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Susceptibility to Experimental Cerebral Malaria
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Specific local brain responses, influenced by parasite
sequestration and host immune system activation,
have been implicated in the development of cerebral
malaria. This study assessed whole-brain transcrip-
tional responses over the course of experimental ce-
rebral malaria by comparing genetically resistant and
susceptible inbred mouse strains infected with Plas-
modium berghei ANKA. Computational methods were
used to identify differential patterns of gene expres-
sion. Overall , genes that showed the most transcrip-
tional activity were differentially expressed in suscep-
tible mice 1 to 2 days before the onset of characteristic
symptoms of cerebral malaria. Most of the differen-
tially expressed genes identified were associated with
immune-related gene ontology categories. Further
analysis to identify interaction networks and to ex-
amine patterns of transcriptional regulation within
the set of identified genes implicated a central role for
both interferon-regulated processes and apoptosis in
the pathogenesis of cerebral malaria. Biological rele-
vance of these genes and pathways was confirmed
using quantitative RT-PCR and histopathological ex-
amination of the brain for apoptosis. The application
of computational biology tools to examine systemat-
ically the disease progression in cerebral malaria can
identify important transcriptional programs activated
during its pathogenesis and may serve as a method-
ological approach to identify novel targets for thera-
peutic intervention. (Am J Pathol 2007, 171:1894–1903;
DOI: 10.2353/ajpath.2007.070630)

Cerebral complications are a major cause of death asso-
ciated with Plasmodium falciparum malaria.1 Although a
large body of research has sought to further define ce-
rebral malaria (CM) clinically and mechanistically, there
are currently no approved adjunctive therapies, and the
case-fatality rate remains high despite antimalarial ther-
apy. Evidence supports several hypotheses regarding
the pathogenesis of CM. One theory is that the host
immune response, which is necessary for parasite clear-
ance, may be too robust in cases of severe and cerebral
malaria, causing deleterious effects to the host itself.2

Support for this hypothesis is derived from multiple stud-
ies that have associated excessive host pro-inflammatory
cytokine production and an imbalance of anti-inflamma-
tory responses with malarial disease severity.3 An alter-
nate hypothesis emphasizes the role of parasite seques-
tration and localized responses in the brain, rather than
systemic inflammation per se, in the pathogenesis of
CM.4 Examples of these localized responses in the brain
include endothelial dysregulation and cell adhesion mol-
ecule up-regulation,5 localized leukocyte and parasitized
erythrocyte sequestration,6 vessel occlusion, parasitized
erythrocyte rupture (with concomitant release of parasite-
derived glycophosphatidylinositol anchors, hemozoin,
and other products), microhemorrhages, and blood-brain
barrier breakdown.7
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Because of the difficulties in predicting the develop-
ment of CM in malaria patients and in sampling brain
tissue, most studies investigating CM pathophysiology
have used either autopsy specimens or animal models.
Although autopsy studies have examined brain pathol-
ogy during terminal stages of CM, the use of clinically
relevant murine models provides an opportunity to exam-
ine CM progression within different and controllable ge-
netic backgrounds. Experimental infection of mice with
Plasmodium berghei ANKA (PbA) is a well-established
and -characterized model system that replicates several
key features of human CM.8,9

The identification of transcriptional responses associ-
ated with susceptibility or resistance to CM in the PbA
model may provide insight into disease pathogene-
sis10–13 and suggest novel intervention strategies to im-
prove outcome. The aim of this study was to use expres-
sion profiling to define transcriptional patterns and
regulatory pathways that distinguish the host brain re-
sponse to experimental cerebral malaria in genetically
susceptible (C57BL/6) and resistant (BALB/c) mice over
acute infection. The results demonstrate that resistant
mice have a dampened global transcriptional response
compared with susceptible animals. Functional and net-
work analyses revealed interrelated biological network
hubs that implicated prominent mechanistic roles for
apoptosis and interferon-regulated gene expression in
the pathogenesis of CM. Furthermore, this investigative
approach, using computational biology methodology,
identified potential targets for innovative therapeutic
strategies to modulate host response and improve clini-
cal outcome in cerebral malaria.

