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alaria infection places a huge economic burden
Mon the developing world. It has been estimated

that annually there are over 500 million
episodes and it is responsible for 18% of childhood
deaths in sub-Saharan Africa.’

Infection in the human host is initiated by a bite from
a female anopheline mosquito during which sporozoites
enter the body and home to the liver initiating the
hepatic phase of the disease. Merozoites emerge from
ruptured liver schizonts and initiate the erythrocytic
phase of the parasite life-cycle. The parasites in infected
red cells can follow one of two developmental path-
ways, one which is asexual and is associated with the
classical fever and the other sexual, allowing transmis-
sion of disease through future mosquito bites. In the
asexual phase the invading merozoite develops into a
ring-stage parasite that matures to a trophozoite and
then into a schizont, which, on rupturing, releases
numerous merozoites thus re-initiating the cycle of
infection in red cells. In P, falciparum this cycle takes 48
hours and is a synchronous process. As parasites contin-
ue to infect further red cells the parasitemia increases
unrestricted unless the individual has had a previous
bout of malaria and can mount an immune response. It
is the synchronous rupture of schizonts that produces
cytokine-inducing toxins resulting in the fever associat-
ed with malaria.

Approximately 1% of malaria episodes in P. falciparum
infections in African children result in complications
requiring hospital admission.” These include profound
anemia, cerebral malaria, hypoglycemia, jaundice, renal
failure, pulmonary edema and clotting problems. Clearly
genetic host and parasite factors are involved. For exam-
ple, in African children there are geographical differ-
ences, suggesting that in regions where there are high
rates of malarial transmission the incidence of cerebral
malaria is low, but there is a greater prevalence of ane-
mia.’ The major problem in tropical countries is that the
anemia in children, chronically infected with malaria, is
extremely debilitating and occasionally fatal. As in the
acute forms of malaria it is due to hemolysis combined
with ineffective erythropoiesis.

Depending on the degree of host immunity, infected
red cells can be destroyed before the schizonts mature
and release merozoites. There is some evidence to sug-
gest that ten times as many uninfected red cells are
removed from the circulation for each parasitized red
cell.* Several studies support the observation that both
infected and uninfected red cells have a shortened life
span in both the acute and convalescent phases of a
malaria infection.”®

Infected red cells are removed by macrophages.
Children with acute malaria infections have high levels
of interferon (IEN)-y and tumor necrosis factor (TNF)-a,
both of which activate macrophages. Both infected and
uninfected red cells are removed by the spleen. Removal

of uninfected red cells has been attributed to decreased
deformability; the mechanism responsible is not fully
understood. Studies in a murine P, berghei model confirm
that the removal of uninfected red cells by macrophages
is one of the underlying causes of anemia. However,
pro-inflammatory cytokines may play a significant role
in this process.

Immune-complex mediated hemolysis is another con-
tributory factor to malarial anemia in some populations
(reviewed by Weatherall er al®). Some patients with
malaria develop a positive direct Coombs’ antiglobulin
test. Red cell sensitization is usually associated with C3,
but can occur with IgG alone or combinations of C3, C4
and IgG. Recent data suggest that it is not just host pro-
teins on the surface of uninfected red cells that result in
hemolysis. Immunoglobulin-antigen complexes contain-
ing the P falciparum ring surface protein (RSP-2) have
been reported. Soon after merozoites have infected a red
cell, RSP-2 is expressed on the cell surface and may play
a role in adhesion to endothelial cells. This protein is
also found on the surfaces of uninfected red cells and
erythroblasts in bone marrow from patients infected by
P, falciparum, suggesting a role for RSP-2 in the develop-
ment of anemia.’

The other half of the equation is clearly what is hap-
pening to erythropoiesis during malaria infection. It is
well known that the reticulocytosis that results as a con-
sequence of the decreased hematocrit is inappropriately
low and delayed.

