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 ABSTRACT 

 

Cerebral malaria (CM) is a severe neurological complication of malaria infection that 

results from interrelated pathologies. Despite extensive research efforts, the 

mechanism of the disease is not completely understood. Clinical studies, postmortem 

analysis, and animal models have been the main research arenas in CM. In this thesis, 

shotgun proteomics approach was used to further understand the pathology of human 

and experimental CM.  

The mechanism by which CM turns fatal is yet to be identified. A clinical 

proteomics study was conducted on pooled plasma samples from children with 

reversible or fatal CM from the Gambia. The results show that depletion of 

coagulation factors and increased levels of circulating proteasomes are associated 

with fatal pediatric CM. This data suggest that the ongoing coagulation during CM 

might be a disseminated intravascular coagulation state that eventually causes 

depletion of the coagulation factors leading to petechial hemorrhages. In addition, the 

mechanism(s) by which blood transfusion benefits CM in children was investigated. 

To that end, the concentration and multimerization pattern of von-willebrand factor, 

and the concentration of haptoglobin in the plasma of children with CM who received 

blood transfusions were measured.  

In addition to clinical studies, experimental cerebral malaria (ECM) in mice 

has been long used as a model for the disease.  A shotgun proteomics workflow was 

optimized to identify the proteomic signature of the brain tissue of mice with ECM. 
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Because of the utmost importance of membrane proteins in the pathology of the 

disease, sample fractionation and filter aided sample preparation were used to recover 

them. The proteomic signature of the brains of mice infected with P. berghei ANKA 

that developed neurological syndrome, mice infected with P. berghei NK56 that 

developed severe malaria but without neurological signs, and non-infected mice, were 

compared to identify CM specific proteins. Among the differentially expressed 

proteins in mice that developed neurological signs, coagulation and acute-phase 

proteins were enriched. The data are in accordance with data from the clinical study. 

Taken together, the results support the role of coagulation and platelets adhesion in 

the pathogenesis of the disease. 
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 Chapter 1: Identification of markers associated with 

death in children with cerebral malaria 

1 INTRODUCTION 

1.1 Malaria  

Malaria is an important infectious disease that is endemic in 106 countries (WHO, 

2011) and is one of the top three fatal communicable diseases in the world (Sachs and 

Malaney 2002). Severe malaria (SM), predominantly caused by Plasmodium 

falciparum (P. falciparum), is a complex multi-system disorder manifested as a range 

of clinical features (Mackintosh, Beeson, and Marsh 2004). With the beginning of the 

third millennium about half of the world population were exposed to the risk of 

malaria infection (Hay et al. 2004). In 2009, malaria caused 655,000 deaths among 

children in sub-Saharan Africa (WHO, 2010).  

1.2 Plasmodium Life cycle  

The understanding of the parasite life cycle, specifically inside the host, is the key to 

understand the pathophysiology of the disease and hence develop potential therapies. 

Anopheles gambiae is the main species of Anopheles mosquitos that transmits P. 

falciparum. Briefly, the mosquito injects sporozoites into the subcutaneous tissue that 

then travel to the liver and invade the hepatocytes through the binding of co-receptors 

on the sporozoite surface to specific hepatocyte ligands. Sporozoites then develop into 

numerous merozoites inside the hepatocytes and then they are released into the 

circulation where each merozoite invades a red blood cell (RBC). Merozoites 
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multiply inside RBCs where some are released again into blood and others transform 

to gametocytes that transmit the disease to another host when swallowed by the 

mosquito. Many of the pathological changes observed in malaria infection are caused 

by the adhesion of infected erythrocytes to host cells and thus the study of these 

interactions at the molecular level may provide a better understanding of malaria 

pathogenesis (Miller et al. 2002). 

1.3 Severe malaria 

About one percent of malaria cases progress to severe disease. SM is a life-

threatening condition that can be observed in cases with low immunity. Two decades 

ago SM was recognized as two syndromes: severe malaria anemia (SMA) and 

cerebral malaria (CM). However, the demonstration of metabolic acidosis and its role 

in the development of respiratory distress (RD) in children with life-threatening 

malaria introduced more variables in the spectrum of the disease that changed the 

view of SM to a complex multisystem disorder that can not be explained by a simple 

pathologic mechanism but instead by a number of intertwined mechanisms that lead 

to the different forms of the disease (Mackintosh et al. 2004). Clinical studies in 

African children described the current widely accepted classification of SM (Marsh et 

al. 1995) that involves the presence of one or more of the three overlapping severe 

syndromes of the disease that fulfill the WHO criteria (WHO, 2010) for severe and 

complicated malaria. 

