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Abstract

Background: Severe and fatal malaria are associated with dysregulated host inflammatory responses to infection.
Chitinase 3-like 1 (CHI3L1) is a secreted glycoprotein implicated in regulating immune responses. Expression and
function of CHI3L1 in malaria infection were investigated.

Methods: Plasma levels of CHI3L1 were quantified in a case–control study of Ugandan children presenting with
Plasmodium falciparum malaria. CHI3L1 levels were compared in children with uncomplicated malaria (UM; n = 53),
severe malarial anaemia (SMA; n = 59) and cerebral malaria (CM; n = 44) using the Kruskall Wallis-test, and evaluated
for utility in predicting fatal (n = 23) versus non-fatal (n = 80) outcomes in severe disease using the Mann Whitney U
test, receiver operating characteristic curves, and combinatorial analysis. Co-culture of P. falciparum with human
peripheral blood mononuclear cells and the Plasmodium berghei ANKA experimental model of cerebral malaria were
used to examine the role of CHI3L1 in severe malaria.

Results: In children presenting with falciparum malaria, CHI3L1 levels were increased in SMA and CM versus UM
(p < 0.001). Among severe malaria cases, CHI3L1 levels at presentation predicted subsequent death (area under
receiver operating characteristic curve 0.84 [95% CI 0.76-0.92]) and in combination with other host biomarkers, predicted
mortality with high sensitivity (100% [85.7-100]) and specificity (81.3% [71.3-88.3]). Plasmodium falciparum stimulated
CHI3L1 production by human peripheral blood mononuclear cells in vitro. CHI3L1 was increased in plasma and
brain tissue in experimental cerebral malaria, but targeted Chi3l1 deletion did not alter cytokine production or
survival in this model.

Conclusions: These data suggest that plasma CHI3L1 measured at presentation correlates with malaria severity
and predicts outcome in paediatric SMA and CM, but do not support a causal role for CHI3L1 in cerebral malaria
pathobiology in the model tested.
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Background
Malaria causes an estimated 450 million infections and 1.24
million deaths annually [1,2]. Most deaths are attributable
to severe Plasmodium falciparum infection in African chil-
dren. The two major severe malaria syndromes are cerebral
malaria (CM), which presents as coma and/or seizures, and
severe malarial anaemia (SMA). Case fatality rates for CM
and SMA are 18% and 10%, respectively, despite optimal
anti-malarial treatment [3]. An improved understanding of
pathogenesis is required to develop adjunctive therapies, as
well as prognostic tools to guide triage and appropriate al-
location of limited health care resources.
While the sequestration of parasitized erythrocytes is

central to severe malaria pathogenesis, disease progression
is also influenced by host responses to infection, including
inflammation. A robust TH1 response is critical for control
of parasite replication, but severe disease is associated with
dysregulated inflammation. Children with CM have ele-
vated serum/plasma TH1 cytokines compared to uncompli-
cated cases [4,5], and increased immune cell accumulation
and cytokine transcription in the brain [6,7]. These local
and systemic responses are thought to contribute to CM
by activating brain endothelium, leading to upregulated cell
adhesion molecules, parasite sequestration, and micro-
vascular obstruction [8]. Murine models of CM – which
replicate many but not all aspects of human CM – lend
causal support to these mechanisms [9-11]. In SMA, rela-
tive increases in TH1 cytokines [12,13] may contribute to
anaemia by suppressing erythropoiesis and enhancing ery-
throphagocytosis [14,15]. At the molecular level, pattern
recognition receptors (e.g., Toll-like receptors (TLRs) [16])
and cytokines (e.g., IFN-γ [17]) have been implicated in
these inflammatory responses, but the pathways remain
ill-defined.
Chitinase 3-like 1 (CHI3L1) is a 40 kDa secreted glyco-

protein from the highly conserved 18 glycosyl hydrolase
family. CHI3L1 is structurally similar to chitinases and
can bind chitin, but lacks chitinase activity due to altered
active site residues [18,19]. It is secreted by a variety of cell
types, including macrophages, neutrophils, fibroblasts, as-
trocytes, and tumour cells [20]. Expression is induced by
stimuli such as cytokines, radiation, and hypoxia [21-23].
CHI3L1 levels are increased in chronic inflammatory con-
ditions and acute infections such as pneumonia, meningi-
tis, and sepsis [24-26], and often correlate with disease
severity and prognosis [20].
CHI3L1 has been implicated in diverse biological pro-

cesses, including tissue remodelling, angiogenesis, and cell
survival (reviewed in [20]). Of relevance to malaria, CHI3L1
has been shown to modulate immune responses. CHI3L1
contributed to induction and propagation of pathological
TH2 responses in a murine asthma model. Chi3l1−/− mice
had decreased lung inflammation, secondary to increased
apoptosis of immune cells [27]. Conversely, Chi3l1 deletion
worsened outcome in a murine model of Streptococcus
pneumonia, with increased bacterial burden, lung in-
flammation, TH1 cytokines, and death. This was attrib-
uted to enhanced inflammasome activation and
macrophage pyroptosis, leading to poor infection con-
trol [28]. Thus, CHI3L1 appears to skew immune re-
sponses towards a TH2 profile, and depending on
underlying disease mechanisms, may promote or pro-
tect against immunopathology.
Given the association of severe malaria with excessive

TH1 inflammatory responses, it is reasonable to hypothesize
that CHI3L1 levels would be increased in severe malaria in-
fection, and would protect against immunopathology in ex-
perimental CM (ECM). This report demonstrates that
plasma CHI3L1 levels in Ugandan children presenting with
P. falciparum malaria correlated with disease severity and
predicted fatal outcome. Exposure of human immune cells
to P. falciparum parasitized erythrocytes induced CHI3L1
expression, and plasma and brain CHI3L1 were increased
in the Plasmodium berghei ANKA model of ECM. How-
ever, targeted Chi3l1 deletion did not affect inflammatory
parameters or survival in this model.
Methods
Study population and ethics statements
The study population has been previously described [29].
Briefly, this case–control study is nested within a prospect-
ive observational case–control study at Mulago Hospital in
Kampala, Uganda [30]. In the larger study, paediatric pa-
tients (six months to 12 years old) presenting with fever
and microscopy-confirmed P. falciparum infection were eli-
gible for enrollment. Cases were defined as children who
died and/or fulfilled World Health Organization criteria for
CM, SMA, hypoxia, or lactic acidosis [31], while controls
were age-matched children lacking these criteria (“uncom-
plicated malaria”, UM). Exclusion criteria included severe
malnutrition, HIV co-infection, sickle cell trait/disease, ab-
sence of adequate consent, or death prior to collection of
any laboratory specimens. After informed consent, clinical
and demographic data and venous blood samples were col-
lected. Citrate plasma was aliquoted and stored at −20°C
until testing. Thin blood smears obtained at presentation
were reviewed at a reference parasitology laboratory by two
independent experts to determine parasite density. For the
biomarker analysis, CM and SMA inpatients (cases) and
UM outpatients (controls) were selected from the larger
study based on availability of previously unthawed plasma.
Ethical approval for the study was obtained from the
Mulago Hospital Research Ethics Committee, Makerere
University Faculty of Medicine Research Ethics Committee,
Uganda National Council for Science & Technology, and
the University Health Network. Written informed consent
was obtained from parents/guardians before enrollment.
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CHI3L1 quantification
Plasma samples were assayed using the CHI3L1 Duoset
ELISA kit (R&D Systems) according to the manufacturer’s
instructions with the following changes: assays were per-
formed in 50 μL/well; plasma samples were incubated
overnight at 4°C; and ELISAs were developed using Extra-
vidin®-Alkaline Phosphatase (Sigma, 1:1000, 45 min)
followed by addition of p-Nitrophenyl phosphate substrate
(Sigma) and optical density readings at 405 nm.

