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Abstract. Plasmodium falciparunn a subset of patients can lead to a diffuse encephalopattwyrk as cerebral malaria (CM).
Despite treatment, mortality caused by CM can be as high #s\@0ile 10% of survivors of the disease may experience short-
and long-term neurological complications. The pathogisnafsCM involves alterations in cytokine and chemokine ession,
local inflammation, vascular injury and repair processdsese diverse factors have limited the rate of discovery afpostic
predictors of fatal CM. Identification of reliable early pietors of CM severity will enable clinicians to adjust thisk with
appropriate management of CM. Recent studies reveale@lénatted levels of CXCL10 expression in cerebrospinal fauid
peripheral blood plasma independently predicted sevedefatal CM. CXCR3, a promiscuous receptor of CXCL10, plays
an important role in pathogenesis of mouse model of CM. Ig ¢hiidy the role of corresponding CXCR3 ligands (CXCL11,
CXCL10, CXCL9 & CXCL4) in fatal or severe CM was evaluated loynparing their levels in 16 healthy control (HC), 26 mild
malaria (MM), 26 cerebral malaria survivors (CMS) and 12-sarvivors (CMNS) using enzyme linked immunosorbent assay
(ELISA). Levels of CXCL4 and CXCL10 were significantly elegd in CMNS patientsy( < 0.05) when compared with HC,
MM and CMS. Elevated plasma levels of CXCL10 and CXCL4 wegbtty associated with CM mortality. Receiver Operating
Characteristic (ROC) curve analysis revealed that CXCLdt@XCL10 can discriminate CMNS from MMp(< 0.0001) and
CMS (p < 0.0001) with an area under the curve (AUE)L. These results suggest that CXCL4 and CXCL10 play a pramhine
role in pathogenesis of CM associated death and may be u$edcti®nal or surrogate biomarkers for predicting CM sayer
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1. Introduction CM has been studied extensively, many of the patho-
physiological mechanismsinvolved remain unclear and
Cerebral malaria (CM) is a serious complication of there are limited prognostic tools to determine which
Plasmodium falciparunmalaria with a wide range of  infected individual will developed fatal CM [20,39,40,
associated neuropathological features [8]. Although 53,55]. Furthermore, several hypotheses have been
proposed to explain the pathophysiology of CM [8,
14] but, none of them by itself explains the pathogen-
*Corrgsponding author: Jon_atha_n K. Stile_s, Mor_ehouse 3$choo @sis. One hypothesis proposes that sequestration of
T e ot o o e, Parasitized red blood cels (pREC) n brain capilaries
30310, USA. Tel.: +1 404 742 1586; Fax: +1 404 752 1179; E-mail  CONtiguous to blood-brain barrier (BBB) endothelium
jstiles@msm.edu. results in BBB dysfunction [8,10]. At present, it is not
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clearly understood how sequestered parasites inducemental Cerebral Malaria (ECM) pathogenesis by pro-

the neurological symptoms and mortality associated

with CM. However, evidence suggests that parasite se-

guestration is essential but not sufficient to account for
immunopathogenesis of severe form of malaria [58,64]

since only a subset of malaria cases, with parasite se-

guestration succumb to malaria complications [38,72].
In addition, there is evidence to suggest that malaria

moting a pro-inflammatory environment involving in-
creased T cell CXCR3 expression and monocyte acti-
vation [68,69].

Expression of CXCL9 is induced by Thl cytokine,
IFN-~, and is enhanced in the presence of TNR23,
82]. Many cell types (monocytes, neutrophils, endothe-
lial cells, and astrocytes) exhibit IFN-dependent CX-

parasites secrete soluble, apoptotic factor(s) into host CL9 production [23,28,33,51]. CXCL9 has been im-

blood that could directly mediate neuropathogenesis

plicated in pathologies characterized by the accumu-

and BBB damage associated with severe forms of the lation of activated Th1 lymphocytes including autoim-
disease [7,30,75,81]. This observation demonstrates munity, atherosclerosis, psoriasis and allergic contact

that cytoadhesion of pRBC to host endotheliumis not a
prerequisite for activation of vascular endothelial cells
causing BBB dysfunction [81]. Other studies indicate

that the brain lesions are caused by excessive activation

ofimmune cells and the release of pro-inflammatory cy-
tokines which go beyond control [14] and contribute to

