplete cellular
NAD� and can then deplete ATP in efforts to resynthesize
NAD� (37, 365, 387). This has the potential to reversibly
inhibit many stages of aerobic respiration (what Fink [148]
refers to as cytopathic hypoxia) and, as has been reviewed
(369), cause bioenergetic failure. Thus, even if oxygen is plen-
tiful, the patient’s cells would utilize it very ineffectively, pre-
disposing to the hypoglycemia, hyperlactatemia, and acidosis
commonly seen in severe malaria and sepsis and traditionally
attributed to poor oxygen delivery to the cells. In addition,
PARP-1 activation enhances the activity of the transcription
factor NF-�B (240), potentially generating more of the proin-
flammatory cytokines that activated it in the first place.

Three independently derived strains of PARP-1-deficient
mice have been generated, and experiments with these mice
provide unequivocal in vivo evidence that strong activation of
this enzyme has profound consequences in disease. These mice
are protected against a number of noninfectious conditions,
including brain ischemia (135), hemorrhagic shock (243), and
brain trauma (434), as well as illness induced by enterobacte-
rial LPS (300), Streptococcus pneumoniae (222), and experi-
mental cecal ligation and puncture (376). Consistent with the
influence of PARP-1 activation over NF-�B activation, PARP-
1-deficient mice generate much less TNF and iNOS than do
wild-type mice exposed to S. pneumoniae (222) or LPS (300).

Research so far restricted to animal models implies a poten-
tial use for inhibitors of PARP-1 activation. These agents, in
particular a phenanthridinone derivative N-(6-oxo-5,6-dihy-
drophenanthridin-2-yl)-N,N-dimethylacetamide HCl, termed
PJ34 (249), have been reported to protect mice against brain
ischemia (1), splanchnic ischemia and reperfusion (205, 265),
LPS toxicity (205), various models of local inflammation (249),
and the brain pathology caused by S. pneumoniae infection
(222). They have also protected rats against the zymosan
model of multiorgan failure (110) and have protected pigs
against a model of sepsis in which a fibrin-thrombin clot is
impregnated with E. coli and inserted intraperitoneally at sur-
gery so that E. coli is slowly released intraperitoneally (159).
The outcomes of these in vivo studies are consistent with sub-
sequent in vitro experiments, in which cells were exposed to
inflammatory cytokines with or without the addition of lyso-
somes containing NAD�. Supplementation with NAD� pre-
vented the reduction in oxygen usage usually caused by these
cytokines (216). This is entirely consistent with the interpreta-
tions of the in vivo data of other groups (110, 159).

In vivo evidence of PARP-1 activation exists, with poly-
(ADP-ribose) (PAR)—whose presence indicates PARP-1 ac-
tivation—being demonstrated immunohistochemically in isch-
emic brains from rats (412) and patients (248) and in brains
from patients with cerebral malaria in Vietnam (271). No other
organs were examined in these malaria cases, and the primary
energy depletion implications of the presence of PAR were
neither noted nor exploited. We are unaware of any report of
tissues from human sepsis cases having been examined for
PAR to date. In a recent study of skeletal muscle biopsy spec-
imens from critically ill sepsis patients (51), concentrations of
ATP (which is depleted by PARP-1 activation [37]) in muscle

from those with an eventual fatal outcome were much lower
than those in clinically indistinguishable patients who recov-
ered. Samples were taken within 24 h of admission to the
intensive care unit, and death occurred an average of 5 days
later, so the assays did not simply monitor a terminal event.
Consistent with the ability of peroxynitrite to activate PARP-1
(386), bioenergetic failure correlated well with evidence of
high NO generation in the same muscle samples (51). This is in
agreement with the high iNOS staining in skeletal muscle (and
elsewhere) found in both falciparum malaria and sepsis pa-
tients (87).

These observations add to the accumulating evidence that
deranged cellular energetics, from causes other than inade-
quate tissue perfusion, make important contributions to many
of the harmful effects of illnesses in which excessive iNOS
induction, leading to excessive peroxynitrite generation, can
contribute to severe disease. One consequence is that potential
apoptosis, being an energy-intensive process, instead becomes
necrosis (238). As discussed above, this leads to the release of
HMGB1 from the cell nucleus into the plasma (350), amplify-
ing the inflammatory signals that activated PARP-1 in the first
place. This could explain how ethyl pyruvate reduces HMBG1
release (418), in that sodium pyruvate (and therefore presum-
ably ethyl pyruvate as well) inhibits PARP-1 fragmentation,
reducing necrosis (284) and thus HMGB1 release (350) from
this source. As noted previously (13), an important question to
be addressed is the proportion of the HMGB1 that is secreted
from activated macrophages (153) and from necrotic cells
(350) in severe malaria and sepsis.

NONINFECTIOUS STATES CONCEPTUALLY SIMILAR
TO MALARIAL DISEASE

An acute systemic reaction that can lead to illness and mul-
tiple-system involvement, such as is seen experimentally after
LPS injection, is not restricted to acute systemic infections but
is also observed in a number of noninfectious states. This was
recognized some decades ago, and by the mid-1950s it was
already realized that the same fundamental macrophage-de-
pendent (451) processes were at work in these conditions as in
gram-negative bacterial infections, with rats rendered tolerant
to LPS also demonstrating tolerance to the posttrauma and
posthemorrhage reactions (452). The range of circumstances
that initiate these functionally related and similar pathologies
is superficially surprising (Table 1), but the literature that binds
them together unmistakably tells the one story. Their down-
stream pathogenesis unequivocally ties them conceptually to
malarial disease. Moreover, the more these conditions appear
to be governed by the same pathophysiology that governs ma-

TABLE 1. Cytokine release syndromes

Noninfectious causes
Pathogen induced

Misadventure Iatrogenic causes

Trauma Jarisch-Herxheimer
reaction

Viral diseases

Burns OKT3 adverse response Bacterial and rickettsial
diseases

Hemorrhagic shock Acute GVH disease Malaria
Snake bite Other protozoal diseases
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laria and sepsis, the more remote becomes the possibility that
any of the significant pathology seen in malaria and sepsis is
caused by the direct actions of molecules (excluding bacterial
exotoxins) released by the infectious agents.

Tissue Injury Syndromes

Tissue injury syndromes include those arising from severe
blunt injury (leading to the crush syndrome) and major sur-
gery, heatstroke, and the post-burn syndrome. References to
increased circulating levels of inflammatory cytokines and sub-
sequent NO generation dominate the literature on the multi-
system syndromes seen after trauma (31, 41, 77, 101, 171, 339),
major surgery (23, 59, 157, 211, 292, 339, 345), heatstroke (11,
48, 49, 75, 179), and burns (33, 259, 417). A major puzzle in
understanding these conditions has been to identify the nature
and the source of the trigger for this inflammatory cascade.
Pancreatitis is another condition that belongs to this group, by
virtue of its clinical and pathological characteristics, evidence
of tissue necrosis (126), and the literature implicating inflam-
matory cytokines (140, 168, 336, 422) and NO (100, 111, 277,
299) in its pathogenesis. Increased gut permeability, allowing
intestinal LPS to gain access to the patient’s cells and thus
initiating the TNF cascade, has often been considered, but is
still questioned as a primary lesion (214, 239). The pathogen-
esis of pancreatitis has been well reviewed lately (257).