Plasmodium falciparum culture
Plasmodium falciparum (ITG strain) was cultured as pre-
viously described [32]. Cultures were treated with
Mycoplasma-Removal Agent (MP Biochemicals), con-
firmed to be mycoplasma-free (MycoAlert Mycoplasma
Detection Kit, Lonza), and synchronized by alanine treat-
ment [33]. Mature-stage cultures were used in assays.

Peripheral blood mononuclear cell (PBMC) isolation
and stimulation
Human PBMCs were isolated from venous blood of
healthy volunteers by gradient centrifugation using Ficoll-
Paque (GE Healthcare). PBMCs were suspended in RPMI
1640 with 10% foetal bovine serum and gentamicin
(Gibco-Invitrogen) and incubated with medium alone,
LPS (10 ng/mL), P. falciparum parasitized erythrocytes
(3:1), or uninfected erythrocytes. Conditions were per-
formed in duplicate or triplicate. Cell-free supernatants
were collected and analysed by CHI3L1 ELISA (R&D Sys-
tems). Cells were gently scraped and cDNA was prepared
as described below.

Quantitation of human CHI3L1 mRNA
Total RNA was purified from PBMCs using the RNeasy
kit (Qiagen). Following DNase treatment (Fermentas),
mRNA was converted to cDNA (iScript, Bio-Rad La-
boratories) and subjected to quantitative real-time PCR
analysis for CHI3L1 mRNA levels (forward primer: 5’-T
GCCCTTGACCGCTCCTCTGTACC-3’; reverse pri-
mer: 5’-GAGCGTCACATCATTCCACTC-3’; standard
cycling protocol). Copy number was interpolated from a
standard curve of genomic DNA and normalized to the
geometric mean of housekeeping genes Hbms, Ywhaz,
and B2m.

Experimental cerebral malaria model
Chi3l1−/− mice on a C57BL/6 background [27] were bred
with wild-type C57BL/6 mice (The Jackson Laboratory,
Maine, USA) to generate heterozygotes, which were then
bred to produce Chi3l1−/− mice and wild-type littermates.
Frozen stocks of P. berghei (strain ANKA, MRA-311,
MR4 ATCC, Virginia, USA) were passaged through
C57BL/6 mice to obtain infected blood. Female mice (6–
10 weeks old) were administered 1×106 infected red blood
cells by intraperitoneal injection. Tail vein blood smears
were stained with Hema-3 Stain Set (Fisher Scientific) to
determine parasitaemia. Mice were euthanized upon de-
velopment of neurological signs, severe dehydration, or
lethargy. Animal protocols were approved by the Univer-
sity of Toronto Animal Care Committee and all animal
work was performed in compliance with university institu-
tional guidelines.

Plasma protein determination in ECM model
Mice were euthanized by inhaled CO2 at various times
during infection, blood was obtained by cardiac puncture,
and plasma was assayed by mouse CHI3L1 ELISA (R&D
Systems). Saphenous vein blood was collected on Day 0
and 4 of infection and cytokines were measured in plasma
using Cytometric Bead Array (Mouse Inflammation Kit,
Becton Dickinson).
Quantification of brain CHI3L1 transcripts in ECM model
Plasmodium berghei ANKA-infected mice were eutha-
nized, brains were snap-frozen in liquid nitrogen and
stored at −80°C. RNA extraction was performed as fol-
lows: samples were homogenized in Trizol (Invitrogen),
briefly incubated at room temperature, and mixed with
chloroform. The aqueous phase was collected and RNA
was precipitated with isopropanol at room temperature.
RNA pellets were washed with 75% ethanol, dried, and
dissolved in water. DNase treatment, conversion to
cDNA, and qRT-PCR were performed (CHI3L1 forward
primer: 5’-GTACAAGCTGGTCTGCTACTTC-3’; Re-
verse primer: 5’-ATGTGCTAAGCATGTTGTCGC-3’).
Copy number was interpolated from a genomic DNA
standard curve and normalized to the geometric mean
of Gapdh, Ywhaz, Hrpt.
Statistical analysis
Analyses were performed using GraphPad Prism v4.03
(San Diego, CA), IBM SPSS v22.0 (Armonk, NY), and
MedCalc Statistical Software v13.0.6 (Ostend, Belgium).
Differences between groups were assessed using the
Mann–Whitney U test or Kruskal-Wallis test with Dunn’s
post-tests. Survival curves were compared using the log-
rank test. Receiver operating characteristic (ROC) curves
were generated and compared using the non-parametric
method of Delong et. al. Biomarker cut-points were deter-
mined using the Youden index (J =max[sensitivity + speci-
ficity – 1]). CHI3L1 was combined with other biomarkers
identified in a previous publication [29]: angiopoietin-2,
CXCL10 (IP-10), procalcitonin, soluble ICAM-1, soluble
FLT-1, and soluble TREM-1. Positive and negative predict-
ive values were calculated using the reported case fatality
rate of 5.7% for CM and SMA at Mulago Hospital [34].
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Results
Plasma CHI3L1 is elevated in children with severe versus
uncomplicated malaria
To determine whether CHI3L1 correlates with disease
severity in human malaria, plasma levels of CHI3L1
were compared among groups of Ugandan children pre-
senting to hospital with P. falciparum infection: uncom-
plicated malaria (UM; n = 53), CM (n = 44), and SMA
(n = 59) [29]. Demographic and clinical characteristics
are shown in Table 1. Groups were comparable, except
that children with SMA were younger with longer dur-
ation of illness prior to presentation and lower parasit-
aemia. At time of presentation to hospital, plasma CHI3L1
was significantly higher in children with CM and SMA
compared to uncomplicated malaria (p < 0.001; Figure 1A),
indicating that CHI3L1 levels reflect disease severity in
malaria infection.