Materials and Methods

Experimental Design

Animal use protocols were reviewed and approved by
the Faculty of Medicine Advisory Committee on Animal
Services at the University of Toronto, and all experiments
were conducted according to the animal ethics guide-
lines of the University of Toronto. Male C57BL/6 and
BALB/c mice, 8–12 weeks of age, were obtained from
Charles River Laboratories (Senneville, QC, Canada).
Cryopreserved P. berghei ANKA (MR4, Manassas, VA)
was thawed and passaged through naı̈ve C57BL/6 donor
mice until parasitemia in the passage animals reached
approximately 10%. On day 0, mice were infected by
intraperitoneal injection with 5 � 105 freshly isolated PbA
parasitized erythrocytes. Parasitemia was monitored
daily after day 3 using thin blood smears. Brains were
removed for microarray analysis from four mice per strain
at day 0 (before infection), and at 1, 3, and 6 days after
infection with PbA (n � 8 animals per time point), for a
total of 32 mice. Freshly isolated tissue was immediately
stored in RNAlater (Ambion/Applied Biosciences,
Streetsville, ON, Canada) at �80°C until use.

RNA Isolation

Brains were homogenized in TRIzol Reagent (Invitrogen,
Burlington, ON, Canada), and total RNA was isolated
according to the manufacturer’s instructions. RNA was
further purified to remove genomic DNA contamination
and concentrated using an RNeasyPlus Mini kit (Qiagen,
Mississauga, ON, Canada). RNA quality was assessed
by determining the 26S/18S ratio using a Bioanalyzer
2100 (Agilent, Santa Clara, CA).

Microarray Data Analysis

Details of the experimental design, hybridization proto-
cols, and raw data sets have been deposited in the Gene
Expression Omnibus database (www.ncbi.nlm.nih.gov/
projects/geo/; GSE7814) in accordance with Minimum
Information About a Microarray Experiment guidelines.
Briefly, biotin-labeled cRNA was prepared from total RNA
and hybridized to a Mouse Genome 430A 2.0 oligonu-
cleotide microarray (Affymetrix, Santa Clara, CA) accord-
ing to Affymetrix-recommended protocols at the Univer-
sity Health Network microarray center. The MOE430A 2.0
GeneChip is a mouse whole-genome expression array
consisting of more than 22,600 probe sets and including
more than 14,000 well-characterized genes. Each of the
32 samples was hybridized on two microarrays, resulting
in a total of 64 microarray experiments. Therefore, both
biological (n � 4) and technical (n � 2) replicates were
performed for CM-susceptible (C57BL/6) and -resistant
(BALB/c) mice at each time point. Microarrays were
scanned using Affymetrix GeneChip Scanner, and Gene-
Chip Operating Software was used for image analysis.
Background adjustment and quantile normalization
across all microarrays was performed using the robust
multichip average algorithm (RMAExpress).14 After nor-
malization, intensity values for the technical replicates
were averaged for each animal, and all subsequent anal-
yses were limited to the resultant 32 composite microar-
ray experiments.

Statistically significant differential gene expression
was determined using a recently developed algorithm for
time course microarray studies, extraction and analysis of
differential gene expression.15,16 The multiple compari-
sons problem was addressed using the optimal discov-
ery procedure (Q-value), an improvement on false dis-
covery rate analysis.15,16 A given Q-value provides the
maximum allowable false discovery rate, and a cut-off
value of �1% was selected to designate changes in gene
expression as significant. Differentially expressed genes
during the course of PbA infection were identified be-
tween CM-susceptible and -resistant mice. Additionally,
significant gene expression between CM-susceptible
and -resistant mice at each time point was determined for
subsequent gene ontology analysis.

Principal Components Analysis

Multidimensional scaling using principal components
was performed based on the covariance matrix of nor-
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malized gene expression values, using the TM4 software
of The Institute for Genomic Research (Rockville, MD).17

Principal components analysis reduces the complexity of
high-dimensional data structures by projecting them into
a low-dimensional subspace that accounts for the major-
ity of data variance.

Gene Ontology Analysis

Functional annotation of the differentially expressed
genes was obtained from the Gene Ontology Consortium
database, based on their respective molecular function,
biological process, or cellular component.18 Functional
categories enriched within genes that were differentially
expressed between CM-susceptible and -resistant mice
at each time point and throughout PbA infection were
determined using the expression analysis systematic ex-
plorer algorithm.19 A variant of the one-tailed Fisher exact
probability test based on the hypergeometric distribution
was used to calculate P values.