the pathogenesis of the disease. Our previous studies in

West Africa and India revealed for the first time, a strik-
ing association between the chemokine CXCL10 (lig-
and of CXCR3) and CM severity [5,41]. CXCR3 and
its ligands have been implicated in several neurological
diseases includingoxoplasma gondj46], West Nile
Virus [47,83] and HIV [70]. Recent studies also show
that CXCR3 expression is upregulated during malar-
ia infection [11,36,59,78] and that CXCR3-/- mice are
relatively more resistant t8. berghe ANKA-mediated
CM than wild-type controls [11,36,59]. CXCR3 binds
four Glutamic acid-Leucine-Arginine (ELR) negative
chemokines: platelet factor-4 (CXCL4), monokine in-
duced by interferony:(CXCL9), interferons inducible
protein-10 (CXCL10), and interferon-inducible T-cell
alpha chemoattractant (CXCL11) all of which exhibit
robust angiostatic effects [25].

CXCL4 plays important roles in the control of im-
munity and inflammation as well as regulation of he-
matopoiesis and angiogenesis [56]. It is released from
alpha-granules of activated platelets during platelet ag-
gregation, and promotes blood coagulation by moder-
ating the effects of heparin-like molecules. Upon acti-
vation, platelets interact with endothelial and immune
cells promoting further platelet localization and release
ofinflammatory molecules resulting in vascular inflam-
mation [29,34,78,79]. CXCL4 has also been predicted
to play a role in wound repair and inflammation [21].
Among the ligands of CXCR3, CXCL4 is described
to be the most powerful angiostatic chemokine [3,63].
Significantly elevated plasma levels of this chemokine
have been observed in actRefalciparuminfection in
human [22,60] and found to mediate murine Experi-

dermatitis [27,32,54,66].

CXCL11 expression is upregulated in response to
IFN-~v and enhanced in the presence of |B{lL5] or
TNF-« [74]. There is evidence that CXCL11 may be
importantin the migration of different subsets of mature
thymocytes during thymus lymphopoiesis [62]. It has
also been implicated in allergic contact dermatitis [24]
and immune-mediated disorders of the central nervous
system such as multiple sclerosis [35].

CXCL10 is induced by IFNy and TNF« and per-
forms several roles, such as chemoattraction for mono-
cytes and T cells, promotion of T cell adhesion to en-
dothelial cells, antitumor activity, inhibition of bone
marrow colony formation and angiogenesis [19]. Re-
cent studies measuring 36 serum analytes associated
with CM mortality in Ghana and India found that CX-
CL10 was the only independent molecule that was sig-
nificantly up-regulated in serum and cerebrospinal fluid
(CSF) in Ghanaian children with CM [5,41]. Addition-
ally, CXCL10 and CXCL9 deficient mice were shown
to be more resistant & berghe ANKA infection [11],
indicating that both of these CXCR3 ligands mediate
development of CM.

Since the CXCR3 receptor shares multiple ligands
(CXCL4, CXCL9, CXCL10 and CXCL11), the goal
of this study was to determine the key role of CXCR3
ligands associated with fatal CM in order to facilitate
their development as biomarker(s) of CM severity. The
present study evaluates the predictive value of plasma
levels of CXCR3 ligands in determining mortality risk
in CM patients.

2. Materials and methods

2.1. Study sites

The study was conducted in a malaria-endemic re-
gion in Madhya Pradesh, India, which accounts for
23% of all malaria cases in the state [65]. The study
samples were obtained from two sites: Nethaji Subash
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Chandra Bose (NSCB) Hospital (a regional referral
hospital) in Jabalpur and Civil Hospital (a primary hos-
pital) in Maihar, Satna District. BotRlasmodium vi-
vax and P. falciparumare prevalent in this area, and
P. falciparumtransmission occurs primarily during the

41
3.3. Healthy contro{HC)
Relatives of patients in the hospital and members

of the community who did not have malaria or other
febrile illness were included after clinical evaluation.

monsoon and post-monsoon seasons (July- January). Relevant clinical data and information (such as du-
Previous studies revealed that malaria is present in all (gtion of coma and seizures) were recorded for each
age groups, with the highest prevalence occurring in patient from physician’s records [41,42]. Venous blood
children between 8-14 years of age [42,67]. samples from children (2-5 ml) and adults (8 ml) were
collected soon after enrolmentinto the study at the hos-
pital prior to commencement of anti-malarial treatment.
All subjects were enrolled after informed consent Patients were further classified into HC, MM, CMS,
of patients and guardians of patients with unarousable and CMNS groups based on clinical characteristics and
coma were obtained. Informed consent and human treatment outcome. Plasma was separated after cen-
subject research guidelines of the National Institutes trifugation in Vacutainer Cell Preparation Tubes (CPT)

2.2. Study subjects

of Health (NIH, USA), and the ethical committees of
the Morehouse School of Medicine (USA), the Nation-
al Institute of Malaria Research (India), and the Cen-
ters for Disease Control and Prevention (CDC) in the

containing Sodium Citrate (Becton Dickinson, USA)
for 20 min at 1500 RCF, aliquoted and frozens0°C
for long-term storage.