CHI3L1 levels predict fatality in severe malaria
Next, it was assessed whether CHI3L1 could prognosti-
cate outcome among children with severe malaria, which
could facilitate clinical triage and resource allocation.
CHI3L1 levels were higher among children with CM
and SMA who subsequently went on to die of their in-
fection, compared to survivors in their respective groups
(p < 0.01; Figure 1B). As CHI3L1 values were similar be-
tween CM and SMA, and there is often clinical overlap
between syndromes, all children with severe disease
were combined, with similar results (Figure 1B; Table 1).
This grouping was used for further analysis. CHI3L1
showed good discriminatory ability between fatalities
and survivors in ROC curve analysis (Figure 1C; area
under ROC curve [AUROCC] 0.84, 95% CI 0.76-0.92).
This was comparable to the best-performing host bio-
markers in previous reports [29,35,36]. CHI3L1 was also
superior to parasitaemia (Figure 1C; AUROCC 0.66, 95%
CI 0.56-0.75, difference between AUROCCs 0.181, 95%
CI 0.037-0.33, p = 0.014), which is often used to evaluate
severity in clinical settings.
To quantify the ability of CHI3L1 to predict outcome in

severe malaria, a numerical cut-point was selected based on
the Youden Index (see Methods Section). A cut-point of
179.1 ng/mL had high sensitivity (91.3%) but low specificity
(67.5%) for predicting mortality (Table 2). To improve upon
the accuracy of CHI3L1, CHI3L1 was combined with other
biomarkers that were previously found to predict outcome
in this sample [29]. For all possible two- or three-marker
combinations involving CHI3L1, an additive scoring system
was applied to each patient: one point was assigned for
each biomarker value above its respective cut-point, and
these were summed. Scores were evaluated for predictive
ability. This analysis yielded combinations with >90% sensi-
tivity and >80% specificity for predicting mortality, with
negative predictive values >99% (Table 2). These results
indicate that plasma CHI3L1, in combination with other
biomarkers, may have clinical utility for prognosis in chil-
dren with severe malaria.

Plasmodium falciparum stimulates CHI3L1 production by
human immune cells
Next, potential sources of CHI3L1 during malaria infec-
tion were examined. As malaria is a blood-borne infection,
P. falciparum-infected erythrocytes were co-cultured with
human peripheral blood mononuclear cells (PBMCs). As a
positive control, LPS stimulated CHI3L1 transcription
(Figure 2A) and protein secretion (Figure 2B) [37]. Com-
pared to incubation with uninfected red blood cells, ex-
posure to P. falciparum-infected erythrocytes for 24 hours
induced an average 2-fold increase in CHI3L1 transcrip-
tion (Figure 2A), and also significantly increased secretion
of CHI3L1 protein (Figure 2B).

CHI3L1 levels are increased in experimental cerebral
malaria, but outcome is unaffected by Chi3l1 deletion
The regulation and role of CHI3L1 in vivo were then in-
vestigated using a murine model of CM. Infection of
C57BL/6 mice with P. berghei strain ANKA produces a
neurological syndrome similar to CM, characterized by
paralysis, ataxia, convulsions, and death between days 6–
12 [11]. This model recapitulates several features of brain
histopathology in human CM, including ring haemor-
rhages, activated endothelium with vascular leak, and
monocyte and parasite accumulation [38,39]. There are
some differences between human CM and ECM: in ECM,
there is greater immune cell sequestration and cerebral
oedema, and less PE sequestration. However, having estab-
lished a clinically relevant role for CHI3L1 as a marker of
disease severity and death in human severe malaria, this
model provides a rational approach to examine mechan-
ism and causality of this pathway in the pathobiology of
severe disease that would be problematic to investigate
directly in humans.
Plasma CHI3L1 was increased in mice on Days 5 and

7 following P. berghei infection (Figure 3A). Using quan-
titative real-time PCR, Chi3l1 mRNA expression in the
brain was significantly elevated on Day 5 compared to
uninfected mice (Figure 3B). To assess whether these el-
evations in CHI3L1 correspond to a functional role in
ECM, Chi3l1−/− mice and their wild-type littermate con-
trols were infected with P. berghei. There were no differ-
ences between wild-type mice and Chi3l1−/− mice in terms
of survival (Figure 3C; p = 0.13 by log-rank test), parasit-
aemia (Figure 3D), or plasma levels of pro-inflammatory
TH1 (TNF, IFN-γ) or anti-inflammatory (IL-10) cytokines
(Figure 3E). Thus, while local and systemic CHI3L1 levels
increase in ECM-susceptible mice during P. berghei infec-
tion, CHI3L1 does not appear to affect immune responses
or outcome in this model.



Table 1 Demographic and clinical characteristics of study participants presenting with uncomplicated and severe malariaa

Characteristic UMb (n = 53) CMc (n = 44) SMA (n = 59) Pooled severe malaria

Survivors (n = 80) Fatalities (n = 23)

Gender (% female) 45.3 52.3 49.2 46.3 65.2§§

Age (years) 4.4 (2.1, 8.1) 3.0 (1.5, 4.3) 1.3 (0.9, 2.0)***### 1.6 (1.0, 3.1) 1.9 (1.2, 3.3)

Days reported ill prior to presentation 3 (2, 4) 3 (2, 4) 4 (3, 5)***# 3 (3, 4) 3 (2, 7)

Parasitaemia (parasites/μL) 3.8 × 104 (1.6 × 104, 1.2 × 105) 9.8 × 104 (1.5 × 104, 2.7 × 105) 2.6 × 104 (7.4 × 103, 1.2 × 105)# 3.7 × 104 (7.5 × 103, 1.5 × 105) 1.6 × 105 (2.2 × 104, 3.9 × 105)§

Fatal cases 0 14 9 0 23
aTable reproduced from the previous study of this population (published in open access journal) [29]. Variables are presented as median (interquartile range). Groups were compared using the Mann Whitney U test or
Kruskal-Wallis test with Dunn’s post-hoc tests (continuous variables) or Chi-square test (categorical variables). bUM, uncomplicated malaria; CM, cerebral malaria; SMA, severe malaria anaemia. c6 children with concur-
rent CM and SMA were included in the CM group. 5 children with SMA exhibited decreased consciousness but did not meet criteria for CM. ***p < 0.001 CM or SMA vs. UM. #p < 0.05, ###p < 0.001 SMA vs. CM. §p <
0.05, §§p < 0.01 fatalities vs. survivors.
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Figure 1 Plasma CHI3L1 levels are increased in children with
severe malaria and are predictive of outcome. (A) CHI3L1 was
measured by ELISA in the plasma of Ugandan children presenting to
Mulago Hospital with uncomplicated malaria (UM, n = 53), cerebral
malaria (CM, n = 44), and severe malarial anaemia (SMA, n = 59). (B)
CM and SMA patients were analyzed based on the outcome of
infection (i.e., survival versus fatality). CM and SMA were examined
separately (left side), then pooled together (right side) for further
analysis. Data are presented as dot plots with medians. **p < 0.01
and ***p < 0.001, Kruskal-Wallis test with Dunn’s post-hoc tests. (C)
Receiver operating characteristic (ROC) curve analysis to assess the
utility of CHI3L1 for predicting outcome of infection. Area under the
curve for CHI3L1 is 0.84 (95% CI 0.76-0.92). Parasitaemia (often used
clinically for prognosis) is shown for comparison with area under the
curve 0.66 (95% CI 0.56-0.75).
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Discussion
This study represents the first investigation into the regula-
tion and role of CHI3L1 in malaria infection. Plasma
CHI3L1 was elevated in Ugandan children with CM and
SMA compared to uncomplicated malaria. Moreover,
CHI3L1 levels at presentation predicted mortality in severe
disease, particularly when combined with other host bio-
markers. These data indicate that CHI3L1 may have clin-
ical utility as a prognostic test component. Using model
systems, it was found that malaria parasites stimulated
CHI3L1 production by human immune cells in vitro, and
plasma and brain CHI3L1 increased during ECM. How-
ever, ECM-susceptible mice and Chi3l1−/− littermates did
not show differences in terms of inflammatory cytokines or
survival, suggesting that CHI3L1 does not critically con-
tribute to ECM pathogenesis in this model.
Consistent with the original hypothesis, plasma