Gene Network Interactome

A gene-gene interaction network was created using the
software and database of Ingenuity Systems (Redwood
City, CA).20 This knowledge base has been manually
compiled from �200,000 full-text, peer-reviewed scien-
tific articles encompassing approximately 10,000 human,
8000 mouse, and 5000 rat genes. A molecular network of
direct physical, transcriptional, and enzymatic interac-
tions among these mammalian orthologs has been de-
veloped and served as the basis for creating smaller
networks from the gene expression data. These networks
were constructed around genes with the highest connec-
tivity using an iterative algorithm and then merged to-
gether to create the final interactome. The interactome
was drawn based on the connectivity matrix of its mem-
bers using Pajek’s visualization software.21

Transcription Factor Analysis

A computationally based transcription factor analysis on
differentially expressed genes during PbA infection was
performed. Putative, enriched transcription factors (TFs)
that regulate the differentially expressed genes were iden-
tified using the promoter integration in microarray analysis
algorithm as implemented in the Expander software.22,23

Initially, a systematic search for putative TF-binding sites
1000 bp upstream and 200 bp downstream of the transcrip-
tion start sites of all genes present on the Affymetrix Gene-
Chip was undertaken based on the position weight matrices
of approximately 300 known mammalian TFs (TRANSFAC
database).24 Next, over-represented TFs among differen-
tially expressed genes relative to the “background” set of all
of the genes present on the Affymetrix GeneChip were
statistically determined. The problem of multiple compari-
sons was addressed by selecting only enriched TFs with
Bonferroni-corrected P values �0.01.

Quantitative Real-Time RT-PCR

cDNA was synthesized from 2 �g of total RNA using
Superscript II reverse transcriptase with oligo(dT)12–18

primers (Invitrogen). Serial dilutions of mouse genomic
DNA were used as standards.25 gDNA standards or
cDNA were added to the quantitative PCR containing 1�
Power Sybr Green Master Mix (Applied Biosystems, Fos-
ter City, CA) and 0.5 �mol/L primers in a final volume of
10 �l. Quantitative PCR was performed using the ABI
Prism 7900HT Sequence Detection System (Applied Bio-
systems). Copy numbers were normalized to four mouse
housekeeping genes: Gapdh, Hprt, Sdha, and Ywhaz.26

Forward (fwd) and reverse (rvs) primer sequences are
as follows: C4b-fwd, 5�-TCCATAGGTCAGACCCGCAAC-
TT-3�; C4b-rvs, 5�-TCTCCCTTGTTGTCACTGGTTTCC-3�;
Ccl12-fwd, 5�-CCCAGTCACGTGCTGTTATAATGT-3�;
Ccl12-rvs, 5�-TCAGCTTCCGGACGTGAATCTTCT-3�; Cx-
cl10-fwd, 5�-ATGAGGGCCATAGGGAAGCTTGAA-3�;
Cxcl10-rvs, 5�-TGATCTCAACACGTGGGCAGGATA-3�;
GzmA-fwd, 5�-AAACCAGGAACCAGATGCCGAGTA-3�;
GzmA-rvs, 5�-CAGAGTTTCAGAGGGAGCTGACTT-3�;
Icam1-fwd, 5�-TGGCTGAAAGATGAGCTCGAGAGT-3�;
Icam1-rvs, 5�-GCTCAGCTCAAACAGCTTCCAGTT-3�;
Stat1-fwd, 5�-GAAGAAAACAACCGTGCTCCTT-3�; Stat1-
rvs, 5�-TCCCTGAGGAGAGCAACCAT-3�; Irf1-fwd, 5�-C-
ACACATCGATGGCAAGGGATACT-3�; Irf1-rvs, 5�-TGG-
TTCCTCTTTGCAGCTGAAGTC-3�; Irf7-fwd, 5�-TCAGAA-
GCAGCTGCACTACACAGA-3�; Irf7-rvs, 5�-TACCTCCC-
AGTACACCTTGCACTT-3�; Gapdh-fwd, 5�-TCAACAGC-
AACTCCCACTCTTCCA-3�; Gapdh-rvs, 5�-TTGTCATTG-
AGAGCAATGCCAGCC-3�; Hprt-fwd, 5�-GGAGTCCTGT-
TGATGTTGCCAGTA-3�; Hprt-rvs, 5�-GGGACGCAGCA-
ACTGACATTTCTA-3�; Sdha-fwd, 5�-TCACGTCTACCTG-
CAGTTGCATCA-3�; Sdha-rvs, 5�-TGACATCCACACCA-
GCGAAGATCA-3�; Ywhaz-fwd, 5�-AGCAGGCAGAGCG-
ATATGATGACA-3�; and Ywhaz-rvs, 5�-TCCCTGCTCAG-
TGACAGACTTCAT-3�.