Generally, SMA can be explained by increased RBC destruction or decreased 

RBC production. Possibly, both mechanisms operate simultaneously in the 
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pathogenesis of SMA. Although the pathogenesis of RD is somewhat controversial, 

lack of oxygen due to SMA may result in RD. The role of metabolic acidosis that 

results from poor tissue oxygenation has also been proposed to explain some of the 

changes observed in RD. Metabolic acidosis requires respiratory compensation that is 

made worse by the intracellular induced nitric oxide synthase (iNOS) (Gillespie et al. 

1991; Clark and Cowden 2003). The mechanism of CM is disputed. Different theories 

have been proposed: microvascular clogging of PfIEs, platelets, rosettes and/or 

microparticles, or pro-inflammatory cytokines-mediated process (Grau and de 

Kossodo 1994). 

1.4 Cerebral malaria 

1.4.1 Clinical features 

Human cerebral malaria (HCM) is a severe neurological complication of malaria 

infection that causes acute non-traumatic encephalopathy. In African children, CM 

has 18.6% mortality that mostly occurs within one day of admission (Idro, Jenkins, 

and Newton 2005). In regions of high-transmission intensity where passive immunity 

is provided by maternal antibodies, CM is rarely observed in younger children (Snow 

et al. 1999).  

Children with CM usually present with coma and one-to-four days history of 

fever and convulsions that are mainly focal motor and generalized tonic-clonic 

seizures. The majority of children recover from coma within two-to-three days if early 

presented and appropriately treated. However, survivors usually suffer neurological 

deficits that are either temporary or slowly and incompletely resolving. Neurological 
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sequelae can be severe, associated with increased intracranial pressure and leads to 

death within few months of the child discharge, or subtle deficits manifested as 

cognitive, language and behavioral problems. Brain damage, blindness and 

retinopathy are also common (Idro et al. 2005; Newton 2000). 

1.4.2 Pathogenesis of human cerebral malaria  

CM pathology has a heterogeneous nature that cannot be interpreted by a single 

mechanism but in the context of different interrelating mechanisms. Sequestration of 

PfIEs, nitric oxide (NO) and cytokines activation, and platelets aggregation are the 

three main hypotheses of the pathology. Sequestration is the cytoadherence of PfIEs 

to endothelial cells via parasite-derived proteins on the PfIE surface that attach to 

ligands on endothelial cells surfaces. P. falciparum erythrocyte membrane protein 

(Pfemp), a family of cell-surface proteins encoded by P. falciparum, mediates PfIEs 

binding to multiple receptors on host endothelial cells: mainly cluster of 

differentiation 36 (CD36) and intracellular adhesion molecule-1 (ICAM-1), with the 

later being implicated in the pathogenesis of CM (Turner 1997). In addition to 

sequestration, PfIEs binding to non-infected erythrocytes (rosetting), and/or platelet-

mediated PfIEs binding (Auto-agglutination) have roles in the pathogenesis. 

Collectively, these effects lead to obstruction of the brain microvasculature causing 

hypoxia to the surrounding brain parenchyma, thereby, leading to impaired 

consciousness. Although sequestration plausibly predisposes to CM, but its 

association with a fatal outcome remains controversial (Clark and Rockett 1994). 

P. falciparum parasites secrete a glycophosphoinositol (GPI) toxin, that 
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activates monocytes and leads to the up-regulation of pro-inflammatory cytokines. 

Both pro-inflammatory and anti-inflammatory cytokines: IL-6 and IL-10 respectively, 

were reported to be up-regulated in Kenyan children with CM, whereas in Gambian 

and Ghanaian children, tumor necrosis factor-alpha (TNF-α) was up-regulated (Idro 

et al. 2005). Clark and Cowden proposed that elevated cytokines in CM induce iNOS 

and in turn generate NO (Clark and Cowden 2003). The role of NO in CM is 

controversial; elevated NO levels have been correlated with both pathogenesis of and 

protection from CM. Firstly, NO might have a role in the local pathology and 

developing coma through its effects on brain signaling and electrolyte physiology. 

Secondly, as is the case for tumors, NO plays a protective role by killing intracellular 

parasites. Finally, the fact that NO is a potent vasodilator might support its protective 

role as was reported in mice (Gramaglia et al. 2006).  