CHI3L1 levels were associated with disease severity in
malaria infection. Inflammation is a known inducer of
CHI3L1, and a well-established feature of severe mal-
aria. Although CM and SMA are often considered to
have distinct pathophysiological mechanisms, excessive
TH1 inflammatory responses are common to both syn-
dromes [4,5,12,13]. Another trigger for CHI3L1 upregu-
lation is hypoxia, which may also be shared between
CM and SMA, albeit for different reasons (microvascu-
lar obstruction and decreased oxygen carrying capacity,
respectively). Thus, it is reasonable that CHI3L1 would
be similarly elevated in both syndromes, and further in-
creased in children with pathology severe enough to
cause death.
CHI3L1 alone had excellent sensitivity (>90%) but poor

specificity (<70%) for predicting mortality in children with
severe malaria. Combining CHI3L1 with other host bio-
markers improved predictive accuracy, which has import-
ant practical implications in resource-poor health care
settings with limited availability of intensive care. Severe
malaria patients at higher risk of death could be prioritized
for referral and more intensive monitoring and supportive



Table 2 Performance of CHI3L1 alone and in combination for predicting mortality among children with severe malariaa

Markers Cut-pointb Sensitivity (%) Specificity (%) PLRc NLR PPV (%)d NPV (%)

CHI3L1 ≥179.1 ng/mL 91.3 (73.2-97.6) 67.5 (56.6-76.7) 2.8 (2.0-3.9) 0.13 (0.034-0.49) 14.5 (5.0-30.3) 99.2 (93.1-100)

CHI3L1, IP-10, sICAM-1 ≥2 points 91.3 (73.2-97.5) 83.8 (74.2-90.3) 5.6 (3.4-9.4) 0.10 (0.028-0.39) 25.4 (9.2-48.8) 99.4 (94.4-100)

CHI3L1, Ang-2, IP-10 ≥2 points 100 (85.7-100) 81.3 (71.3-88.3) 5.3 (3.4-8.4) – 24.4 (9.4-46.0) 100 (95.4-100)

CHI3L1, Ang-2, sICAM-1 ≥2 points 95.7 (79.0-99.2) 81.3 (71.3-88.3) 5.1 (3.2-8.1) 0.054 (0.008-0.37) 23.6 (8.6-45.7) 99.7 (94.8-100)
aAll parameters are presented with 95% CIs in parentheses. bCut-points were determined using the Youden Index (J = max[sensitivity + specificity – 1]). cPLR,
positive likelihood ratio; NLR, negative likelihood ratio; PPV, positive predictive value; NPV, negative predictive value; sICAM-1, soluble ICAM-1, Ang-2, angiopoietin-2.
dPPVs and NPVs were based on estimates that 5.7% of CM and SMA patients at Mulago hospital die of their malaria infection [34].

Figure 2 Human PBMCs produce CHI3L1 upon stimulation with
P. falciparum. PBMCs were exposed to medium alone, uninfected
red blood cells (RBCs; negative control), P. falciparum infected RBCs
(Pf), or LPS (positive control) for 8 and 24 hrs. (A) Chi3l1 mRNA was
assessed by quantitative real-time PCR, and (B) CHI3L1 concentration
in supernatants was measured by ELISA. Graphs represent pooled
data from at least 3 independent experiments using different PBMC
donors. Data are presented as medians with interquartile ranges.
*p < 0.05, Kruskal-Wallis test with Dunn’s post-tests.
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care – although further studies would be required to de-
termine whether these measures could improve outcome.
Moreover, in clinical trials of adjunctive therapies for se-
vere malaria, a prognostic test could be used to stratify pa-
tients into risk categories, since treatment efficacy can
vary depending on risk of death [40]. While clinical and la-
boratory parameters have been associated with mortality
in severe malaria [41-43], predictive accuracy is not ideal.
A quantitative point-of-care biomarker panel based on
emerging technologies [44] could enable rapid, objective
assessment.
Prospective studies in multiple populations are required

to confirm the findings in this report. The current study
had some limitations, including small sample size and
non-consecutive sampling, possibly introducing selection
bias. Future studies should also evaluate whether common
childhood co-infections associated with elevated CHI3L1,
such as pneumonia and schistosomiasis [26,45], affect the
accuracy of CHI3L1 as a prognostic indicator in malaria
infection. CHI3L1 elevation alone is likely too non-specific
to identify retinopathy-positive CM, which approximates
“true” CM [46,47]. However, the prognostic ability of
CHI3L1 in combination with other host biomarkers
should be evaluated in this group, particularly as surrogate
markers for retinopathy are in development for use in
clinical settings [35,48].
Increased plasma CHI3L1 in severe and fatal human

malaria prompted examination of CHI3L1 in malaria
models. Plasmodium falciparum stimulated CHI3L1 pro-
duction by human PBMCs in vitro. Activated monocytes
were likely the main source of CHI3L1 in this system;
while CHI3L1 is not expressed by freshly isolated mono-
cytes, differentiation into macrophages – as might be trig-
gered by interaction with P. falciparum – induces its
transcription [49]. Additional cell types may have contrib-
uted to increased plasma CHI3L1 in P. berghei infection,
such as neutrophils, which are activated during malaria in-
fection [50,51] but excluded from PBMC preparations.
CHI3L1 expression in the brain was also increased during
P. berghei infection in mice susceptible to ECM, poten-
tially due to upregulated transcription in astrocytes [23,52]
or intravascular monocyte sequestration [11].
The precise pathways mediating CHI3L1 induction by

malaria remain undefined. Pro-inflammatory cytokines



Figure 3 CHI3L1 increases during experimental cerebral malaria but does not affect survival. (A) Plasma was collected over a time course
for P. berghei ANKA infection of C57BL/6 mice, and assayed for CHI3L1 by ELISA. **p < 0.01, ***p < 0.001 by Kruskal-Wallis test with Dunn’s
post-test. (B) On Days 0 and 5 of infection, Chi3l1 transcripts in brain were measured by quantitative real-time PCR and normalized to housekeeping
genes. *p < 0.05 by Mann–Whitney U test. (C) Four independent experiments were pooled to generate the survival curves shown (Chi3l1−/−, n = 65;
Wild-type littermates (WT), n = 51). The log-rank test was used to assess survival differences (p = 0.13). (D) Parasitaemia is represented as medians and
interquartile range. (E) Plasma was collected from wild-type and Chi3l1−/− mice on Day 4 of infection and assayed for cytokines. NS, not significant,
Mann Whitney U test. Cytokines were undetectable in all uninfected mice.