United States were followed. Pregnant women and 3.4. Patient characteristics

patients with other severe disease such as respiratory

distress without CM and non-CM related coma, were
excluded from the study. Data relating to age, sex,

and level of parasitemia as well as complications such
as seizure and renal failure were obtained from med-

ical records. It was not possible to include data on
non-malaria deaths to relate specificity of mortalities

The plasma samples from 16 HC, 26 MM, 26 CMS
and 12 CMNS were selected randomly and analyzed.
The characteristics of randomly selected subjects are
described in Table 1. These subjects were selected from
a subset of a prospective study conducted in India [41,

to malaria alone. However, recent analyses of CSF and 421 The main complications in CM patienots but ab-
serum in fatal Ghanaian CM cases revealed that the ob- S€Nt in HC and MM were seizure (CMS 46%, CMNS
servations were not part of a generalized fatal cascade 67%) and renal failure (CMS 19%, CMNS 17%). Age,

in human disease [5].

3. Enrollment criteria

3.1. Cerebral malaria

All CM patients fulfilled the World Health Organiza-
tion’s (WHO) definition of CM [80], and had Glasgow
coma score ok 8, aP. falciparumparasitemia, and no
other clinically evident cause of impaired conscious-
ness [55]. CM survivors (CMS) and non-survivors
(CMNS) were separated into two separate groups. All
the non-survivors (CMNS) died within three days of
admission.

3.2. Mild malaria

Mild malaria (MM) patients had fever witR. falci-
parum parasitemia ok 25,000 parasites! of blood
(detected microscopically from blood smears) and no

sex, and level of parasitemia did not affect prediction
of the severity of malaria among the MM, CMS, and
CMNS groups (Table 1). Anemia was present in all
study groups, but hemoglobin levels were significantly
lower in the CMS < 0.005) and CMNS < 0.001)
patients as compared to HC. Hemoglobin levels were
significantly different between MM and CMN$ (<
0.05) but not between MM and CMS groups.

4. Enzyme-linked immunosorbent assay

This pilot study utilized plasma samples from a pre-
vious study [41], to evaluate CXCL4, CXCL9, CX-
CL10, and CXCL11 levels by commercially avail-
able ELISA kits using human-specific primary and
secondary antibodies. IMUCLONE Platelet Factor 4
ELISA was used for CXCL4 assay with minimum
detectable limits of 0.5 ng/mL (American Diagnos-

evidence of impaired consciousness, seizures, and notica Inc, CT). The CXCL9, CXCL10 and CXCL11

past history of mental illness, meningitis, or accidental
head injury were included in this group.

assays were performed by using ELISA kits from
R&D Systems with the following minimum detection
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Table 1
Clinical study characteristics of the study participantdabalpur, India. HC —healthy controls, MM — mild malaria,
CMS - cerebral malaria survivors, CMNS — cerebral malariaswrvivors. Relevant clinical data and information
(such as duration of coma and seizures) were recorded farment from physician’s records. Venous blood
samples from adults (10 ml) were collected soon after erentnnto the study at the hospital from HC, MM,
CMS, and CMNS groups prior to commencement of anti-maléméatment or transfusions. Plasma was separated
after centrifugation in Becton-Dickinson cell preparatioibes and aliquoted and frozen-aB0° C for long-term
storage. SD denote standard deviation