Scaffidi et al. have demonstrated that HMGB1 remains
locked in the nuclei of cells that have undergone controlled
death, or apoptosis, since it remains closely bound to chroma-
tin. In contrast, when uncontrolled death, or necrosis, occurs,
HMGB1 is released from the cell, causing the same inflamma-
tory cascade that is generated by activated macrophages to be
set in motion (350). Tellingly, necrotic cells from HMGB1 KO
mice, but not wild-type mice, did not induce the inflammatory
cascade. Likewise, PARP-1 KO mice, which are protected
from the rundown of cellular energy that forces apoptosis
toward necrosis (238), are protected from trauma (435). From
this work, it can be inferred that the initial event in the above
conditions, in which tissue injury is extensive, is probably mas-
sive HMGB1 release from damaged cells. The inflammation-
enhancing actions of HMGB1, as described above, could
therefore account for the increases in cytokine and NO levels
that have been found in crush syndrome. Moreover, HMGB1
has been demonstrated to increase gut permeability (348),
plausibly acting in part via NO (175), allowing gut LPS to enter
the circulation as a secondary event, thus exacerbating systemic
inflammation. A commentary article by Santangelo et al. in
1982 (347), reporting on clinical experiences with victims of an
earthquake in Southern Italy, is prescient. They noted that the
outcome was often fatal if a badly crushed limb was not am-
putated immediately and that leaving it in place exposed the
patient to a high risk of tissue infection, which generated a syn-
drome that was, in their opinion, difficult to differentiate from
the crush syndrome. Through our understanding of HMGB1,
this observation may have now been rationalized at a molecu-
lar level.

It has been observed that thermal injury in mice enhances
the reactivity of TLR2 and TLR4 (312), rendering them more
susceptible to the systemic inflammation caused by a range of
infectious agents. So far, there is apparently no evidence about

whether the cytokine-like roles of HMGB1 extend to upregu-
lating these TLRs, but a precedent has been set by the finding
that MIF (333) and gamma interferon (IFN-	) (142, 279) have
this activity, so it is plausible for HMGB1 as well. Knowledge
about the mechanism of tissue injury syndromes would be
greatly advanced if more were understood about the interac-
tion of TLRs and HMGB1. This appears at present to be
limited to a report that HMGB1 can release inflammatory
cytokines from macrophages from TLR4-deficient mice (14)
and inferences that can be drawn from the report that LPS-
tolerant monocytes are still susceptible to HMBG1 (13).

Hemorrhagic Shock

Hemorrhagic shock is not simply the consequence of re-
duced circulating blood volume but is an acute illness state that
can overwhelm an apparently stable patient. It shares clinical
characteristics with the conditions outlined in the above sec-
tion and presumably shares their pathogenesis, since it also has
generated a large literature on the relevance of inflammatory
cytokines (22, 210, 449) and NO (15, 187, 290, 368, 407, 448).
Moreover, as noted above, rats made tolerant to LPS are
tolerant to both trauma and hemorrhagic shock (452). So too
are PARP-1-deficient mice (243, 435), consistent with less ATP
depletion, a predominance of apoptosis over necrosis, and
consequently less HMGB1 release (350). A role for transloca-
tion of gut bacteria as the source of an LPS trigger for systemic
inflammation is also well established in this literature, as has
been extensively reviewed (343). However, hemorrhage in a
mouse model, in the absence of significant tissue trauma, has
been reported to cause enhanced TNF release that is not the
result of increased endotoxin levels (20). This would be con-
sistent with the action of HMGB1. While no pathway of
HMGB1 release from necrotic cells is immediately obvious in
severe hemorrhage, the level of this mediator in serum has
nevertheless been found to be increased in human hemor-
rhagic shock (303); it has also been found that ethyl pyruvate,
which reduces HMGB1 levels, improves outcome in experi-
mental hemorrhagic shock (402, 440). A recent study of so-
dium pyruvate administration in a swine model of hemorrhagic
shock has shown that its effects included minimizing NAD
rundown and necrosis (284). This would accordingly reduce
HMGB1 release from the nuclei of necrotic cells, which could
contribute to the observed HMGB1 reduction after treatment
with ethyl pyruvate (440). IL-6, one of the cytokines induced by
HMGB1 (14), is essential for the increased gut permeability
seen after hemorrhagic shock (441).

Pathology Caused by Snake Venom

The annual worldwide mortality from snakebites is said to be
between 50,000 and 100,000 (430). Because the multiorgan
pathology that can be caused by envenomation after bites from
certain snakes shows indications of inflammatory change, over
the past few years researchers have examined whether these
venoms, rather than causing this pathology directly, might do
so, at least in part, by inducing the production of proinflam-
matory cytokines in people who have been bitten. Venom from
the South American rattlesnake, Crotalus durissus terrificus
(74), the lanceheaded viper, Bothrops asper, and the Central
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American lancehead, Bothrops jararaca (314), induces TNF in
mice. Bothrops venom also induces murine cells to generate
IL-1, IL-6, IL-10, and IFN-	 as well as TNF. There was an
early increase in TNF-� and IL-1 levels, followed by a more
pronounced increment by 18 h (314), which is consistent with
secondary induction by HMGB1. Venom-treated cells also
produced very high NO levels, as one would expect from the
presence of cytokines able to induce iNOS. Venom from the
asp, Vipera aspis, increases serum TNF levels in rats (390);
either anti-TNF antibody or soluble TNF receptor (p55), when
injected at the same time as the venom, prevented certain
harmful changes (389). Further study by this group has dem-
onstrated that TNF is the cause of deleterious cardiac effects
induced by this venom, in that anti-TNF antibody prevented
these changes (388). A range of predictable downstream me-
diators are presumably induced in these models and patients,
since prostanoids and adhesion molecules, as well as TNF,
were induced in mice by the venom of B. jararaca (445). En-
venomation by the Brazilian brown spider, Loxosceles interme-
dia (394), and a scorpion, Tiytus discrepans (125), appears to
generate the same cytokine pattern as does envenomation by
the snake venoms discussed above.

Iatrogenic Cytokine Release Syndromes

The three conditions summarized in this section are predict-
able side effects of human intervention. Hence, they allow
precisely timed intervention that can preempt the pathology
and clearly establish that the cytokine being neutralized most
certainly does play a role in the pathology of this condition
and, by inference, in those (infectious or otherwise) that it
closely resembles. Such insights may not be easy to glean from
infectious disease, in which a negative result with a neutralizing
antibody (230) may be wrongly interpreted as meaning that the
target cytokine is irrelevant. Instead, it may imply that by the
time the patient is sick enough to warrant treatment, antibody
against an “early” cytokine, such as TNF, is being administered
too late in the cascade to be of practical value. The iatrogenic
cytokine release syndromes offer an excellent confirmation of
this argument.

Jarisch-Herxheimer reaction. A few years apart, on either
side of the end of the 19th century, Jarisch (207) and Herx-
heimer (185) published different aspects of the severe febrile
reaction that accompanied the treatment of syphilis with mer-
cury. Over the decades, this Jarisch-Herxheimer reaction, as it
became known, was observed, as reviewed by Bryceson (52),
after patients received treatment that killed invading spiro-
chetes, bacteria, and trypanosomes. The reaction seen can be
dramatic, leading to respiratory and neurological changes, and
is sometimes fatal (52). In 1972 Borrelia recurrentis endotoxin
was found in the circulation when this reaction occurred after
tetracycline treatment of cases of louse-borne relapsing fever
(53), and 9 years later it was proposed that TNF and IL-1
mediated this reaction after treatment of typhoid (99). A de-
cade later, these inflammatory cytokines were detected in se-
rum during the reactions observed after treating louse-borne
relapsing fever (291) and Haemophilis influenzae (18). This
group of inflammatory cytokines has also been implicated in
the reaction seen after treatment of patients carrying filarial
nematodes (173, 416). Intriguingly, it appears not to be mate-

rial of nematode origin that triggers the TNF release in filar-
iasis but, instead, an endotoxin released from gram-negative
bacteria from the nematode gut (405). Proof of principle, and
the therapeutic value of this information, were subsequently
demonstrated when prior administration of anti-TNF antibody
prevented the Jarisch-Herxhiemer reaction after penicillin
treatment of louse-borne relapsing fever (104, 144).