Histology and in Situ End Labeling of
Fragmented DNA (TUNEL
Immunohistochemistry)

Brains were removed for histopathology from four mice per
strain at day 0 (before infection) and day 6. Brains were
preserved in 4% paraformaldehyde/PBS. All embedding,
sectioning, and histochemistry was performed by the Pa-
thology Research Program at the University Health Network
(Toronto, ON, Canada). Terminal deoxynucleotidyl trans-
ferase-mediated UTP nick-end labeling (TUNEL) was per-
formed as previously described.27 Briefly, 0.5-cm-thick
slices of brain were embedded in paraffin and cut into 4-�m
sections. Sections were de-waxed, dehydrated, and then
permeabilized with 1% pepsin (Sigma, Oakville, ON, Can-
ada) in 0.01 N HCl at pH 2.0. Endogenous peroxides and
biotin activity was blocked using 3% hydrogen peroxide
and the avidin/biotin blocking kit (Vector Labs, Burlington,
ON, Canada). Biotinylated nucleotides were incorporated
into any DNA fragments using DNA Polymerase 1 Large
(Klenow) Fragment (Promega/Fisher, Nepean, ON, Can-
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ada) and then detected using streptavidin-horseradish per-
oxidase (ID Labs, London, ON, Canada) and Nova Red
substrate (Vector Labs). Slides were counterstained using
Mayer’s hematoxylin. To quantify apoptosis, TUNEL-posi-
tive cells were counted in a blinded fashion from the entire
sections of five slides of brain sections isolated from four
PbA-infected C57BL/6 and BALB/c mice at day 6 after
infection.

Results

Distinct Transcriptional Signatures Characterize
CM-Susceptible and -Resistant Mice During
PbA Infection

More than 1100 differentially expressed genes were
identified in CM-susceptible (C57BL/6) versus -resis-
tant (BALB/c) mice over the course of acute infection at
a false discovery rate of �1%. A notable feature of the
global expression profile was that the majority of these
genes underwent intense transcriptional activity late
(day 6) during PbA infection in CM-susceptible ani-
mals, whereas very few genes changed over time in
the CM-resistant mice (Figure 1A). Principal compo-
nents analysis confirmed these findings by grouping
the animals into three clusters based on their gene
expression variability (Figure 1B). CM-susceptible
mice at day 6 composed the most distinct group fol-
lowed by CM-susceptible mice (days 0 to 3) and CM-
resistant animals (all days). The first principal compo-
nent, which primarily distinguished CM-susceptible
mice on day 6 from the other animals, encompassed
more than 50% of the total gene expression variability,
implying that the majority of the overall transcriptional
variance occurred in this group. No temporal distinc-
tion was seen in the expression profiles of CM-resistant
mice.

Functional Analysis of Differentially Expressed
Genes Reveals Enrichment of Immune,
Inflammatory, and Apoptotic Programs

Functional categorization of genes that were differen-
tially expressed between CM-susceptible and -resis-
tant mice at each time point (days 0, 1, 3, and 6) and
during the complete time course of infection was per-
formed using expression analysis systematic explorer

Figure 1. Overview of differentially expressed genes in CM-susceptible and
-resistant mouse brains. Application of the extraction and analysis of differential
gene expression time course algorithm to the microarray data set identified more
than 1100 genes as differentially expressed between CM-susceptible (C57BL/6)
and -resistant (BALB/c) mice. A: Hierarchical clustering of differentially ex-
pressed genes revealed that in CM-susceptible animals, the majority underwent
intense transcriptional activity late in infection. In the heatmap, red indicates
up-regulation and green indicates down-regulation. B: Principal components
analysis of the �1100 genes identified three prominent clusters of animals:
CM-susceptible mice at day 6, CM-susceptible mice (days 0 to 3), and CM-
resistant animals (all days). The first principal component, which primarily
accounts for CM-susceptible mice on day 6, encompassed more than 50% of the
total gene expression variability, reinforcing what was initially observed by
clustering the temporal gene-expression profile.
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software. Enrichment of several functional categories
became progressively more significant during the
course of infection, especially by day 6 (Figure 2).
Gene ontology (GO) analysis of differentially ex-
pressed genes during the entire course of PbA infec-
tion identified various immunological, inflammatory,
and pro-apoptotic programs as being highly over-rep-
resented (Figure 2, “All” column). These biological
modules included innate immune response, antigen
processing via major histocompatibility complex
classes I and II, chemokine activity, programmed cell
death, and caspase activity. Additionally, a limited set
of antigen presentation-related GO categories, includ-
ing antigen presentation, antigen processing, antigen
processing via major histocompatibility complex class
I, and major histocompatibility complex class I receptor
activity, were enriched across the course of infection.
Further GO analysis specifically examining gene ex-
pression at day 6, when most of the differential transcrip-
tional activity occurred, showed that genes up-regu-
lated in C57BL/6 mice were primarily immune-related,

whereas down-regulated genes were associated with
developmental processes (Supplemental Table 1, see
http://ajp.amjpathol.org).