Characteristic Category

HC MM CMS CMNS
Number of subjects 16 26 26 12
No. of males 11 16 14 6
No. of females 5 10 12 6
Mean aget 2SD (yr) 29.6+ 5.2 23.3+10.2 27.9+-12.4 20.04+ 16.0
Mean Glasgow Coma Score 14 14 6:72.5 52+ 24
Seizures 0 0 12 8
Geomean parasitemia 2SD (pRBC/mnd) 0 863.4+ 231.1 2256.6- 352.6 1336+ 386.2
Geomean hemoglobiit 2SD (g/dL) 10.6+ 0.2 9.1+ 1.5 7.8+25 5.7+ 2.0
Renal failure 0 0 5 2

limits; CXCL9 (1.37-11.31 pg/mL), CXCL10 (0.41- MM, CMS, CMNS). CMNS patients had significantly
4.46 pg/mL), and CXCL11 (3.4-39.7 pg/mL) (R&D higher plasma levels of the CXCL4 and CXCL10 com-
Systems, MN). The results were interpolated from 5- pared to HC, MM, and CMSp(< 0.05). Mild malaria
parameter-fit standard curves generated using the rele-patients also demonstrated significantly higher levels
vantrecombinanthuman proteins. Samples were testedof CXCL10 compared to CMS (Fig. 1). Furthermore,
at a 1:4 dilution. the levels of CXCL10 in this study were consistent with
the levels reported in the previous study [41]. Plas-
- _ ma levels of CXCL11 and CXCL9 revealed no signifi-
5. Statistical analysis cant changes between MM, CMS, and CMNS (data not

Statistical analysis was performed with SigmaPlot shown).

2006 (version 10.0) with SigmaStat (version 3.5) in-
tegration (Chicago, IL) software for windows. Data
were analyzed by Kruskal-Wallis One-Way ANOVA
on Ranks using the Dunn’s method to compare pairs of
group. A value ofP < 0.05 was considered signifi-
cant. Receiver Operating Characteristic (ROC) curves
enables the assessment of the ability of a test to discrim-
inate between individuals with and without disease [2].
ROC curves were used to determine the predictive value
of CXCR3 ligands among the different patient groups.
The area under the ROC curve (AUC) reflects speci-
ficity and sensitivity of a test in discriminating between
patients with disease and those without disease [1]. In
general the closer the AUC is to 1 the better the overall
diagnostic performance of the test, and the closer it is
to 0.0 the poorer the test [1].

7. Receiver operating characteristidROC) curve
analysis of CXCL4 and CXCL10 levels in
patients groups

ROC curve analysis was used to determine the pre-
dictive value of the CXCL4 and CXCL10 levels among
the groups. CXCL10 independently discriminated be-
tween HC and MM with an AUC= 0.82 andp <
0.001 (Fig. 2 and Table 2). Both ligands (CXCL4 &
CXCL10) could independently discriminate between
HC and CMNS $ < 0.0001 and AUC= 1) as shown
in Fig. 2 and Table 2. In addition, CXCL4 and CX-
CL10 could independently discriminate between MM
and CMNS, and CMS and CMNS (Fig. 2 and Table 2).
CXCL4 could not discriminate statistically between
MM and CMS even though CXCL10 has a moderate
6. Results AUC of 0.78 (Fig. 2 and Table 2).

6.1. Plasma levels of CXCR3 ligands in HC, MM,
CMS, and CMNS 8. Discussion

Pairwise comparisons were used to determine levels  Cerebral malaria is the most severe neurological
of significance of each ligand in the four groups (HC, complication of malaria infectionin humans. However,
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Fig. 1. Plasma levels of CXCL4 and CXCL10 in HC, MM, CMS and CMNHC, non-malaria; MM, mild malaria; CMS, cerebral malaria
survivor; CMNS, cerebral malaria non-survivor. Box plgiresent medians with 25th and 75th percentiles, bars fordrtit 90th percentiles, and
points for outliers of CXCL4 and CXCL10 concentrations. i8igant differences between CXCS4 and CXCS10 levels irdifit categories in
relation to severity of CM were determined by Kruskal-Wailne-Way ANOVA on Ranks using the Dunn’s method to compairs pagroup.

*represenp < 0.05.

the mechanisms underlying the fatal cerebral compli-
cations are still not fully understood. Studies suggest

that hyperimmune responses and dysregulation of pro-

and anti-inflammatory cytokines or chemokines result
in localized recruitment of immune effector cells and
BBB impairment leading to the development of cere-
bral complication [5]. However, approximately 2% of
malaria infection leads to life-threatening CM [49] and
yet there are no laboratory tests that definitively con-
firm diagnosis of CM [17,73]. The lack of definitive
diagnosis of CM due to the non-specific nature of the
clinical presentation of the disease may result in misdi-

tor for both CXCL10 and CXCL9 mediates a variety
of disease states including allograft rejection [35] and
lymphocytic choriomeningitis virus [13]. In addition,
CXCR3 has been associated with severity of CM [11,
59]. Since CXCR3 is a promiscuous receptor for CX-
CL10, CXCL9, CXCL11, and CXCL4, their role in
CM severity was the focus of this pilot study.