Erdman et al. Malaria Journal 2014, 13:279 Page 8 of 11
http://www.malariajournal.com/content/13/1/279
such as TNF and IL-1β can stimulate CHI3L1 produc-
tion [21,22]. Plasmodium falciparum components have
been shown to induce these cytokines via activation of
pattern recognition receptors such as TLRs [53-55]. Not-
ably, TLR2 and TLR4 agonists induce CHI3L1 in mono-
cytic cell lines [37,56], though it is unclear whether
direct TLR signalling or the resultant cytokine secretion
mediates the effect. To address this question, cyclohexi-
mide was added to the co-culture system, but this agent
has anti-malarial activity and abolished PBMC responses
(data not shown). Of note, hypoxia stimulated CHI3L1
production in a glioblastoma cell line [23], which pro-
motes cell survival [57]. This suggests that CHI3L1 up-
regulation in the brain in ECM in response to hypoxia
and/or cytokines could be a neuroprotective mechanism.
However, in this study, there was no global effect of
Chi3l1 deletion on P. berghei infection of ECM-susceptible
mice. It was initially hypothesized that CHI3L1 would de-
crease pathological TH1 inflammation in ECM, and that,
similar to the Streptococcal pneumonia model, Chi3l1 dele-
tion would worsen outcome. In fact, Chi3l1 deletion failed
to alter measures of TH1 inflammation in ECM. This may
be due to differential pathway engagement: CHI3L1 exerted
its major effects in the pneumonia model by regulating the
NRLP3 inflammasome [28], while involvement of the clas-
sical NRLP3 inflammasome in ECM pathogenesis is doubt-
ful [58,59]. Alternatively, any worsening of outcome may
have been counterbalanced by beneficial effects of Chi3l1
deletion. CHI3L1 could theoretically promote pathological
inflammatory responses by supporting survival of immune
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cells [27] or activating endothelial cells [60]. In the ECM
model, CD8+ T cells and monocytes accumulate in brain
microvasculature [39,61], where they secrete mediators
such as perforin that directly cause endothelial injury [62]
and cytokines that promote endothelial activation, parasite
sequestration, and vascular leak [10,38,63]. Multiple, com-
peting roles for CHI3L1 have also been observed in a
model of cigarette smoke exposure, in which CHI3L1 pro-
moted pathological inflammatory infiltrates yet also
protected lung epithelial cells from apoptosis [64].
Finally, it may simply be technically challenging to de-

tect worsened outcome in ECM-susceptible mice. There
are scant examples in the literature of single gene alter-
ations leading to earlier death in this model, and these
have been associated with more rapid parasite replication
[65]. It may be that a critical parasite burden is required to
initiate the central pathological pathways of ECM, and the
subsequent decline is so time-compressed that it is diffi-
cult to discern earlier onset of morbidity or mortality.

Conclusions
In Ugandan children with malaria, plasma levels of
CHI3L1 were elevated in severe disease and further
increased in those who subsequently died of infection.
In combination with other host biomarkers, CHI3L1
holds promise as a prognostic biomarker in severe
malaria infection; further studies are warranted to val-
idate this finding. Although deletion of Chi3l1 did
not alter key disease parameters or death in the P.
berghei model of ECM, these findings do not exclude
a role for CHI3L1 in human severe malaria because
of model limitations and, potentially, the multiplicity
of CHI3L1 functions.

Abbreviations
AUROCC: Area under receiver operating characteristic curve;
CHI3L1: Chitinase 3-like 1; CM: Cerebral malaria; ECM: Experimental cerebral
malaria; PBMC: Peripheral blood mononuclear cells; RBC: Red blood cell;
ROC: Receiver operating characteristic; SMA: Severe malarial anaemia;
TLR: Toll-like receptor; UM: Uncomplicated malaria.

Competing interests
LKE, WCL, and KCK are named inventors on a patent owned by the
University Health Network covering biomarkers for early determination of
critical response to illness and treatment.

Authors’ contributions
LKE conceived of the study, carried out experiments, and drafted the
manuscript. CP contributed to study design and in vitro and in vivo studies. ZL
carried out in vivo studies. AD, CM, and CMC-G collected human plasma
samples and critically revised the manuscript. CGL and JAE generated knockout
mice and critically revised the manuscript. WCL and KCK conceived of the
study and helped draft the manuscript. All authors read and approved the
final manuscript.

Acknowledgements
We thank Kodjo Ayi, Kathleen Zhong, and Nimerta Rajwans for their
technical assistance, and the children and families who participated in the
study. This work was supported by a Canadian Institutes of Health Research
(CIHR) MOP-13721 and MOP-115160 [KCK], Global Alliance to Prevent
Prematurity and Stillbirth and Grand Challenges in Global Health: Preventing
Preterm Birth Initiative Grant No. 12003 [KCK], Canada Research Chair in
Molecular Parasitology [KCK], a CIHR MD/PhD Studentship [LKE], the Tesari
Foundation, and a kind donation from Kim Kertland. These funding bodies
had no role in study design; data collection, analysis, or interpretation; or
manuscript preparation or submission.

Author details
1S.A. Rotman Laboratories, Sandra Rotman Centre for Global Health, Toronto
General Hospital-University Health Network, MaRS building Room 10-401, 101
College St, Toronto, Ontario M5G 1L7, Canada. 2Department of Microbiology
and Immunology, Queen’s University, Kingston, Ontario, Canada. 3Makerere
University College of Health Sciences, Kampala, Uganda. 4Laboratory
Medicine Program (Transfusion Medicine), University Health Network/
University of Toronto, Toronto, Ontario, Canada. 5Yale University School of
Medicine, New Haven, Connecticut, USA. 6Department of Medicine,
University of Washington, Seattle, Washington, USA. 7Brown University
Biology and Medicine, Providence, Rhode Island, USA.

Received: 6 March 2014 Accepted: 17 July 2014
Published: 21 July 2014
References
1. Hay SI, Okiro EA, Gething PW, Patil AP, Tatem AJ, Guerra CA, Snow RW:

Estimating the global clinical burden of Plasmodium falciparum malaria
in 2007. PLoS Med 2010, 7:e1000290.

2. Murray CJ, Rosenfeld LC, Lim SS, Andrews KG, Foreman KJ, Haring D,
Fullman N, Naghavi M, Lozano R, Lopez AD: Global malaria mortality
between 1980 and 2010: a systematic analysis. Lancet 2012,
379:413–431.