Particularly in chronic malarial anemia there are
marked dyserythropoietic changes in the red-cell precur-
sors and increased erythrophagocytosis. It has been sug-
gested that these changes may be mediated, at least in
part, by high levels of TNF-0." The bone marrow
response is clearly defective and may include a defective
erythropoietin response in the chronic forms of anemia.
As part of the acute phase response, the peptide hep-
cidin is synthesized and released by hepatocytes result-
ing in increased serum ferritin and a reduction of bio-
available iron. Hepcidin binds to the iron exporter ferro-
portin, which is expressed on the surface of
macrophages, resulting in the internalization of the com-
plex and its degradation." Hence, iron is retained by
macrophages, rather than being released into the circula-
tion, bound to transferrin and transported to the bone
marrow or spleen where it can be re-cycled in erythro-
poiesis. It is clear from mouse models that there is a fine
balance between erythropoietin and hepcidin levels in
regulating erythropoiesis.”” Hepcidin is clearly implicat-
ed in the anemia of inflammation or chronic disease." It
is not yet clear the extent to which hepcidin has a role to
play in malarial anemia. In part, this is because a quanti-
tative serum hepcidin assay has only just been devel-
oped.” During the acute phase of malaria infection the
serum iron level rapidly decreases and iron is
sequestered in the marrow. Serum ferritin levels are high
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mimicking what is seen in other acute infections.

There is still much to understand about the mecha-
nisms of the ineffective marrow response. It is possible
that the suppression in the bone marrow is a conse-
quence of the high levels of TNF-o that result from a
malaria infection®. This cytokine is implicated in the
anemia of chronic infection. TNF-o suppresses the
growth of erythroid progenitor cells in human bone
marrow cultures, though this effect lessens as the cells
differentiate. However, TNF-a stimulates fibroblasts to
secrete hematopoietic growth factors in vitro. The pig-
ment resulting from the malaria parasite is ingested by
resident macrophages in the spleen and marrow, result-
ing in the production of TNEF-o at the site of erythro-
poiesis. Work in mice supports a role for TNF-a. in the
dyserythropoietic changes resulting from malaria infec-
tion. Other cytokines, such as interleukin (IL)-10, may
contribute to dyserythropoiesis. IL-10 is an inhibitory
cytokine that acts in opposition to TNF-c. It was shown
in a study of African children with severe malarial ane-
mia that the TNF-0:IL-10 ratio was high in plasma, sug-
gesting that low levels of IL-10 contribute to the TNF-o
suppression of erythropoiesis.”” Another cytokine, IL-
12, protects against severe anemia in a mouse model."
The parasite by-product of hemoglobin digestion,
hemozoin also plays a role in the suppression of ery-
thropoiesis.

What other factors may be involved in modulating
erythropoiesis in malaria¢ The paper by Thawani ez al.,
in this issue of the journal, describes the STAT6-mediat-
ed suppression of erythropoiesis in an experimental ani-
mal model of malarial anemia."” STAT6 is a member of
the signal transducer and activator of transcription
(STAT) family of proteins of which there are six other
members (STAT1, STAT2, STAT3, STAT4, STATSa,
STAT5b)*”. Studies using STATO6-deficient mice have
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revealed the key role that this protein plays in IL-4 and
IL-13 signaling and in Th2 polarization of the immune
system. STATG6 is ubiquitously expressed.

The STATG6 signaling cascade is activated when IL-4
or IL-13 engage with their corresponding receptor
(Figure 1). The major receptor for IL-4 consists of IL-4R-
and the common 7 chain (yc)."” Signaling is initiated by
the binding of IL-4 to IL-4Ra which then dimerises with
ve (Figure 1). The type II IL-4 receptor is composed of IL-
4Ro and IL-18Ral chains and can, consequently, trans-
mit signals from IL-4 and IL-18. Once the particular
cytokine is engaged, this leads to the phosphorylation
of a specific Janus kinase (JAK) and the consequent
phosphorylation of three tyrosine residues on IL-4Ro
which then provides the necessary docking site for
STAT6 (Figure 1). JAK then phosphorylates STAT6
which in turn dimerizes, and is translocated to the
nucleus where it binds to DNA regulating the transcrip-
tion of certain genes (Figure 1). STAT6 can also be acti-
vated by other pathways'.