Gene Network Analysis Identifies Hubs of
Transcriptional Activity, Including Key
Regulators of Interferon Response and
Apoptosis

Differentially expressed genes during the time course of PbA
infection were linked together based on known gene product
interactions using Ingenuity Pathways Analysis software. The
resultant gene-gene interaction network or interactome, con-
sisting of 269 genes, was depicted using a visualization tool
that shows hubs of high interconnectivity (�10) on the exterior
of the network diagram (Figure 3; Supplemental Table 2, see
http://ajp.amjpathol.org). The structure of this interactome was
built on several hubs of high interconnectivity, including inter-
feron-� (Ifn-�); interferon-responsive factors 1 and 7 (Irf-1 and
Ifr-7); signal transducer and activator of transcription 1 and 3
(Stat-1 and Stat-3); caspases 1, 4, 7, and 8; Fas (Cd95);
endothelin-1 (Edn-1); and retinoid X receptor-� (Rxra). Recent
work suggests that the functional stability of genetic networks
is highly dependent on such hubs,28 implying a critical role for
these genes in directing the transcriptional response to
PbA infection. In fact, 20 of the 38 hubs with connec-
tivity �10 have been previously implicated in the
pathogenesis of cerebral malaria (Supplemental Table
3, see http://ajp.amjpathol.org).29 – 47 The majority of
apoptosis-related genes within the interactome were
differentially up-regulated in the CM-susceptible
(C57BL/6) mice relative to CM-resistant (BALB/c) mice
(Figure 3), indicating widespread activation of
apoptotic pathways in the brains of CM-susceptible
mice.

Promoter Sites for Interferon Response Factors
Are Over-Represented among Genes
Differentially Expressed during PbA Infection in
CM-Susceptible (C57BL/6) Mice

Transcription factor recognition sequences enriched
among differentially expressed genes during PbA in-
fection were computationally identified using the pro-
moter integration in microarray analysis algorithm (Fig-
ure 4). Four putative promoter sites were highly
enriched (Bonferroni corrected P values �0.01), all of
which are involved in the regulation of interferon-stim-
ulated gene expression: IRF, IRF-1, IRF-7 and ISRE.
These results were consistent with the gene-interaction
network analysis that identified Irf-1 and Irf-7 as impor-
tant hubs for regulating the host response to PbA in-
fection. Another one of the highly enriched promoter
sites, interferon-stimulated response element (ISRE), is
a key binding site for IRF and STAT families of tran-
scription factors,48,49 including several members of the
gene-gene network (Figure 3).

Figure 2. Functional categories significantly associated with gene expres-
sion differences between C57BL/6 and BALB/c mouse brains. Functional
analysis of genes differentially expressed between CM-susceptible and
-resistant mice was performed using expression analysis systematic ex-
plorer software. Enriched GO categories, which are shown for each time
point (columns 1 to 4) and for all differentially expressed genes (column
5), included various immunological, inflammatory, and pro-apoptotic
programs. The majority of functional categories were enriched predomi-
nantly at day 6; however, some antigen presentation-related GO catego-
ries were enriched across infection.
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Interferon Response Factors and Interferon-
Responsive Genes Are Highly Expressed in
Brains of CM-Susceptible (C57BL/6) Mice Late
in the Course of PbA Infection

To verify the gene expression data obtained by expres-
sion microarray, quantitative real-time RT-PCR was
performed on a number of immune-related genes, in-
cluding complement component 4B (C4b), the chemo-
kines Ccl12 and Cxcl10 (IP10), granzyme A, intercellu-
lar adhesion molecule 1 (Icam-1), Irf-1 and Irf-7, and
Stat-1 (Figure 5). In general, the transcription profiles
of these candidate genes correlated well between ex-
pression microarray and PCR analysis. Notably, the
majority of these genes are either involved in interferon

signaling (eg, Irf-1, Irf-7, and Stat-1) or are interferon
inducible (eg, Cxcl10, which contains a ISRE-binding
site), and all were identified as being highly up-regu-
lated at day 6 in CM-susceptible C57BL/6 mice com-
pared with all other time points in C57BL/6 and CM-
resistant BALB/c mice (Figure 5).