3. Dondorp AM, Fanello CI, Hendriksen IC, Gomes E, Seni A, Chhaganlal KD,
Bojang K, Olaosebikan R, Anunobi N, Maitland K, Kivaya E, Agbenyega T,
Nguah SB, Evans J, Gesase S, Kahabuka C, Mtove G, Nadjm B, Deen J,
Mwanga-Amumpaire J, Nansumba M, Karema C, Umulisa N, Uwimana A,
Mokuolu OA, Adedoyin OT, Johnson WB, Tshefu AK, Onyamboko MA,
Sakulthaew T, et al. Artesunate versus quinine in the treatment of severe
falciparum malaria in African children (AQUAMAT): an open-label,
randomised trial. Lancet 2010, 376:1647–1657.

4. Grau GE, Piguet PF, Vassalli P, Lambert PH: Tumor-necrosis factor and
other cytokines in cerebral malaria: experimental and clinical data.
Immunol Rev 1989, 112:49–70.

5. Lyke KE, Burges R, Cissoko Y, Sangare L, Dao M, Diarra I, Kone A, Harley R,
Plowe CV, Doumbo OK, Sztein MB: Serum levels of the proinflammatory
cytokines interleukin-1 beta (IL-1beta), IL-6, IL-8, IL-10, tumor necrosis
factor alpha, and IL-12(p70) in Malian children with severe Plasmodium
falciparum malaria and matched uncomplicated malaria or healthy
controls. Infect Immun 2004, 72:5630–5637.

6. Grau GE, Mackenzie CD, Carr RA, Redard M, Pizzolato G, Allasia C, Cataldo C,
Taylor TE, Molyneux ME: Platelet accumulation in brain microvessels in
fatal pediatric cerebral malaria. J Infect Dis 2003, 187:461–466.

7. Armah H, Dodoo AK, Wiredu EK, Stiles JK, Adjei AA, Gyasi RK, Tettey Y:
High-level cerebellar expression of cytokines and adhesion molecules
in fatal, paediatric, cerebral malaria. Ann Trop Med Parasitol 2005,
99:629–647.

8. Ockenhouse CF, Tegoshi T, Maeno Y, Benjamin C, Ho M, Kan KE, Thway Y,
Win K, Aikawa M, Lobb RR: Human vascular endothelial cell adhesion
receptors for Plasmodium falciparum-infected erythrocytes: roles for
endothelial leukocyte adhesion molecule 1 and vascular cell adhesion
molecule 1. J Exp Med 1992, 176:1183–1189.

9. Engwerda CR, Mynott TL, Sawhney S, De Souza JB, Bickle QD, Kaye PM:
Locally up-regulated lymphotoxin alpha, not systemic tumor necrosis
factor alpha, is the principle mediator of murine cerebral malaria. J Exp
Med 2002, 195:1371–1377.

10. Medana IM, Hunt NH, Chaudhri G: Tumor necrosis factor-alpha expression in
the brain during fatal murine cerebral malaria: evidence for production by
microglia and astrocytes. Am J Pathol 1997, 150:1473–1486.

11. de Souza JB, Hafalla JC, Riley EM, Couper KN: Cerebral malaria: why
experimental murine models are required to understand the
pathogenesis of disease. Parasitology 2010, 137:755–772.

12. Kurtzhals JA, Adabayeri V, Goka BQ, Akanmori BD, Oliver-Commey JO,
Nkrumah FK, Behr C, Hviid L: Low plasma concentrations of interleukin 10



Erdman et al. Malaria Journal 2014, 13:279 Page 10 of 11
http://www.malariajournal.com/content/13/1/279
in severe malarial anaemia compared with cerebral and uncomplicated
malaria. Lancet 1998, 351:1768–1772.

13. Othoro C, Lal AA, Nahlen B, Koech D, Orago AS, Udhayakumar V: A low
interleukin-10 tumor necrosis factor-alpha ratio is associated with
malaria anemia in children residing in a holoendemic malaria region in
western Kenya. J Infect Dis 1999, 179:279–282.

14. Clark IA, Chaudhri G: Tumour necrosis factor may contribute to the
anaemia of malaria by causing dyserythropoiesis and
erythrophagocytosis. Br J Haematol 1988, 70:99–103.

15. Miller KL, Silverman PH, Kullgren B, Mahlmann LJ: Tumor necrosis factor
alpha and the anemia associated with murine malaria. Infect Immun 1989,
57:1542–1546.

16. Erdman LK, Finney CA, Liles WC, Kain KC: Inflammatory pathways in
malaria infection: TLRs share the stage with other components of innate
immunity. Mol Biochem Parasitol 2008, 162:105–111.

17. Amani V, Vigario AM, Belnoue E, Marussig M, Fonseca L, Mazier D, Renia L:
Involvement of IFN-gamma receptor-medicated signaling in pathology
and anti-malarial immunity induced by Plasmodium berghei infection.
Eur J Immunol 2000, 30:1646–1655.

18. Hakala BE, White C, Recklies AD: Human cartilage gp-39, a major secretory
product of articular chondrocytes and synovial cells, is a mammalian
member of a chitinase protein family. J Biol Chem 1993, 268:25803–25810.

19. Owhashi M, Arita H, Hayai N: Identification of a novel eosinophil
chemotactic cytokine (ECF-L) as a chitinase family protein. J Biol Chem
2000, 275:1279–1286.

20. Coffman FD: Chitinase 3-Like-1 (CHI3L1): a putative disease marker at the
interface of proteomics and glycomics. Crit Rev Clin Lab Sci 2008, 45:531–562.

21. Letuve S, Kozhich A, Arouche N, Grandsaigne M, Reed J, Dombret MC,
Kiener PA, Aubier M, Coyle AJ, Pretolani M: YKL-40 is elevated in patients
with chronic obstructive pulmonary disease and activates alveolar
macrophages. J Immunol 2008, 181:5167–5173.

22. Mizoguchi E: Chitinase 3-like-1 exacerbates intestinal inflammation by
enhancing bacterial adhesion and invasion in colonic epithelial cells.
Gastroenterology 2006, 130:398–411.

23. Junker N, Johansen JS, Hansen LT, Lund EL, Kristjansen PE: Regulation of
YKL-40 expression during genotoxic or microenvironmental stress in
human glioblastoma cells. Cancer Sci 2005, 96:183–190.

24. Ostergaard C, Johansen JS, Benfield T, Price PA, Lundgren JD: YKL-40 is
elevated in cerebrospinal fluid from patients with purulent meningitis.
Clin Diagn Lab Immunol 2002, 9:598–604.

25. Hattori N, Oda S, Sadahiro T, Nakamura M, Abe R, Shinozaki K, Nomura F,
Tomonaga T, Matsushita K, Kodera Y, Sogawa K, Satoh M, Hirasawa H:
YKL-40 identified by proteomic analysis as a biomarker of sepsis.
Shock 2009, 32:393–400.