CXCL10 is a chemokine that is induced by IFN-
TNF-a, and other factors and has chemotactic activity
foractivated Thl lymphocytes[41]. Thereis a growing
appreciation of the role of CXCL10 in both infectious
and non-infectious causes of CNS neuronal injury, de-

agnosis and adverse outcomes [61,73]. The discovery mentia and inhibition of angiogenesis [6,26,50,71]. In

of a reliable laboratory test that accurately identifies
individuals at risk of developing fatal CM would be a

valuable tool. Human studies have revealed tight asso-

ciation between levels of specific chemokines and CM
mortality [4,5,12,41,43-45,67]. Thus, understanding
the alterations in cytokine or chemokine homeostasisin
CM patients will elucidate the underlying pathogenesis
and identify potential predictive prognostic biomarkers

for CM mortality.

In our previous studies, CXCL10 was the only inde-
pendent chemokine predictor of fatal CM in Ghanaian
children and Indians who died of CM [5,41]. This was
the second report from our laboratory to link CXCL10
to fatal CM. This data formed the basis of studies con-
ducted by Campanella et al. [11] who utilized a mouse
model of ECM . bergheiANKA) to determine that
significantly high levels (2 fold) of CXCL10 and CX-
CL9 expression in brain and spleen of wild-type mice
was associated with fatal ECM [11]. CXCRS3, a recep-

this study, CXCL10 levels were remarkably elevated
as malaria severity increased with the highest levels
present among the CMNS group. These findings are
consistent with previous studies conducted in Ghana[5]
and India [41] and in the ECM model [11] and confirms
the observation linking elevated CXCL10 in CM pa-
tients with poor prognosis [5,41]. It has been suggest-
ed that the release of malaria antigens after schizont
rupture activates TNk which may activate produc-
tion of CXCL10 in brain capillaries and astrocytes [18,
37]. High levels of CXCL10 may cause vascular in-
jury resulting in breakdown in the BBB which may
lead to accumulation of leukocytes that induce local
hyper-inflammation [41]. It has been shown that CX-
CL10 plays a role in attracting CD8T cells and NK
cells to brains of infected mice and may be involved
in causing death [11]. High levels of CXCL10 have
been reported in CSF of viral meningitis patients [50]
while elevated CSF level of CXCL10 has been shown
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Fig. 2. Receiver Operating characteristic curve analy§&@X&L4 and CXCL10 among the different patient groups. Tregdnal line denotes
an uninformative test, with an AUC of 0.5. A test with a petfdiscrimination yields an AUC of 1. Sensitivity refers t@ttrue positive rate and
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Table 2
Determination of risk of CM severity between different ¢aiges by ROC curve anal-
ysis. HC — healthy controls, MM — mild malaria, CMS - cerebradlaria survivors,
CMNS - cerebral malaria non-survivors. AUC denotes areawtlte curve and ClI
denote confidence interval < 0.05 considered statistically significant

Paired groups CXCL4 CXCL10

AUC (95% CI) P-value AUC (95% CI) P-value
HC vs MM 0.47 (0.29-0.65) 0.75 0.82 (0.69-0.95) < 0.001
HC vs CMS 0.25 (0.10-0.40) 0.007 0.96 (0.92-1.00x 0.0001
HC vs CMNS 1.00 (1.00-1.00) < 0.0001 1.00 (1.00-1.00) < 0.0001
MM vs CMS 0.35(0.19-0.50) 0.05 0.78 (0.65-0.91) < 0.001
MM vs CMNS 1.00 (1.00-1.00) < 0.0001 1.00 (1.00-1.00) < 0.0001
CMSvs CMNS  1.00(1.00-1.00) < 0.0001 1.00 (1.00-1.00) < 0.0001

to be correlated with neuropsychiatric impairment in
HIV-associated dementia [48]. Furthermore, mouse
studies have shown that HIV-1 virus-encoded protein
gpl20directly activates astrocytes to produce CXCL10
using a novel mechanism independent of |&Nand
the STAT-1 pathway of CXCL10 induction [6]. In ad-
dition, elevated levels of CXCL10 have been detected

genesis [69,77]. A recent study indicated that CXCL4
deleteriously drives immune stimulation and monocyte
activation in ECM [69]. In this study we demonstrate
for the first time that significant elevation of plasma
levels of CXCL4 are associated with CM mortality in
humans. This supports the evidence that CXCL4 plays
arole in CM immunopathogenesis [68,69] and begs for

in Japanese encephalitis patients [9]. Based on thesefurther study in other endemic settings.

findings and those from other infectious disease mod-

els itis evident that CXCL10 play an important role in
disease-induced brain encephalopathy or injury.