Immunohistochemistry Confirms Differential
Brain Apoptosis during PbA Infection

Several caspases and Fas (CD95) were prominent hubs
identified in the CM interaction network (Figure 3), implicat-
ing a mechanistic role for apoptotic pathways in CM sus-
ceptibility. To confirm our computational findings, brains of
uninfected and PbA-infected CM-susceptible and -resistant
mice were examined for evidence of apoptosis by in situ
labeling of double-stranded DNA breaks (TUNEL assay).
Quantification of TUNEL-labeled cells, comparing infected
CM-susceptible C57BL/6 mice to infected CM-resistant
BALB/c mice, showed a significantly higher number of
TUNEL-positive cells in C57BL/6 mice (Mann-Whitney test,
P � 0.001) (Figure 6A). Furthermore, three of four C57BL/6
mice showed definitive TUNEL staining compared with one
of four BALB/c mice (Figure 6B). Based on cellular morphol-
ogy, apoptosis appeared to occur predominantly in the
neurons of the cerebral cortex (Figure 6C) and in cells of the
leptomeninges. One of the four C57BL/6 mice examined
displayed limited cell death in the Purkinje cells (cerebel-
lum) and brainstem in addition to the cerebral cortex.

Discussion

In this study, a computational framework was developed
to explore systematically the transcriptional landscape of
the brain in experimental murine cerebral malaria. The
salient features of expression variability were captured
using principal components analysis, which showed that
the dominant host response occurred in CM-susceptible

Figure 3. Interaction network of differentially expressed genes. A gene network based on known gene product interactions was generated using IPA software and
displayed using Pajek’s visualization tool (left). Genes that are hubs or nodes of high interconnectivity (�10) are shown on the outer rim of the network. A complete
list of hubs is provided in Supplemental Table 3 (see http://ajp.amjpathol.org). A module within the interactome corresponding to apoptosis-related pathways was
amplified and displayed according to subcellular localization of its gene products (right). In the apoptosis module, red ovals are differentially up-regulated and green
ovals are differentially down-regulated genes in CM-susceptible (C57BL/6) relative to CM-resistant (BALB/c) mice. The majority of these genes were differentially
up-regulated in C57BL/6 mice, demonstrating that there is widespread activation of apoptotic pathways in the brains of CM-susceptible mice.

Figure 4. Transcription factor binding sites over-represented among differ-
entially expressed genes. Analysis of promoter elements in differentially
expressed genes using the promoter integration in microarray analysis algo-
rithm identified transcription factors that may regulate transcriptional pro-
grams activated in the CM-susceptible versus -resistant brain. The highly
enriched promoter sites IRF, IRF-1, IRF-7, and ISRE are all associated with
various aspects of interferon-mediated regulation of gene expression. The
number of differentially expressed genes recognized by these regulatory
factors is show above each column.
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mice late in the course of infection, as visualized by
clustering temporal gene expression patterns (Figure 1).
This response was highly enriched in processes involved
in inflammation, immunity, and apoptosis (Figure 2). A
gene-gene interaction network based on differentially ex-
pressed genes was constructed to help dissect the com-
plexity of the host response and identified hubs of high
connectivity, which indicate potential sites of critical tran-
scriptional regulation (Figure 3). Many of these hubs were
involved in interferon-regulated immune programs and
programmed cell death. The enrichment of several inter-
feron response elements among differentially expressed
genes was independently confirmed using a computa-
tional promoter search algorithm (Figure 4).

An important mediator of apoptosis, Fas (CD95) was a
dense hub within the gene-gene interactome, signifying
its potential importance in cerebral malaria. Previous

studies have established that Fas- and Fas-ligand
(CD178)-deficient mice (lpr/lpr and gld/gld mice, respec-
tively) are protected from CM and that Fas-mediated

Figure 5. Real-time RT-PCR validation of expression levels of immune-related
transcripts. Several immune-related genes, which were highly up-regulated at
day 6 in CM-susceptible compared with resistant mice, were analyzed using
quantitative real-time RT-PCR to confirm microarray expression levels. To com-
pare the microarray data (�) with the qRT-PCR data (f), log2 values of the
expression ratio are shown indicating twofold change over baseline. The fol-
lowing genes that were analyzed showed a close correlation between microar-
ray and PCR expression values: complement component 4B (C4b; A), chemo-
kine (C-C motif) ligand 12 (Ccl12; B), chemokine (C-X-C motif) ligand 10
(Cxcl10 or IP10; C), granzyme A (D), intercellular adhesion molecule 1 (Icam1;
E), signal transducer and activator of transcription 1 (Stat1; F) interferon regu-
latory factor 1 (Irf1; G), and interferon regulatory factor 7 (Irf7; H).