26. Nordenbaek C, Johansen JS, Junker P, Borregaard N, Sorensen O, Price PA:
YKL-40, a matrix protein of specific granules in neutrophils, is elevated
in serum of patients with community-acquired pneumonia requiring
hospitalization. J Infect Dis 1999, 180:1722–1726.

27. Lee CG, Hartl D, Lee GR, Koller B, Matsuura H, Da Silva CA, Sohn MH, Cohn
L, Homer RJ, Kozhich AA, Humbles A, Kearley J, Coyle A, Chupp G, Reed J,
Flavell RA, Elias JA: Role of breast regression protein 39 (BRP-39)/chitinase
3-like-1 in Th2 and IL-13-induced tissue responses and apoptosis. J Exp
Med 2009, 206:1149–1166.

28. Dela Cruz CS, Liu W, He CH, Jacoby A, Gornitzky A, Ma B, Flavell R, Lee CG,
Elias JA: Chitinase 3-like-1 promotes Streptococcus pneumoniae killing
and augments host tolerance to lung antibacterial responses. Cell Host
Microbe 2012, 12:34–46.

29. Erdman LK, Dhabangi A, Musoke C, Conroy AL, Hawkes M, Higgins S,
Rajwans N, Wolofsky KT, Streiner DL, Liles WC, Cserti-Gazdewich CM, Kain KC:
Combinations of host biomarkers predict mortality among Ugandan
children with severe malaria: a retrospective case–control study. PLoS One
2011, 6:e17440.

30. Cserti-Gazdewich CM, Dhabangi A, Musoke C, Ssewanyana I, Ddungu H,
Nakiboneka-Ssenabulya D, Nabukeera-Barungi N, Mpimbaza A, Dzik WH:
Cytoadherence in paediatric malaria: ABO blood group, CD36, and
ICAM1 expression and severe Plasmodium falciparum infection.
Br J Haematol 2012, 159:223–236.

31. World Health Organization: Severe falciparum malaria. In Trans R Soc Trop
Med Hyg, vol. 94 Suppl 1. Geneva: World Health Organization; 2000:S1–S90.

32. Patel SN, Serghides L, Smith TG, Febbraio M, Silverstein RL, Kurtz TW,
Pravenec M, Kain KC: CD36 mediates the phagocytosis of Plasmodium
falciparum-infected erythrocytes by rodent macrophages. J Infect Dis
2004, 189:204–213.

33. Braun-Breton C, Rosenberry TL, da Silva LP: Induction of the proteolytic
activity of a membrane protein in Plasmodium falciparum by
phosphatidyl inositol-specific phospholipase C. Nature 1988, 332:457–459.

34. Opoka RO, Xia Z, Bangirana P, John CC: Inpatient mortality in children
with clinically diagnosed malaria as compared with microscopically
confirmed malaria. Pediatr Infect Dis J 2008, 27:319–324.

35. Conroy AL, Glover SJ, Hawkes M, Erdman LK, Seydel KB, Taylor TE, Molyneux ME,
Kain KC: Angiopoietin-2 levels are associated with retinopathy and predict
mortality in Malawian children with cerebral malaria: a retrospective
case–control study. Crit Care Med 2012, 40:952–959.

36. Day NP, Hien TT, Schollaardt T, Loc PP, Chuong LV, Chau TT, Mai NT,
Phu NH, Sinh DX, White NJ, Ho M: The prognostic and
pathophysiologic role of pro- and antiinflammatory cytokines in
severe malaria. J Infect Dis 1999, 180:1288–1297.

37. Haglund L, Bernier SM, Onnerfjord P, Recklies AD: Proteomic analysis of the
LPS-induced stress response in rat chondrocytes reveals induction of
innate immune response components in articular cartilage. Matrix Biol
2008, 27:107–118.

38. Amante FH, Haque A, Stanley AC, Rivera Fde L, Randall LM, Wilson YA,
Yeo G, Pieper C, Crabb BS, de Koning-Ward TF, Lundie RJ, Good MF,
Pinzon-Charry A, Pearson MS, Duke MG, McManus DP, Loukas A, Hill GR,
Engwerda CR: Immune-mediated mechanisms of parasite tissue
sequestration during experimental cerebral malaria. J Immunol 2010,
185:3632–3642.

39. Nie CQ, Bernard NJ, Norman MU, Amante FH, Lundie RJ, Crabb BS, Heath
WR, Engwerda CR, Hickey MJ, Schofield L, Hansen DS: IP-10-mediated T cell
homing promotes cerebral inflammation over splenic immunity to
malaria infection. PLoS Pathog 2009, 5:e1000369.

40. Eichacker PQ, Parent C, Kalil A, Esposito C, Cui X, Banks SM, Gerstenberger EP,
Fitz Y, Danner RL, Natanson C: Risk and the efficacy of antiinflammatory
agents: retrospective and confirmatory studies of sepsis. Am J Respir Crit
Care Med 2002, 166:1197–1205.

41. Marsh K, Forster D, Waruiru C, Mwangi I, Winstanley M, Marsh V, Newton C,
Winstanley P, Warn P, Peshu N, Pasvol G, Snow R: Indicators of life-
threatening malaria in African children. N Engl J Med 1995, 332:1399–1404.

42. Helbok R, Kendjo E, Issifou S, Lackner P, Newton CR, Kombila M, Agbenyega T,
Bojang K, Dietz K, Schmutzhard E, Kremsner PG: The Lambarene Organ
Dysfunction Score (LODS) is a simple clinical predictor of fatal malaria in
African children. J Infect Dis 2009, 200:1834–1841.

43. Newton CR, Valim C, Krishna S, Wypij D, Olola C, Agbenyega T, Taylor TE:
The prognostic value of measures of acid/base balance in pediatric
falciparum malaria, compared with other clinical and laboratory
parameters. Clin Infect Dis 2005, 41:948–957.

44. Chan CP, Mak WC, Cheung KY, Sin KK, Yu CM, Rainer TH, Renneberg R:
Evidence-based point-of-care diagnostics: current status and
emerging technologies. Annu Rev Anal Chem (Palo Alto, Calif ) 2013,
6:191–211.

45. Appleby LJ, Nausch N, Bourke CD, Rujeni N, Midzi N, Mduluza T, Allen JE,
Mutapi F: Chitinase 3-like 1 protein levels are elevated in Schistosoma
haematobium infected children. PLoS Negl Trop Dis 2012, 6:e1898.

46. Lewallen S, Bakker H, Taylor TE, Wills BA, Courtright P, Molyneux ME: Retinal
findings predictive of outcome in cerebral malaria. Trans R Soc Trop Med
Hyg 1996, 90:144–146.

47. Beare NA, Harding SP, Taylor TE, Lewallen S, Molyneux ME: Perfusion
abnormalities in children with cerebral malaria and malarial retinopathy.
J Infect Dis 2009, 199:263–271.