Adverse reaction to OKT3 therapy. In the early 1980s, a
murine anti-human CD3 monoclonal immunoglobulin G2a
antibody, OKT3, which is mitogenic for human T cells, began
to be administered in association with transplant surgery. It
proved to be highly effective in reversing (or preventing) renal
allograft rejection (408). It was not, however, without side
effects, generating headache, fever, and rigors in most patients
and vomiting, diarrhea, and nausea in about 10% (409). Pul-
monary, neurological, gastrointestinal, and thrombotic changes
were often also observed. A link to increased release of TNF
and IFN-	 into the circulation was made (438). Other inflam-
matory cytokines (e.g., IL-2, IL-3, IL-4, IL-6, and granulocyte-
macrophage colony-stimulating factor) were also shown, as has
been reviewed (209), to be produced in this illness, which
began to be referred to as the post-OKT3 cytokine release
syndrome. As with the Jahrisch-Herxmeimer response, prior
treatment that neutralized excessive generation of TNF signif-
icantly reduced the side effects of administration of OKT3. In
one study, a monoclonal anti-TNF antibody was employed
(71), and in another, a recombinant human soluble TNF re-
ceptor that binds to both TNF and LT was used (127).

Acute GVHD. As summarized above, OKT3 is administered
to prevent a host-versus-graft reaction by the host immune
system, leading to organ rejection. The mirror image, a GVHD,
occurs when cellular components of the donor immune system
comprise the graft and these immigrants try to reject the body
into which they have been introduced. The essential mecha-
nism is thought to be that donor T cells, activated by host
alloantigens, proliferate and secrete a variety of cytokines—as
if, indeed, OKT3 had been administered. It occurs mostly
when allogeneic bone marrow is transplanted. The disease has
a 40 to 60% incidence and is fatal in 50% of cases (385). As has
been reviewed (174), the multiorgan involvement of its acute
form reproduces the illness and pathology seen in patients
suffering from trauma, burns, pancreatitis, and systemic
infection.

The possibility that TNF is a key mediator in this condition
was first suggested and investigated in 1987, when a rabbit
polyclonal anti-TNF antibody was shown to greatly reduce
mortality in a mouse model of acute GVHD (317). Four years
later, TNF was shown to be released into the plasma of humans
with this disease (194). While the presence and involvement of
cytokine-induced NO in murine GVHD were being argued
(154, 192), evidence for involvement of inflammatory cytokine
pathways was consolidating (195, 340), including the first use of
anti-TNF antibody to prevent the condition in patients (196).
The field continued to develop along cytokine lines, with, for
instance, a positive correlation being found between human
GVHD and elevated levels of TNF-�, IL-6, and IL-10 (287),
and with gene polymorphisms associated with some of these
cytokines being found to be strongly associated with the like-
lihood of acute GVHD developing (67, 275). Anti-TNF alone
continues to look promising as a treatment (204, 325), al-
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though recombinant IL-1 receptor (rIL-1R) did not prevent or
improve the condition in a randomized, double-blind, placebo-
controlled trial (17). In the mouse model, simultaneous block-
ing of TNF and IL-1 has given impressive protection (147),
suggesting a plausible direction for further clinical studies. In
summary, although a practical clinical application of this
knowledge has not yet emerged, there is little doubt that the
systemic illness of acute GVHD, like that induced by OKT3
therapy, is the result of excessive production of the group of
cytokines during inflammation. This includes, but is not re-
stricted to, the mediators mentioned in this brief summary of
the field.

INFECTIOUS DISEASES OTHER THAN MALARIA

Other Systemic Protozoal Diseases

As the literature on malarial disease and inflammatory cy-
tokines developed, it was not surprising that researchers study-
ing other systemic protozoal diseases began to explore the
possibilities of this approach to their field. Indeed, the general
clinical similarities made it a reasonable prediction, and so it
proved. In summary, the African (256) and South American
(3) trypanosomes shed GPI molecules implicated in the induc-
tion of inflammatory cytokines, and these mediators have been
implicated in the diseases caused by these parasites (251, 372).
They have also been documented in visceral leishmaniasis,
caused by Leishmania major (25). Human babesiosis follows
the same pattern, with levels of TNF, IFN-	, IL-2, IL-6, E-
selectin, VCAM-1, and ICAM-1 in serum being highly elevated
in the acute phase of infection with B. microti. Thus, as well as
individual characteristics derived from factors such as the dis-
tribution and multiplication rate of the pathogen, these infec-
tions all have a sepsis- or malaria-like quality to the illness.
Cytokine triggers have also been characterized in intramac-
rophage organisms that can cause human illnesses clinically
similar to malaria, such as Brucella abortus and Coxiella bur-
netii, both of which contain LPS-like molecules that induce
TNF (115, 208).

Severe Viral Diseases

The clinical similarity of influenza and malaria is demon-
strated every time the latter is presumed to be the former in an
ill traveler who has returned to a malaria-free country. Head-
ache, nausea, myalgia, vomiting, and diarrhea are common to
both, but the two diseases can also be very similar in their more
serious manifestations. For instance, although a group of se-
vere viral conditions are referred to as the viral hemorrhagic
fevers, hemorrhage is by no means restricted to them, and
severe influenza (24) and falciparum malaria (324) can also
show it. To us these were intriguing similarities, because the
widespread pathologies of viral diseases were generally argued
to arise from a direct harmful effect of the virus on cells it
invades. However, malaria caused strikingly similar symptoms,
signs, and multiorgan pathology without invading any cells (if
one ignores a few hepatocytes, entry into which is not associ-
ated with illness) except erythrocytes—and then often in small
numbers. As evidence fitting our proposal of roles for patho-
gen-induced, host-origin cytokines in malarial disease accumu-

lated, the likelihood of a role for them in the pathophysiology
of viral diseases became increasingly compelling.

In the late 1970s, a role for inflammatory cytokines in viral
disease was already plausible, since BCG, Corynebacterium par-
vum, and Coxiella burnetii, which were among the macrophage
activators that protected mice against malaria (81, 85, 93) and
helped formulate our thinking about the possible role of TNF
in disease pathogenesis, had also been shown to protect against
viruses in vivo (68, 218, 379, 450). Another observation that
defied a traditional explanation, but suited one based on cyto-
kines was that liver cells in which hepatitis B virus was repli-
cating (as determined by immunohistochemistry and in situ
hybridization) were not the ones that showed histological evi-
dence of damage (43). The presumed cytokine origin of each
of these confusable conditions became difficult to ignore when
rTNF infusions into tumor patients produced either influenza-
like or malaria-like side effects, depending on the observer’s
experience (32, 108, 206, 274, 380, 421). A virus (Sendai virus)
had by this time been shown to induce TNF (5), although its
presence was interpreted in terms of viral inhibition rather
than disease in the host. Summarizing the above evidence, the
concept of TNF and its downstream mediators being central to
viral disease was proposed in 1989 (90).

In the early 1990s, it was still being argued that increased
endothelial cell permeability in filovirus infections was caused
directly by viral invasion of these cells and multiplication
within them (358), but within a few years this group had es-
poused inflammatory cytokines by demonstrating that the ob-
served increased permeability was, instead, the consequence of
virally induced TNF from monocytes and macrophages (145).
Since then, the literature on the pathogenesis of serious viral
infections, including those caused by a hantavirus, Marburg
and Ebola viruses, Lassa and Junin viruses, dengue viruses, and
influenza virus, has become focused almost exclusively on ar-
guments for the central roles of inflammatory cytokines. For
instance, increased circulating levels of TNF, soluble TNF re-
ceptor, IL-6, and IL-10, which characterize a full-blown inflam-
matory response, have been detected in patients suffering from
the hemorrhagic fever with renal syndrome caused by a han-
tavirus (245). Levels of nitrogen oxides, an indirect measure of
NO production, were increased in this disease, in proportion to
both TNF levels and hypotension (246). This was also re-
corded, in a study taking changes in renal function into ac-
count, for a European variant of hantavirus infection (169).
These principles have also been established for Marburg and
Ebola viruses, the clinically important filoviruses. Freshly iso-
lated human monocytes have been shown to support the
growth of both of these viruses and to activate them to release
IL-1�, TNF, IL-6, and the chemokine IL-8 (383). In addition,
treating Marburg-infected guinea pigs with an antagonist of
IL-1 receptor or anti-TNF serum has been reported to result in
survival of half of the treated animals but none of the un-
treated animals (202). The same pair of anti-cytokine treat-
ments was found to protect all tested mice from Lassa virus
(202). Recently, two fatal cases of Lassa fever imported into
Europe were found to be associated with extremely high levels
of IFN-	 and TNF shortly before death (357). Levels of TNF
and other inflammatory cytokines have also been shown to be
increased during Argentine hemorrhagic fever, the illness
caused by Junin virus (182, 260).