Figure 6. Histopathological analysis of mouse brains during PbA infection.
Pathological changes in the brains of CM-susceptible (C57BL/6) and -resistant
(BALB/c) mice were examined during PbA infections. Brains were formalde-
hyde fixed and examined using histopathology by observers blinded to the
genetic background of the mice. Quantification of TUNEL-positive cells con-
firmed that significantly higher numbers of apoptotic cells were found in
C57BL/6 mice compared with BALB/c. A: Average TUNEL-positive cells per slide
were quantitated from four animals per strain (n � 20 slides per strain) and were
significantly higher in C57BL/6 mice (Mann-Whitney test, P � 0.001). B: TUNEL-
positive cells per slide are shown for each mouse examined. C: Representative
images of TUNEL-positive neuronal cells in the cerebral cortex of an infected
C57BL/6 mouse (left) and an infected BALB/c mouse (right). Scale bars rep-
resent 20 �m. TUNEL-labeled brain sections showing positive nuclear staining
(brown color; inset at magnification, �1000) suggested that apoptosis occurred
in infected CM-susceptible C57BL/6 mice at day 6 after infection when compared
with the equally parasitemic but CM-resistant BALB/c.
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apoptosis may play a role in astrocyte death during the
terminal stages of CM pathogenesis.44,50 The central
theme of apoptosis-mediated cell death identified in the
computational analysis was examined in whole-brain
sections of CM-susceptible (C57BL/6) and -resistant
(BALB/c) mice using TUNEL assay, which confirmed dif-
ferential cerebral apoptotic responses to PbA infection
(Figure 6). Previous studies examining the PbA-induced
CM model suggest that the cerebral endothelium under-
goes apoptosis in a perforin-dependent manner.51 Mice
with symptoms of CM have also been reported to dem-
onstrate features of neuronal52 and astrocyte53 apopto-
sis, which presumably occurs after blood-brain barrier
disruption.53 Several in vitro studies using P. falciparum
have indicated that parasitized erythrocytes induce apo-
ptosis in mononuclear cells54–56 and endothelial
cells.43,57 Furthermore, a small autopsy study demon-
strated that 40% of CM patients examined had cleaved
caspase-3 staining in their brains, indicating apoptosis,
compared with 10% of patients without CM.58 Neurolog-
ical deficits persist in some individuals who survive an
episode of CM,59,60 and neuronal apoptosis may, in part,
be responsible for these long-term cognitive effects.

Although the role of pro-inflammatory cytokines in the
pathogenesis of malaria has received much attention in
the literature, the precise roles of type I (eg, IFN-� and -�)
and type II (IFN-�) interferons remain unclear. Other in-
vestigators have applied transcriptional profiling to high-
light the putative importance of type I and II interferon
signaling in malaria infection.10,13,61 In our analysis, Ifn-�
and the interferon signaling mediators Irf-1, Stat-1, and
Stat-3 all formed nodes of high connectivity in the gene-
gene interaction network (Figure 3), implying that the
activation of interferon-dependent transcriptional pro-
grams play a critical mechanistic role critical in the patho-
genesis of CM in the PbA model. Furthermore, functional
analysis indicated that major histocompatibility complex I
activity is up-regulated in CM-susceptible mice, consis-
tent with the involvement of CD8� T-cells62 and IFN-�
production in this model. IFN-� is required for the devel-
opment of severe disease in PbA infection, because both
IFN-�-null and IFN-� receptor-null mice do not develop
CM.29,62 However, IFN-� also aids in the control of para-
sitemia,29 and early production of IFN-�, as observed in
noncerebral P. berghei murine models, may be protective
against progression to CM.39 Additionally, IFN-� and
IRF1 could be involved in the increased apoptosis ob-
served in the brains of CM-susceptible (C57BL/6) mice,
based on previous reports that IFN-� induces or en-
hances Fas-mediated cell death in various cell types,
including microglia and oligodendrocytes.63,64