48. Kariuki SM, Gitau E, Gwer S, Karanja HK, Chengo E, Kazungu M, Urban BC,
Newton CR: Value of Plasmodium falciparum histidine-rich protein 2
level and malaria retinopathy in distinguishing cerebral malaria from
other acute encephalopathies in Kenyan children. J Infect Dis 2014,
209:600–609.

49. Kirkpatrick RB, Emery JG, Connor JR, Dodds R, Lysko PG, Rosenberg M:
Induction and expression of human cartilage glycoprotein 39 in
rheumatoid inflammatory and peripheral blood monocyte-derived
macrophages. Exp Cell Res 1997, 237:46–54.

50. Golenser J, Kamyl M, Tsafack A, Marva E, Cohen A, Kitrossky N, Chevion M:
Correlation between destruction of malarial parasites by
polymorphonuclear leucocytes and oxidative stress. Free Radic Res
Commun 1992, 17:249–262.



Erdman et al. Malaria Journal 2014, 13:279 Page 11 of 11
http://www.malariajournal.com/content/13/1/279
51. Pukrittayakamee S, Clemens R, Pramoolsinsap C, Karges HE, Vanijanonta S,
Bunnag D, White NJ: Polymorphonuclear leucocyte elastase in Plasmodium
falciparum malaria. Trans R Soc Trop Med Hyg 1992, 86:598–601.

52. Bonneh-Barkay D, Wang G, Starkey A, Hamilton RL, Wiley CA: In vivo
CHI3L1 (YKL-40) expression in astrocytes in acute and chronic
neurological diseases. J Neuroinflammation 2010, 7:34.

53. Krishnegowda G, Hajjar AM, Zhu J, Douglass EJ, Uematsu S, Akira S, Woods AS,
Gowda DC: Induction of proinflammatory responses in macrophages by
the glycosylphosphatidylinositols of Plasmodium falciparum: cell
signaling receptors, glycosylphosphatidylinositol (GPI) structural
requirement, and regulation of GPI activity. J Biol Chem 2005, 280:8606–8616.

54. Parroche P, Lauw FN, Goutagny N, Latz E, Monks BG, Visintin A, Halmen KA,
Lamphier M, Olivier M, Bartholomeu DC, Gazzinelli RT, Golenbock DT:
Malaria hemozoin is immunologically inert but radically enhances innate
responses by presenting malaria DNA to Toll-like receptor 9. Proc Natl
Acad Sci U S A 2007, 104:1919–1924.

55. Coban C, Igari Y, Yagi M, Reimer T, Koyama S, Aoshi T, Ohata K, Tsukui T,
Takeshita F, Sakurai K, Ikegami T, Nakagawa A, Horii T, Nunez G, Ishii KJ,
Akira S: Immunogenicity of whole-parasite vaccines against Plasmodium
falciparum involves malarial hemozoin and host TLR9. Cell Host Microbe
2010, 7:50–61.

56. Michelsen AE, Rathcke CN, Skjelland M, Holm S, Ranheim T, Krohg-Sorensen K,
Klingvall MF, Brosstad F, Oie E, Vestergaard H, Aukrust P, Halvorsen B: Increased
YKL-40 expression in patients with carotid atherosclerosis.
Atherosclerosis 2010, 211:589–595.

57. Nigro JM, Misra A, Zhang L, Smirnov I, Colman H, Griffin C, Ozburn N,
Chen M, Pan E, Koul D, Yung WK, Feuerstein BG, Aldape KD: Integrated
array-comparative genomic hybridization and expression array
profiles identify clinically relevant molecular subtypes of
glioblastoma. Cancer Res 2005, 65:1678–1686.

58. Reimer T, Shaw MH, Franchi L, Coban C, Ishii KJ, Akira S, Horii T, Rodriguez A,
Nunez G: Experimental cerebral malaria progresses independently of the
Nlrp3 inflammasome. Eur J Immunol 2010, 40:764–769.

59. Dostert C, Guarda G, Romero JF, Menu P, Gross O, Tardivel A, Suva ML,
Stehle JC, Kopf M, Stamenkovic I, Corradin G, Tschopp J: Malarial hemozoin
is a Nalp3 inflammasome activating danger signal. PLoS One 2009,
4:e6510.

60. Shao R, Hamel K, Petersen L, Cao QJ, Arenas RB, Bigelow C, Bentley B, Yan W:
YKL-40, a secreted glycoprotein, promotes tumor angiogenesis.
Oncogene 2009, 28:4456–4468.

61. Campanella GS, Tager AM, El Khoury JK, Thomas SY, Abrazinski TA, Manice LA,
Colvin RA, Luster AD: Chemokine receptor CXCR3 and its ligands CXCL9 and
CXCL10 are required for the development of murine cerebral malaria.
Proc Natl Acad Sci U S A 2008, 105:4814–4819.

62. Nitcheu J, Bonduelle O, Combadiere C, Tefit M, Seilhean D, Mazier D,
Combadiere B: Perforin-dependent brain-infiltrating cytotoxic CD8+ T
lymphocytes mediate experimental cerebral malaria pathogenesis.
J Immunol 2003, 170:2221–2228.

63. Lucas R, Juillard P, Decoster E, Redard M, Burger D, Donati Y, Giroud C,
Monso-Hinard C, De Kesel T, Buurman WA, Moore MW, Dayer JM, Fiers W,
Bluethmann H, Grau GE: Crucial role of tumor necrosis factor (TNF)
receptor 2 and membrane-bound TNF in experimental cerebral malaria.
Eur J Immunol 1997, 27:1719–1725.

64. Matsuura H, Hartl D, Kang MJ, Dela Cruz CS, Koller B, Chupp GL, Homer RJ,
Zhou Y, Cho WK, Elias JA, Lee CG: Role of breast regression protein (BRP)-39
in the pathogenesis of cigarette smoke-induced inflammation and
emphysema. Am J Respir Cell Mol Biol 2011, 44:777–786.

65. Corrigan RA, Rowe JA: Strain variation in early innate cytokine induction
by Plasmodium falciparum. Parasite Immunol 2010, 32:512–527.

doi:10.1186/1475-2875-13-279
Cite this article as: Erdman et al.: Chitinase 3-like 1 is induced by
Plasmodium falciparummalaria and predicts outcome of cerebral malaria
and severe malarial anaemia in a case–control study of African children.
Malaria Journal 2014 13:279.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study population and ethics statements
	CHI3L1 quantification
	Plasmodium falciparum culture
	Peripheral blood mononuclear cell (PBMC) isolation and stimulation
	Quantitation of human CHI3L1 mRNA
	Experimental cerebral malaria model
	Plasma protein determination in ECM model
	Quantification of brain CHI3L1 transcripts in ECM model
	Statistical analysis

	Results
	Plasma CHI3L1 is elevated in children with severe versus uncomplicated malaria
	CHI3L1 levels predict fatality in severe malaria
	Plasmodium falciparum stimulates CHI3L1 production by human immune cells
	CHI3L1 levels are increased in experimental cerebral malaria, but outcome is unaffected by Chi3l1 deletion

	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