522 CLARK ET AL. CLIN. MICROBIOL. REV.



Dengue hemorrhagic fever follows the same pattern, with
culture fluids from dengue virus-infected peripheral blood
monocytes being shown to produce TNF (12, 139). Several
groups have now detected increased circulating levels of in-
flammatory cytokines (21, 191, 384) and NO (419) in this
disease, and anti-TNF antibody treatment is reported to re-
duce mortality in experimental dengue virus infection (19).
Finally, not only does the virus that causes influenza, the dis-
ease perhaps most commonly confused with malaria, stimulate
the release of TNF from macrophages (188, 199), but also it
has been possible to show that the avian influenza virus, H5N1,
which is particularly virulent in humans, generates more TNF
in human macrophages than do a range of less virulent strains
(73). Again, the levels of both inflammatory cytokines and NO
(180, 212) are increased in serum from patients. Finally,
changes argued to be consistent with a cytokine-induced pa-
thology have been described in tissues from severe acute re-
spiratory syndrome patients (294), but no direct assays have as
yet been performed. The rapidly progressing field of pattern
recognition molecules now reports that viruses generate these
cytokines by engaging with TLR3, TLR7, and TLR9 (9), not
just TLR4, as was formerly thought (124).

At the time of writing, HMGB1 release or PARP-1 activa-
tion had not been found in severe viral infections, but the stage
is set, with the cytokine and NO release that induce these
changes in other inflammatory diseases already in place. Thus,
these newly recognised aspects of disease pathogenesis may
well apply as much to severe viral diseases as to malaria or
sepsis, opening the possibility of therapeutic approaches that
have not yet been considered.

SOME COMPARISONS WITH SEPSIS

The Pattern Recognition Molecules, GPI and LPS

Malaria toxin identification, and implications of its recog-
nition pathway. The idea that malaria parasites secrete a toxin
that directly causes the illness and pathology seen in infected
individuals is of very long standing (160). But how to identify
it? As Maegraith noted in 1969 (255), it had been easy enough
to isolate suspect factors from serum from humans or animals
with malaria—the problem was to determine whether they
were of host or parasite origin. To resolve this problem, an in
vitro assay was needed in which the host element could be
removed, and some years ago this was provided by the proposal
that malarial illness arose because the parasite released mate-
rial that functioned as though it was enterobacterial LPS,
which was then the only recognized trigger for the release of
TNF and IL-1 from host cells (83, 99). Later, we added LT to
the list of induced mediators (94, 329). By 1988, material ex-
tracted from malaria parasites was shown to induce the release
of TNF (28, 29), and the structure of these toxins was begin-
ning to be elucidated, with evidence that the active molecule
released from the parasite contained phosphatidylinositol (26,
30). The possibility of using this material to generate an anti-
disease vaccine for malaria was discussed by this group from
the late 1980s (28, 319, 398).

As has been reviewed (267), the GPIs are a special class of
glycolipid, ubiquitous in eukaryotic cells, and their primary
function, shown first in the African trypanosomes (65), is to

anchor certain proteins to outer surfaces of cell membranes.
They are much less abundant in animal cells than in parasites,
in which amounts severalfold in excess of that required to
anchor proteins are synthesized (425). Because of its ability to
trigger the release of TNF, malaria GPI, a glycosylated form of
phosphatidylinositol, has been incriminated as the malarial
toxin (360, 363). Indeed, P. berghei ANKA-infected mice have
been protected from pulmonary edema, acidosis, and cerebral
pathology by being immunized with a synthesized P. falciparum
GPI (361). The broader implications of this are discussed in
the next section. These data do, however, provide useful evi-
dence that the GPI molecule is the dominant malarial toxin
that induces the release of the proinflammatory cytokines in-
criminated in malarial disease. They are also consistent with
the notion that the cytokines induced by GPI are required to
generate these aspects of the pathology of malaria.

It has been suggested that GPI also has significant direct
effects on host cells to cause disease independently of TLR and
inflammatory cytokines. One line of argument is based on the
capacity of GPI to induce ICAM-1 in the absence of IL-1 and
TNF (363). However, as reasoned above, malarial GPI very
probably induces the production of LT, as well as these other
two inflammatory cytokines. LT has been known for some time
(200) to induce ICAM-1, and so further experiments with GPI
are required to establish whether it is acting on endothelial
cells independently of inflammatory cytokines. It is well estab-
lished that the GPI from T. cruzi uses the same signaling
pathways to induce cytokines as does LPS, and cross-tolerizes
with it (337), implying that GPI induces the same range of
inflammatory cytokines (including TNF, IL-1, and LT) as does
LPS.

Another line of argument for a direct harmful effect of GPI
concerns the pathogenesis of the hypoglycemia that can occur
in severe falciparum malaria. As the cytokine model of malar-
ial disease was developing, it was shown, as predicted by the
basic literature, that small doses of TNF (92) or LT (94) would
cause hypoglycemia in malaria-primed mice. TNF levels were
subsequently shown to correlate with hypoglycemia in African
children with malaria (165). These observations were consis-
tent with the prediction that malarial toxin would cause pa-
thology through the intermediary of inflammatory cytokines
(83, 99). However, it has been reported that GPI has direct
insulinomimetic activity on adipocytes in vitro (360), allowing
the possibility that it contributes to malarial hypoglycemia
without a requirement for the inflammatory cytokines it in-
duces. Others have demonstrated that this in vitro activity is
not specific to GPI but can be readily induced by the 1,2-
diacylglycerol moieties of P. falciparum GPI (444). It was sub-
sequently shown that the specific structure of the 1,2-diacyl-
glycerol moiety itself is not critical for the other bioactivity of
GPI (specifically TNF release), since removal of the 2-acyl
group of P. falciparum GPI with phospholipase A2 produced
syn-2-lyso-GPI, which was equally effective as native GPI at
inducing TNF secretion (425). The in vivo relevance of the GPI
molecule itself (compared to the cytokines it induces) to ma-
larial hypoglycemia remains an open question. In passing, we
note that it has been argued that malarial and trypanosomal
GPIs are recognized by the CD1–natural-killer antigen 1.1–T-
cell pathway of generating immunogobulin G responses, pro-
viding a general mechanism for rapid antibody responses in
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these diseases that would not be restricted by the major histo-
compatability complex (362). Others have not been able to
confirm this (321, 335).

The effects of GPIs from both P. falciparum and T. cruzi on
signal transduction pathways that lead to the inflammatory
cascade being triggered are so similar (392) that it could reason-
ably be assumed that, as with T. cruzi GPI (61), P. falciparum
GPI is recognized by TLR2, not TLR4. This would group it with
the gram-positive bacterial and fungal cell wall components
and various other bacterial, mycobacterial, and spirochetal li-
poproteins. However, others have reported that P. falciparum
GPI induces TNF secretion without membrane insertion and
may use a novel mechanism tightly coupled to protein tyrosine
kinase activation (425). The functional similarities of these
pathways are indeed close, with cross-tolerance (237) and strik-
ing synergy between ligands of TLR4 and TLR2 for TNF
generation (39). Moreover, while normally present at low con-
centrations on human endothelial cells, TRL2 is induced on
their surface by TNF or IFN-	 (142). Hence, it should be
expected that falciparum malaria, and a wide range of infec-
tious agents that release molecules recognized by the host
through TLR2 and thence protein tyrosine kinase, should pro-
duce diseases that are similar to each other, albeit varying
because of the rate and location of release of the cytokine-
triggering TLR ligand. Equally, it is predictable that these
diseases share the illness and pathology induced by organisms
that shed the TLR4 ligand, LPS, since the downstream signal-
ing and thus many host-origin mediators generated by this
signaling, are very similar whether TLR4 or TLR2 is engaged.
Of course, some of these pathogens have their distinctive sig-
natures. For P. falciparum, this is determined by the location of
the organism in erythrocytes that, through changes wrought on
their membranes by the parasite they contain, adhere readily
to upregulated ICAM on endothelial cells. The implications of
this are discussed in the next main section.