A significant number of the differentially expressed tran-
scripts identified in this study contain interferon-regulated
transcription factor-binding sites, including IRF1, ISRE, and
IRF7. The most significantly enriched promoter site among
the differentially expressed genes was interferon-stimulated
response element (ISRE), which is recognized by type I
interferons via the binding of Stat1, Stat2, and Irf9.65 Ge-
netic association studies have linked IFN-� receptor poly-
morphisms with protection from CM in an African popula-
tion.66 In addition, IFN-� levels have been detected in

PbA67 and P. falciparum infections,68 with lower levels of
IFN-� observed in cases of severe malaria.41 Little is known
about the relationship between type I interferon responses
and malarial disease, but type I interferon responses may
play a beneficial role for the host in malaria. IFN-� treatment
of mice in both the P. yoelii and PbA models has been
reported to improve outcome.69,70 Conversely, studies of
IFN-� treatment in P. berghei infection have yielded incon-
sistent results.71,72 Overall, type I and II interferon re-
sponses appear to be pivotal in the development of severe
disease, and interferon therapy may represent an under-
explored treatment strategy in malaria.

Host immune and metabolic responses to malaria, spe-
cifically overwhelming inflammatory responses, are impor-
tant determinants of disease severity.2 This study clearly
demonstrated that CM-susceptible mice develop a promi-
nent immune-related expression profile late in infection. Pre-
sumably, this represents an overcompensated host re-
sponse that not only functions to kill the parasite but also
contributes to immunopathological tissue injury. In contrast,
CM-resistant mice display a comparatively flat expression
profile over time, with relatively minimal transcriptional re-
sponse to infection altogether. Additionally, only a modest
transcriptional difference was observed in CM-susceptible
mice early in infection (day 1 and 3) compared with the
uninfected baseline. This observation was somewhat sur-
prising, because a previous study suggested that a surge in
cytokine transcript expression occurs by day 3 after infec-
tion.39 Although CM-resistant (BALB/c) mice eventually suc-
cumb to PbA infection in the chronic stages due to hyper-
parasitemia and anemia,73 the lack of significant differential
gene expression in the brain suggests that a diminished
host response to the parasite may protect the infected host
from developing CM. This observation may have important
clinical implications, because delaying the onset of CM in
human P. falciparum infection would allow additional time for
parasite clearance with standard chemotherapy and poten-
tially decrease the morbidity and mortality associated with
this disease.

Immunomodulatory strategies that reduce overall host
inflammation could delay CM onset and prove beneficial
in malaria infection. By identifying key sites of transcrip-
tional control in experimental CM, the computational ap-
proach used in the current study revealed novel targets
for further investigation as possible adjuvant therapeutic
strategies for malaria. As a note of caution, although PbA
is a well-characterized model of CM, these findings may
not all translate directly to human CM, which has patho-
genic mechanisms and clinical findings distinct from mu-
rine infection. Interestingly, retinoid X receptor-�, which
heterodimerizes with peroxisomal proliferator-activated
receptor �, was among the network hubs identified in the
gene network analysis. The natural ligand for retinoid X
receptor, 9-cis-retinoic acid, and peroxisomal prolifera-
tor-activated receptor-� agonists, including the thiazo-
lidinedione class of drugs, increase nonopsonic phago-
cytosis of P. falciparum parasitized erythrocytes and
decrease tumor necrosis factor-� secretion by human
monocytes.74 A second prominent hub, endothelin-1, is a
potent vasoconstrictor of the cerebral microcirculation
and has been implicated in the reduction of cerebral
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blood flow during CM in the PbA model.38 In both in-
stances, FDA-approved drugs exist for other clinical in-
dications that target these pathways. Specifically, a num-
ber of thiazoladinediones have been approved for
treatment of diabetes mellitus, and Bosentan is an endo-
thelin receptor antagonist approved for management of
pulmonary hypertension. Although developed for treat-
ment of clinical conditions other than malaria, these
agents warrant further specific investigation as adjunc-
tive immunomodulatory strategies to alter host response
and improve clinical outcome in malaria.

Deciphering the intricate host response in cerebral
malaria is a daunting task. Global assessment of this
response at the genomic, transcriptomic, or proteomic
levels can resolve part of its complexity and provides
novel insights into its pathogenesis. An unbiased com-
putational approach using relevant animal models of CM
offers a promising framework to search for regulatory
pathways of this devastating disease and identify puta-
tive targets for adjunctive therapies.
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