Using ROC curves to determine the predictive or
discriminating value of CXCL4 and CXCL10, we ob-
served that these ligands accurately predicted or dis-

Platelets secrete inflammatory mediators when acti- criminated between CMS and CMNS risk. Moreover,
vated [69]. Platelets play important roles in hemostasis the ROC curve analysis indicated that CXCL10 was

and inflammation and potentiate cytotoxicity of pRBC
to brain endothelial cells by altering their integrity

the only ligand to accurately discriminate between MM
and CMS cases. Surprisingly, CXCL10 was the only

and increasing apoptosis [69,78]. Mouse studies have ligand that could predict or discriminate between HC
shown that platelets have a deleterious role in CM that and MM cases using the ROC curve analysis but not
may be dependent on the presenc®lafsmodiunin- in the pairwise comparisons analysis. Recent studies
fection through CD36 dependent interactions [34,52, have demonstrated that angiopoietin-1 (ANG-1) and -
57,68,76,78]. In addition, brain lesions of CM are 2 (ANG-2) as well as their ratios (ANG-2:ANG1) are
characterized by sequestration of platelets within brain sensitive and specific indicators of severe disease that
microvessels, by excessive release of pro-inflammatory effectively differentiate between uncomplicated malar-
cytokines as well as by disruption of the BBB [16, ia and CM [17,53]. However, they could not be used
78]. CXCL4 is released from alpha-granules of ac- to predict which patients with uncomplicated disease
tivated platelets during platelet aggregation, and pro- progress to fatal CM [53]. However, in this study, CX-
motes blood coagulation by moderating the effects of CL10 accurately discriminated between MM and CMS.
heparin-like molecules. Recent studies demonstrated In addition, CXCL10 and CXCL4 accurately predicted
that pRBC activates platelets and stimulate the release or discriminated between CMS and CMNS risk sug-

of CXCL4 [68]. Platelet accumulation in cerebral mi-
crovessels of patients who die from CM reveal a possi-
ble role of platelets and CXCL4 in the pathogenesis of
CM [34]. Elevated levels of CXCL4 have been associ-
ated with acute human malaria [22] and in ECM [68].
CXCLA4 stimulates macrophage and TNEa key pro-
inflammatory molecule associated with the develop-
mentof CM [31,52,78]. Furthermore, TNkincreases
platelet binding to brain microvasculature during ECM
suggesting the importance of platelets in CM patho-

gesting that these two biomarkers could predict patients
who will develop fatal CM.

High systemic levels of CXCL4 and CXCL10, with
their strong angiostatic properties in CM patients may
further inhibit angiogenesis and regeneration of dam-
aged blood capillaries thereby exacerbating BBB dys-
function and severity of the disease. The findings of
elevated CXCL4 and CXCL10 in CM provide new in-
sights on the contribution dflasmodiuninduced host
factors in mortality associated with the disease. Col-
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lectively, these results suggest a prominentrole for CX- References

CL4 and CXCL10 in the pathogenesis of fatal CM.
CXCL10 and CXCL4 will be ideal biomarkers for fa- (1]
tal CM because they are easily measured in serum or
plasma, have high sensitivity and specificity in individ-  [2]
uals with either CM or at risk of developing fatal CM.
furthermore, they are involved in the underlying patho-
genesis of CM and may represent potential therapeutic
targets for intervention [5,11,41,53,68,69].

In conclusion, this pilot study has revealed new asso-
ciations between the CXCR3 ligands, CXCL4 and CX-
CL10, and CM mortality. This study demonstrates that
elevated levels of CXCL10 and CXCL4 may be used as
functional or surrogate biomarkers in association with
positive malaria status for predicting severity associat-
ed with CM. However, before CXCL10 and CXCL4
may be developed into diagnostic panels for malaria
and clinical practice, additional prospective studies are
needed to confirm and validate their usefulness in dif-
ferent populations. Optimal cut-offs need to be deter-
mined using standardized methods of sample collec-
tion, processing and laboratory protocols for biomark-
er testing [17]. Furthermore, the study indicates that [7]
platelet activation plays a role in driving the pathogen-
esis of CM. Identifying the functional role of platelet
and platelet derived factors in CM may lead to the de- g
velopment of therapeutic strategies to reduce severity
of malaria.
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