Prospects of vaccination against malarial toxin. The host
pattern recognition receptors, typically belonging to the TLR
group, contribute to the recognition of bacterial, viral, and
protozoal pathogens and also play a part in the initiation of the
host immune defense. They also are involved in the signaling
pathways that lead to cytokine-induced disease pathogenesis.
For example, LPS recognition in mice has complex conse-
quences and appears to be beneficial at lower doses because it
is central, through cytokines such as TNF and LT, to generat-
ing cell-mediated immunity (CMI) (352) and antibody-depen-
dent responses (236, 250). Indeed, TNF has been shown to be
necessary for the development of antibody memory in a mouse
model of malaria (241). LPS is also detrimental at higher doses
through provoking excessive production of these same cyto-
kines. Thus, immunizing against enterobacterial LPS, reducing
the host’s ability to generate cytokines such as TNF during an
infection, could result in a complex outcome, inhibiting both
the CMI and antibody-based immunity, as well as pathology,
with the balance not necessarily in the host’s favor. For exam-
ple, the net outcome of treatment of Salmonella-infected mice
with anti-TNF antibody is death from an overwhelming bacte-
remia (262, 289). Vaccinating against TNF-inducing agents
such as LPS or GPI is not, as has been suggested (361), a
parallel to immunizing against, for example, tetanus toxin,
which exerts its harmful effect directly at the synapse and has

no worthwhile attributes one might wish to preserve. Malaria-
induced TNF, in contrast, does.

Nevertheless, published arguments suggest that it would be
worthwhile using malaria GPI as an anti-disease antigen, de-
signed to act through its capacity to reduce the TNF (and
doubtless the IL-1 and LT)-induced pathology of malaria
(361). GPI is probably the major malarial ligand for its pattern
recognition receptor and was selected on its ability to generate
all of the TNF that crude malaria extract can generate (364,
392). The capacity of such a vaccine to prevent examples of
pathology previously attributed to TNF has been demonstrated
in experiments with the mouse P. berghei ANKA model (361).
There is the prospect, therefore, of this reduced pathology
being accompanied by a reduction in any TNF-dependent CMI
or antibody response generated by the host against malaria
parasites.

We note, however, that monoclonal antibody against GPI
blocks nitric oxide induction by total extracts of P. falciparum,
demonstrating that GPI is the sole source of iNOS-generating
cytokines induced by blood forms of P. falciparum (391). There-
fore, it is reasonable to predict that the observed post-chal-
lenge increased in NO production by monocytes from P. falci-
parum-challenged immune volunteers (320) was provoked by
GPI. Thus, GPI probably plays a role in the immunity pos-
sessed by these individuals, who, it should be noted, withstood
challenge despite lacking any detectable specific antibody re-
sponse (320). Thus, if a monocyte iNOS step is indeed central
to the CMI that protects against parasite growth in people who
have never had clinical malaria (and who are potential recip-
ients of such a vaccine), the prospect of immunizing them
against malarial disease by using GPI as an antigen (361) raises
concerns that this CMI response would not develop and that
the parasite would not be controled normally. This is little
different in principle from the situation already observed in
patients in whom rheumatoid arthritis has been treated with a
neutralizing anti-TNF antibody, making latent tuberculosis
(213, 264) or listeriosis (374) fulminant by inhibiting the CMI
on which immunity to Mycobacterium tuberculosis and Listeria
monocytogenes depends. From mouse (95) and human (320)
studies, Plasmodium, the source of the GPI, readily provides a
CMI-dependent infectious agent. In short, malaria is one of
those infections where the cytokines induced by GPI are im-
plicated in host defense as well as in the pathogenic processes.
Such an anti-disease approach should therefore proceed with
caution. If controlling death from malaria were this simple,
vaccinating against enterobacterial LPS would protect against
fatality from sepsis caused by most gram-negative bacteria.
Much will depend on how universal in P. falciparum infections
the recently described functionally important CMI in the ab-
sence of specific antibody (320) proves to be.

Is Long-Term Sepsis Different?

The comparisons in this review are between malaria and
infectious or noninfectious acute diseases that are all, in effect,
acute cytokine release syndromes in patients who are in a
hyperimmune state. Details of tissue distribution and cytokine
profile generated are very real and have discernible effects in
different diseases, but there is an overall pattern that has been
extensively acknowledged and studied. While modern life sup-
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port systems and antibiotics are unquestionably advantageous
for the patient, they do complicate the meaning of the term
“sepsis” through keeping very sick patients alive longer. This
increases the proportion of cases that still come under the
sepsis umbrella but have a hypoimmune pathophysiology that
in many ways is the mirror image of the acute cytokine release
syndromes. Several recent reviews have discussed these late
deaths as being the product of an overactive compensatory
anti-inflammatory response that causes an immunosuppression
so severe that overwhelming infection ensues (198, 293).

Undoubtedly this anti-inflammatory type of syndrome exists.
To date, however, neither of these groups appear to have taken
release of HMGB1 into account in their perceptions of events.
Not only can HMGB1 play the role, as described above, of a
cytokine released much later than those which have been more
extensively studied (428), but also it is released from cell nu-
clei in necrotic tissue (350). New waves of necrosis, and thus
HMGB1 release, can be expected to be triggered by regional
severe ischemia for as long as the patient survives. As noted
above, administration of rHMGB1 induces acute lung injury,
intestinal barrier dysfunction, and lethal systemic inflammatory
responses. The kinetics of HMGB1 release in long-term sepsis
remain to be explored. In addition, the energy-depleting con-
sequences of severe PARP-1 activation are a logical long-term
consequence, through the action of peroxynitrite, of a hyper-
immune state (37, 365, 387) and are consistent with the strik-
ingly low ATP levels seen in muscle biopsy specimens from
patients with long-term sepsis (51). In addition, depletion of
lymphoid tissues is well recognized in falciparum malaria, as in
other infections (63), but death commonly occurs, even in
drawn-out cases, without overwhelming secondary septicemia.
This would not be missed, since a bacteremia would show on
the blood smears that are regularly Geimsa stained to monitor
malaria parasites. Thus, death during the long-drawn-out hy-
poimmune stages of systemic infectious diseases may be largely
outside the comparison between malaria and the other cyto-
kine release syndromes that is the topic of this review. As
noted above, a study of HMGB1 under these circumstances
will clarify this.

ROLES FOR THESE MECHANISMS IN
MALARIAL DISEASE

Sequestration

The phenomenon of erythrocytes containing malaria para-
sites adhering to endothelial cells is restricted, among the hu-
man malarias, to P. falciparum. It is referred to as parasite
sequestration and mostly affects red cells as the parasite they
contain reaches the second half of its 48-h maturation cycle.
The traditional basis for disease pathogenesis, particularly the
neurological symptoms, of falciparum malaria has been that
these sequestered parasites hinder the flow of arterial blood to
tissues particularly sensitive to such deprivation, such as the
brain (252). The main difficulty that has always confronted this
idea is to reconcile it with the stroke literature and explain,
bearing in mind that the brain is exquisitely sensitive to hyp-
oxia, why most patients who recover from cerebral malaria
have no residual neurological deficit (431), implying negligible
cellular damage. Studies of the pathogenesis of strokes have

indicated that cerebral infarction, and subsequent long-term
loss of function, can occur if perfusion pressure to any part of
the brain is 15 to 20 mm Hg or less for a period of 20 to 30 min
(4). This is inconsistent with a simple oligemic coma, perhaps
lasting for several days (219), routinely resolving with a rapid
and full return of neurological function.