STAT6 binds to a highly conserved DNA sequence
motif; the consensus is TTC(N)«GAA. This was identi-
fied in response to IFN-y signaling and so is called the
gamma-activated sequence (GAS) motif. STAT6 on its
own is insufficient to upregulate transcription of a spe-
cific gene. It is the association of STAT6 with a combi-
nation of regulatory co-factors and the basal transcrip-
tion complex that is the key to its activation of specific
target genes. Other transcription factors can positively
or negatively affect STAT6-regulated transcription. For
example, nuclear factor-kB and STAT6 can act synergis-
tically in some systems but antagonistically in others.
About 35 STAT6-regulated loci have been described™.

In STAT6-deficient mice, the ability of a T cell to dif-
ferentiate into normal Th2 cells is greatly reduced. This
has thus allowed the detailed analysis of Th1 and Th2

Figure 1. The classical
STAT6 signaling pathway
(adapted from a paper by
Hebenstreit et al.*®).
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responses in various disease models. STAT6-deficient
mice have increased numbers of myeloid progenitor
cells as well as increased cell cycling. IL-4 and IL-13 have
been shown to increase iron uptake and storage by
macrophages such that iron availability in the bone mar-
row restricts erythropoiesis.”

Thawani and colleagues exploited STATG6-deficient
mice to investigate malarial anemia in the P. chabaudi AS
animal model.” These malaria-infected mice had an ear-
lier and higher reticulocytosis despite having a higher
peak parasitemia and a similar degree of anemia when
compared to infected control mice. Exogenous erythro-
poietin treatment enhanced this reticulocytosis. These
results suggested a role for STAT6 in malarial anemia.

Th1 cytokines have previously been reported to have
a role in erythropoietic suppression. IFN-y, lipopolysac-
charide, and TNF-a upregulate the expression of diva-
lent metal transporter 1, thus increasing the uptake of
iron into macrophages®. Hepcidin expression is induced
by lipopolysaccharide and IL-6 but is inhibited by TNEF-
o. As already mentioned, hepcidin blocks release of iron
from macrophages by binding to ferroportin resulting in
its internalization and degradation thus explaining its
role in the anemia of chronic disease. The results of
Thawani and colleagues suggest a role for the Th2
cytokine, 1L-4, in malarial anemia. Both the Th2
cytokines IL-4 and IL-13 contribute to the observed
hypoferremia seen during chronic inflammation by
increasing iron uptake by macrophages through transfer-
rin receptor 1 (CD71).”

It should be remembered that the spleen is a major site
of extra-medullary erythropoiesis in malaria-infected
mice thus enabling the analysis of erythroid progenitor
cells in wild type and STAT6-deficient mice in response
to malaria infection, with and without erythropoietin
treatment. Thawani and colleagues provide evidence to
suggest that a deficiency in STATG6 restricted the diver-
sion of transferrin receptor 1 from erythroid to non-ery-
throid cells, thus maintaining iron availability to erythro-
poietin-responsive erythroid precursors.” In P. chabaudi-
infected mice, they also found increased proliferation of
erythropoietin-treated splenocytes in STAT6-deficient
animals when compared to in wild-type controls. The
question they then posed was whether STAT6 played a
role in IFN-y production by natural killer and natural
killer T cells in malarial anemia. Data from IL-4-depleted
mice support the idea that IL-4 may be involved in
inducing a protective Thl response to control acute
malarial infection and to regulate erythropoiesis. They
found that malaria-infected STAT6-deficient mice had
significantly lower IEN-y levels than infected wild-type
mice. Consequently, they suggested that there may be a
link between IFN-y levels and IL-4-dependent STAT6
signaling in malarial anemia. The relationship of these
novel mechanisms in a murine model to the pathogene-
sis of malarial anemia in humans remains to be deter-
mined. Understanding the mechanism behind malarial
anemia should lead to new approaches to managing the
treatment of children, in particular those requiring hos-
pital admission due to severe malarial anemia.
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