The mature stages of P. falciparum are absent from circu-
lating blood (i.e., absent from fingerprick blood smears) of ill
patients and also of malaria-tolerant patients (i.e., those who
are not ill despite having an appreciable parasite burden).
However, young forms reliably appear at the start of the next
cycle, so there is no question that the parasites were present.
In other words, the red cells containing these mature forms
are sequestered somewhere, whether the host is sick or not.
Hence, should sequestration be an essential contributor to the
illness due to falciparum malaria, as often stated, it must do so
through its anatomical location, which has to be presumed to
differ in healthy malaria-tolerant and ill malaria-sensitive in-
fected individuals. Any worthwhile model for the events in
severe falciparum malaria therefore has to include an expla-
nation for how the sites of sequestration could differ between
malaria-susceptible and malaria-tolerant individuals. In other
words, how do malaria-tolerant children, who are heavily in-
fected but seemingly healthy, manage to keep their high par-
asite loads sequestered in parts of the vascular tree where they
do not cause harm? It is not just a question of parasite load,
since counts have been shown not to differ significantly be-
tween patients with cerebral malaria and severe noncerebral
malaria (302). A further complication is the evidence of the
great variation (about 100-fold) found in peripheral parasite
density in 6-h repeat observations in a malaria-tolerant popu-
lation (116). It has also to be taken into account that in vitro
adhesion of red cells parasitized with Babesia bovis (which
causes in cattle a disease that closely mirror human falciparum
malaria) does not select for strain virulence (283), as the lit-
erature had led people to presume. A static adhesion system
employing umbilical endothelial cells, on which much malaria
literature is based, was used. Finally, the notion of a primary
requirement for brain sequestration in the coma of cerebral
malaria has to accommodate the findings in the first large
histological study of African children with falciparum malaria,
in which about one-third of the 32 children clinically diagnosed
as having cerebral malaria, using established criteria and ex-
amining more brain regions than is typical in the literature for
adult cases, had negligible sequestration in the brain (87). This
is discussed in the next section.

Toward Understanding the Coma of Severe Malaria

Septic encephalopathy. Septic encephalopathy (46, 133, 443)
is not well understood but is increasingly thought to involve the
downstream effects of inflammatory cytokines leading to re-
duced oxygen extraction by the brain, energy depletion, cere-
bral edema, and disruption of the blood-brain barrier. A par-
allel entity, much less intensively investigated, accompanies
noninfectious conditions in which the levels of these mediators
are raised, such as traumatic surgery (415) and burn injury
(282). As in malaria, altered mental status is highly associated
with a fatal outcome in septic encephalopathy (381). An excel-
lent experimental model has been the endotoxemic pig, in
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which a dramatic elevation of intracranial pressure has been
observed, despite arterial hypotension (177). The field has
been reviewed recently (130, 308). As noted earlier, overacti-
vation of PARP-1 through the action of peroxynitrite can run
down ATP levels (365). This would considerably affect the
integrity of the membranes that maintain cellular function in
the brain, since over 40% of all the energy released by cellular
respiration in central neurons is consumed by the membrane-
bound Na�/K�-ATPase that runs the pump that prevents so-
dium, and therefore water, accumulation in the brain (138). In
other words, a key role of this enzyme in the brain is to prevent
edema, which dramatically increases intracranial pressure. NO
also inhibits this pump (172, 332). As summarized in this sec-
tion, the evidence for systemic inflammation in malaria is con-
sistent with these processes affecting brain function, irrespec-
tive of the degree of pathology visible on brain sections. As
outlined below, this could, however, affect consciousness.

Another way in which mental status could be affected in
these conditions is through inflammatory mediators released
from activated macrophages inducing indoleamine-2,3-dioxy-
genase and thus converting L-tryptophan into quinolinic acid, a
brain excitotoxin. The interest in the harmful effect of quino-
linic acid on neurons comes from the work of Heyes and
coworkers on AIDS dementia in 1991 (185a). Depending on
the degree of severity of mental change in these patients,
quinolinic acid levels were increased 2- to 20-fold in the cere-
brospinal fluid (CSF) and generally paralleled the severity of
cognitive and motor dysfunction. Arguments have been pro-
posed for the relevance of quinolinic acid to the pathology of
brain trauma (36), and interest has now moved to its possible
involvement in cerebral malaria in children in Kenya, with
kynurenine pathway metabolites in the CSF being increased in
proportion to the degree of severity (122). Subsequently, sev-
eral metabolites of this pathway were measured in the CSF of
adults with cerebral malaria in Thailand, but no correlation
with convulsions or depth of coma was found (270). Being
downstream of inflammatory activity and acting, at least in
part, through NO (288, 313), this pathway, whether it proves
crucial to the outcome or not, is an additional indication of the
relevance of inflammation in these diseases.

Malaria encephalopathy. If sequestration is the essential
difference between falciparum malaria and other infections in
which TLR2 recognizes the presence of an infectious agent,
how different in principle is malaria from these other diseases?
As outlined below, and based on the findings of the first large-
scale immunohistochemistry study of African pediatric cases
(86, 87), any difference may initially be very small, with some of
these children dying, after a coma, in this stage. One-third of
the fatal clinically defined cerebral malaria cases for which
autopsies were performed [11 of 32, termed CM(A)] had little
or nothing to see in the brain (6 to 13 different brain regions
examined) by way of sequestered parasites, let alone mono-
cytes clusters, microhemorrhages, iNOS or HO-1 staining that
would have indicated the advent of vascular inflammatory
change at the time of death. Yet they were clinically diagnosed
as cerebral malaria on the same criteria as were groups CM(B)
and CM(C). Two of the CM(A) group had severe anemia, and
others, on autopsy, proved to have nonmalarial changes, such
as bacterial pneumonia or patchy hepatic necrosis. These
changes can be expected to have contributed to a fatal out-

come and caused it to have occurred sooner that it would have
done otherwise. Thus, this CM(A) group, making up one-third
of the patients, possibly gives us an instructive insight into what
had been happening inside the cerebral vasculature of the
CM(B) and CM(C) patients after they had become comatose,
but some time before death (Fig. 4).

These CM(A) patients showed appreciable evidence of sys-
temic inflammation, as demonstrated by the presence of iNOS,
MIF (87), and HO-1 (86). These systemic changes were shared
with those found in the comatose sepsis patients in the series
— indeed, there was nothing to tell them apart immunohisto-
chemically, and the depth of coma was of the same order in
both groups. From an inflammatory perspective, the causes of
coma and death in both this subset of the malaria patients and
the sepsis patients were not fundamentally different. From the
broader literature (91), the outcome in all cases was most
probably based on the acute downstream effects of inflamma-
tory cytokines, including energy depletion and metabolic aci-
dosis, although data that could have provided this degree of
detail were unavailable for these individual cases.

We interpret another seven patients with fatal pediatric ce-
rebral malaria [CM(B) in reference 87] as having survived long
enough for sequestration to have occurred in the brain, but not
as long as did the CM(C) group, discussed below. These seven
CM(B) patients showed the same systemic evidence of inflam-
mation as did the CM(A) patients and, in addition, seques-
tered parasites in cerebral blood vessels, sometimes (in three
of the seven patients) in very large numbers. Almost all were
young trophozoites, uniformly containing only a small fleck of
malarial pigment. Sections from three of the seven CM(B)
brains were shown, by immunohistochemistry, to have intra-
vascular platelet accumulations (164). However, evidence for
the onset of vascular inflammatory change in the cerebral vas-
culature (microhemorrhages, iNOS, or HO-1-stained mono-
cyte clusters [see the next paragraph]), was, at least in the up to
11 blocks per brain examined, almost entirely lacking (Fig. 4).
As noted earlier, once platelets become cytokine activated,
they export HMGB1 to their surfaces (338), and this has the
capacity, through engaging (and upregulating) RAGE on en-
dothelial cells, to cause a local amplification of the inflam-
matory cascade, including an increase in the expression of
ICAM-1 and VCAM-1 (149). Hence, platelet-origin HMGB1
can be expected to provide a bridge between the start of ac-
cumulations of activated platelets and a change in local con-
ditions that allow parasitized red cells to colonize new terri-
tory. In our view, this CM(B) group died late enough to allow
this colonization to happen but did not live long enough to
allow the adhering parasitized red cells to complete their 48-h
cycle, terminating in red cell rupture and GPI release and the
initiation of local inflammatory events. To us, the logic is that
coma occurred in this CM(B) group for essentially the same
systemic reasons as in the 11 CM(A) cases, with a probable
contribution from cerebral hypoxia in those with particularly
heavy loads of sequestered parasites. In addition to presumed
cerebral hypoxia, these patients had as massive a degree of
systemic inflammation as any in the study (87), so that a major
contribution from this cannot be discounted. There was, how-
ever, very little if any evidence for the possibility of a contri-
bution to coma from local post-schizogony inflammation
within the cerebral vasculature.
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The third category of clinically defined cerebral malaria
cases, CM(C), comprised 14 of the 32 patients described (87).
Our interpretation of these, again taking the platelet accumu-
lation data into consideration (164), is that they survived the
progression of their disease long enough for the cerebrally
sequestered parasitized red cells to have completed a 48-h
cycle and, at the post-schizogony burst, to have initiated new
local inflammatory hot spots within the brain through GPI
release. Hence, sequestered parasites, monocyte clusters, mi-
crohemorrhages, vascular wall iNOS, and monocyte HO-1
staining were well in evidence in the cerebral vasculature at the
time of death (87). Most brain sections from CM(C) patients
readily showed evidence of the microhemorrhages and intra-
vascular inflammation that are generally regarded as wide-
spread in adult Asians with fatal cerebral malaria (252, 269,
271, 371), and the impression from this literature is that, as
in our CM(C) group, virtually every adult brain section exam-
ined by these investigators (252, 269, 271, 371) showed these
changes. This has obvious relevance to the degree to which
hypoxia from impaired blood flow could have contributed to
these different subpopulations of African pediatric patients.
Insufficient oxygen has many consequences, some more obvi-
ous than others. For example, it enhances nearby inflamma-
tion: a recent report provides evidence that the protein hy-
poxia-inducible factor 1-� upregulates the expression of at
least 30 genes that govern inflammation when oxygen levels are
low (106). It should be noted, however, that several treatments
known to inhibit and reverse the adherence of parasitized red

cells in vitro were inactive in double-blind trials with cerebral
malaria patients (105, 406). We have recently reviewed the
arguments that hypoxia (which we think is important in the
pathogenesis of falciparum malaria) may well be caused more
by ineffective utilization of oxygen, through the effects of in-
flammatory cytokines on energy depletion and therefore mito-
chondrial function, than by poor oxygen delivery (91).

Considering our CM(A), CM(B) and CM(C) groups collec-
tively, we think there is every reason to assume that the sys-
temic causes of encephalopathy that were acting in the CM(A)
and CM(B) cases were acting even more strongly on the
CM(C) brains, so that coma was probably present before the
obvious changes in the brain had had time to develop. It seems
reasonable to us to suggest that once these secondary changes
in the local cerebral vasculature develop to the degree ob-
served, there is little chance of recovery without neurological
deficit. Moreover, we see little evidence for assuming that
these obvious brain changes were involved in the onset of
coma. The unanswerable question is whether the patients who
experience coma, but do not develop local brain changes, have
a higher chance of survival. In other words, are they underrep-
resented in the fatal cases compared to the total number who
develop coma? Descriptions of most fatal adult cerebral ma-
laria cases (252, 371) fit, in terms of sequestered parasites and
microhemorrhages, into our CM(C) category. Conceivably,
this is because these patients had enjoyed a more robust pre-
malaria physical state than do many African children, and this
contributed to their surviving long enough for the sequence of

FIG. 4. HO-1 staining of brain (A to C) and liver (D to F) tissue of each of the three categories used to group the 32 clinically defined cases
of cerebral malaria, on the basis of their histological and immunohistochemistry findings, as CM(A), (A and D), CM(B), (B and E); and CM(C) (C
and F). Panel A typifies the 11 cases with isolated or undetectable parasites or HO-1-stained monocytes in brain sections. Panels B and C are
examples from the 7 and 14 cases, respectively, with increasing parasite and cellular involvement in cerebral blood vessels: Panel B shows an influx
of young intraerythrocytic malaria parasites (para) but negligible monocytes, and panel C illustrates the more mature parasites, monocyte
accumulations (mono), and microhemorrhages (hemorrh) typical of CM(C). All three categories showed systemic inflammation, as demonstrated
by strongly staining Kupffer cells (D to F). Dilution of primary anti-HO-1 antibody (StressGen) was 1:1,000. Staining was done as described for
Fig. 3. Magnification, �200 in all cases.
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brain changes to mature to the degree observed in our CM(C)
group. Unfortunately, immunohistochemistry to detect inflam-
matory change elsewhere in the body has not yet been per-
formed for such adult patients. We have previously summa-
rized the implications of high iNOS levels in the walls of brain
blood vessels and also the logic of the observed coassociation
of cerebral vascular wall iNOS and cerebral microhemorrhages
(91). In addition, these CM(C) cases showed the strongest
evidence of systemic inflammation. Thus, while the cerebral
changes accumulate in patients who live long enough, and
begin to affect brain function locally, the effects of systemically
generated proinflammatory cytokines, including effects on the
brain, would continue to increase (78).

On average, the nonmalarial encephalopathies examined for
platelet accumulation in this patient series showed accumula-
tion as strongly as did the cerebral malarias in the CM(B) or
CM(C) categories (164), but of course in the absence of par-
asitized red cells to adhere to any upregulated ICAM-1. Nev-
ertheless, the patients were comatose and showed immunohis-
tochemical evidence of systemic inflammation as strongly as
did the malaria cases (86, 87). This emphasizes that key un-
derlying changes of malaria pathophysiology are shared, just as
intensely, with a range of other conditions in which TLR2
recognizes the presence of an infectious agent.

Of course, the changes that distinguished CM(A), CM(B),
and CM(C) and the suggested reasons for their differences, the
progression that might link them together, and as the changes
they share with sepsis would have been missed in the absence
of immunohistochemistry of samples collected at autopsy. Un-
fortunately, most clinically diagnosed cases of cerebral malaria
are unavoidably placed into a single category, as, indeed, were
the nonautopsied two-thirds of fatal cases in this scientific
study, let alone the many other patients for whom a clinical
diagnosis of cerebral malaria is made in Africa daily. Little
progress in understanding this condition is possible in such
circumstances, and additional autopsy-based studies, bringing
clinical and scientific expertise together, are the best way for-
ward. The more molecular aspects of the impaired conscious-
ness of falciparum malaria have been reviewed recently (91).

HOMEOSTASIS VERSUS PATHOLOGY IN
INFLAMMATORY STATES

Efficacy of Anti-Inflammatory Agents in
Systemic Disease States

In view of the disappointing outcome of all the expenditure
on anti-inflammatory agents to treat sepsis, are the inflamma-
tory cytokines really the way to understand the various sepsis
states, including malaria? We think so. First, it is easy to
reproduce the essential changes of the disease states discussed
in this review by injecting TNF, IL-1, or LT. Second, these
cytokines, and other elements of the complex cascades they set
in motion, can be detected in the cells and circulation of
affected patients. These two sets of observations have led to the
logical (and, we believe, correct) argument that these mole-
cules are probably central to the pathogenesis of these dis-
eases. A key additional and practical piece of evidence is to
know whether these diseases can be prevented or reversed by
inhibiting the action of a target cytokine. This reassurance is

readily obtained by studying the iatrogenic conditions, such as
the Jarisch-Herxheimer reaction (104), adverse reaction to
OKT3 (127), or GVHD (204), where it is easy, through pre-
treatment, to stop the illness before it starts. The close parallels
between these conditions and sepsis states, along with the
vanishingly small chance that the body would have two unre-
lated systems to produce this common set of complex changes,
is very good circumstantial evidence for cytokine involvement
across the board.

Nevertheless, obtaining this type of evidence becomes in-
creasingly difficult once the systemic disease state is already
under way, and the test becomes whether illness can be re-
versed by, for example, an antibody that neutralizes TNF. This
carries two dangers with it, the first being suppression of the
immune response against pathogens. The limitations that this
puts on the possible clinical usefulness of anti-TNF were rec-
ognized early, when it not only failed to protect mice against
cecal puncture peritonitis but actually made the outcome
worse (128). Indeed, TNF was a requirement for survival in
these animals (129). This is entirely consistent with the role of
this cytokine in CMI against various pathogens and has had a
more recent echo in the exacerbation of dormant tuberculosis
in arthritis patients treated with anti-TNF agents (213), as
discussed above. Conceptually, this is a simple negative-feed-
back homeostatic loop, with TNF and iNOS suppressing the
growth of the organism that increased their production in the
first place.

The second danger was that anti-TNF (and other ap-
proaches aimed at the early events of sepsis) would be admin-
istered at a time and circumstance when its main action would
be, through neutralizing TNF, to inhibit a range of other ho-
meostatic negative-feedback loops, directed at other mediators
rather than infectious agents, that are built into the inflamma-
tory cascade and switch them off after they have done their
necessary tasks. Examples are NO (411) and CO (233) inhib-
iting the TNF that induced the iNOS and HO-1 that generated
these gaseous mediators of homeostasis. Thus, inhibiting these
homeostatic pathways in the less severe sepsis states could
explain how anti-TNF and similar approaches can make these
cases worse. This problem appears to be a general principle
across a number of anti-inflammatory agents that have been
tested in patients with sepsis. For example, recombinant acti-
vated protein C (38) has broken new ground as the first Food
and Drug Administration-approved drug for severe sepsis in
adults. However, despite providing a sufficient advantage over
what had gone before to attract conditional approval, it too
(131) is prey to the same problems that have bedeviled the
other systemic anti-inflammatory agents subjected to trials in
treatment of human sepsis (132), being on average harmful to
more mildly affected patients and improving outcome only in
those with more severe disease before treatment. Indeed, when
the animal experiments that provided the encouragement for
human trials with this class of agent were repeated with con-
ditions changed so that the risk of death without treatment was
lower, the same relationship as has been found in many human
trials (harm when the risk of death is low, improvement when
the risk is high) was found (132). Some active process such as
interference with homeostasis has to be invoked, since fluid
therapy, when run in parallel, did not decrease the chance of
survival in low-risk groups (132). This implies that as the se-
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verity of the disease increases, a point is reached at which
anti-TNF, and by inference similar agents, changes from being
harmful to being helpful.

What might that point be? The obvious possibility is that this
point is reached when the inflammatory state becomes so se-
vere that its capacity to cause downstream harm exceeds the
capacity of the suppressive effects of the iNOS-induced NO
and the HO-1-induced CO, in other words, when the inflam-
matory state starts to lose homeostasis. Unfortunately, this
critical point does not immediately appear to lend itself to
definition in the individual patient. An alternative philosophy
is to regard this point as the time when the “late” mediators,
induced in their turn by TNF and IL-1, start to dominate.
Unlike TNF and IL-1, MIF (35) and HMGB1 (428) levels
remain increased for a long period. Again unlike anti-TNF
(128), agents that inhibit MIF and HMGB1 will rescue mice
from cecal puncture peritonitis even when administered 8 h
(60) or 24 h (242, 418), respectively, after onset of the lesion.
It will be instructive to see whether, on testing in models with
low risk of death, MIF- and HMGB1-blocking agents exacer-
bate illness in the way in which the other agents have done. As
far as we are aware, there is no reason to expect this. It is
plausible that much of the TNF suppressed when its inhibitors
produce a successful outcome in severe sepsis is actually gen-
erated in the “second wave” of inflammatory cytokines gener-
ated by HMGB1 acting through RAGE receptors (149). As
first proposed by Schmidt et al. (355), these changes have the
characteristics of a self-perpetuating and amplifying system of
functional derangement. This is in contrast to many of the
effects mediated through TLRs that are the conduit to the
earlier generation of these cytokines by LPS or malaria toxin.
This difference is presumably what causes these same cyto-
kines, when induced by HMGB1, to have a slower onset and
considerably longer duration (14, 396) than when they are
induced by LPS, implying that the RAGE pathway is not sus-
ceptible to inhibition by NO or CO. This remains to be tested.
If it proves so, any anti-TNF that targets HMGB1-induced
TNF would encounter no homeostatic potential to be inhibited
and therefore would have no pathway by which to exacerbate
illness.

The other novel therapeutic approach that has considerable
potential is to inhibit PARP-1. As discussed above, overacti-
vation of PARP-1 through peroxynitrite generated from NO
and superoxide downstream of TNF can lead to bioenergetic
failure (365), enhancement of proinflammatory cytokine gen-
eration (240), and dramatic effects in a model infection (222).
The capacity of pyruvate to prevent PARP-1 activation in a
swine model of hemorrhagic shock (284) and the usefulness of
ethyl pyruvate as an HMGB1 inhibitor (418) imply that these
new approaches to understanding sepsis may be bound to-
gether functionally and perhaps will prove to form a single
therapeutic entity.

CONCLUDING REMARKS

Once it began to be accepted that many disease processes
were initiated by overenthusiastic production of the cytokines
that comprise the inflammatory cascade, there was consider-
able optimism in some quarters that these molecules could be
neutralized to achieve a useful therapeutic effect. This hope

had substance in chronic conditions such as rheumatoid arthri-
tis, where inflammatory cells are constantly being recruited,
allowing treatment to be initiated at any time. This concept
could also be harnessed to preempt the onset of iatrogenic
systemic inflammatory states, such as the Jarisch-Herxheimer
syndrome. The use of this application in acute life-threatening
circumstances, such as severe sepsis and falciparum malaria,
has been less rewarding. This is probably because the relatively
explosive nature of these conditions makes them an inconstant
target, with a series of changes quickly suppressing the one that
preceded them but creating their own survival challenges for
the host (403). In particular, the importance of preserving the
homeostatic functions of these cytokines, which dominate in
the less severely affected patients who probably would survive
without interference in the inflammatory cascades, needs more
recognition. It seems clear that if a practical therapeutic agent
is going to emerge for these acute systemic conditions, it will
come from a better appreciation of the late-stage mediators of
these diseases, including MIF upregulation, PARP-1 activa-
tion, and HMGB1 release, all of which are still being explored
and have considerable promise. Inhibition of these later path-
ways, probably in conjunction with some of the approaches
currently being tested, seems to us the most promising way
forward.

Finally, the theme of this review has a direct relevance to the
historic controversy at the heart of the era of the onset, in
France, of awareness of the infectious nature of disease. Long
after both players had left the scene, the cytokine approach to
disease pathogenesis can be said to have eventually reconciled
Claude Bernard’s opinion that all these conditions were dis-
turbances of the patient’s internal cellular environment and
Louis Pasteur’s subsequent view that each disease was, instead,
the direct result of specific microbial invaders and their toxins.
Of course Pasteur’s approach was essential for vaccine devel-
opment, for the concept of asepsis, and for microbiology to
become a science, but it had two inferences that did not ad-
vance the understanding of disease mechanisms: that acute
systemic diseases caused by different microorganisms harmed
the host in fundamentally different ways, and that noninfec-
tious diseases, such as hemorrhagic shock, were very different
from those caused by infectious agents. Inflammatory cyto-
kines are the link that allows these two views to be seen as
different stages of the same story, with Pasteur’s infectious
agents leading to very similar proinflammatory cytokine path-
ways being excessively stimulated in various organs, altering
cellular functions in ways not unique to that disease, as visu-
alized by Bernard.
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