Several lines of evidence show a correlation between the dysregulation of 

coagulation cascade and both experimental and human cerebral malaria (Moxon, 

Heyderman, and Wassmer 2009). Platelet-derived micro-particles (PMPs) are 

elevated in children with CM and increase the adhesion of the endothelial cell-

leukocyte-platelet interaction. Moreover, platelet adhesion and aggregation might 

have roles in cytoadhesion of PfIEs (Grau et al. 2003; Wassmer et al. 2004) and in 

modulating sequestration (Schofield and Grau 2005). Interestingly, severity of CM in 

children was recently correlated with the inhibition of ADAMTS13 and hence with 

the increase of abnormal circulating ultra large von-willebrand factor (ULvWF) 

multimers that cross links platelets and predisposes to obstruction of brain vessels 

(Larkin et al. 2009; Hollestelle et al. 2006). The activation of the coagulation cascade 
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might eventually lead to depletion of the coagulation factors that cause petechial brain 

hemorrhage and retinal hemorrhage in patients with CM as observed by autopsy and 

fundoscopy, respectively (V. A. White et al. 2001). Further, thrombocytopenia was 

found to correlate with CM progression (van der Heyde et al. 2006). Collectively, a 

unified model of the interrelation of sequestration, inflammation, and platelet 

aggregation has been proposed and is illustrated in Figure 1. 

 

Figure 1: Hypothesized unified model of cerebral malaria pathophysiology. Reprinted from (Lou et al. 2001) 
with permission. The model represents the PfIE mediated activation of monocytes that in turn express TNF that 
stimulates endothelial cells to up-regulate ICAM-1. ICAM-1 then binds to LFA-1 on platelets surfaces and leads to 
adhesion that mediates sequestration and abets hemorrhage. 

 

1.4.3 Management of human cerebral malaria 

According to the WHO guidelines, SM management consists of three components: 

patient stabilization, antimalarials and supportive therapy (WHO, 2010). Two 

antimalarial drug groups: cinchona alkaloids and artemisinin derivatives, are 

clinically approved and recommended for CM. Artemisinins have been proven 

superior over other antimalarials in terms of clearing parasites, decreasing mortality 
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and having few and mild side effects (Dondorp et al. 2010). Ventilation, dialysis, 

antimicrobials, anticonvulsants, and exchange transfusion are among supportive 

therapies that can improve the clinical outcome (Idro et al. 2005).  

Indirect evidence suggests a potential benefit of whole blood transfusions in 

children with CM (unpublished observation). There are three plausible mechanisms 

by which transfusion might benefit children with CM. One hypothesized mechanism 

is through stimulation of ADAMTS13 that in turn cleaves ULvWF into small less 

active multimers and hence decreases platelet aggregation. A second possible 

mechanism is replenishing haptoglobin (Hp) that binds free Hemoglobin (Hb) and 

hence freeing NO that in turn dilates microvessels and ameliorates CM. The third 

mechanism could be the partial replacement of oxygen, glucose and ATP that in turn 

improves oxygen carrying capacity of the blood. However, due to the heterogeneity of 

CM pathology it is not possible to relate this effect to a single mechanism but to a 

combination of mechanisms. 

1.5 Clinical proteomics 

Clinical proteomics is a potentially useful tool to study disease mechanisms from an 

unbiased point of view by characterizing the changes in the proteome of a particular 

physiological compartment. The analysis of proteomic signatures in question to derive 

correct biological inferences depends mainly on using proper controls and accurate 

validation of results. Comparative proteomics has been used to study the pathology of 

many neurological and psychological diseases. Plasma provides a wealthy source of 

information to study the pathology of many diseases; it includes classical plasma 
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proteins in addition to leaked tissue proteins spanning a wide dynamic range. 

Proteomic studies on plasma give insights into the pathogenesis of many diseases by 

monitoring different systems involvement as reflected by the changes of the 

respective proteins abundances and structures (N. L. Anderson and N. G. Anderson 

2002a). 

1.6 Study Objectives 

This study aims to further understand the modularity of HCM pathology, identify 

markers associated with a poor clinical outcome in CM, and correlate this to the 

murine brain proteome data. To that end, the differentially expressed proteins in the 

plasma of children with reversible CM compared to those with fatal CM were 

identified using a shotgun proteomics approach. In-gel digestion was used to expand 

the plasma proteome dynamic range to detect low abundant proteins. In addition, 

ADAMTS13/vWF and haptoglobin hypotheses of the mechanism(s) by which blood 

transfusion benefits children with CM were investigated. 

2 MATERIALS AND METHODS 

2.1 Patients and clinical definitions 

EDTA-plasma samples of children aged four months to 14 years admitted to 

Royal   Victoria   Teaching   Hospital  (RVTH) in Banjul, the main health facility in 

The Gambia, from January 1997 to December 2009, were used. All patients included 

in the study had a blood smear positive for asexual P. falciparum parasites and met 

one or more of the WHO criteria for SM (WHO, 2010). Samples were collected 
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before patients were transfused. Non-survivor patients are those who died two days 

after admission. CM was defined as a Blantyre coma score of two or less with any P. 

falciparum parasite density.  The coma score was carried out at least 30 minutes after 

the last seizure and after correction of hypoglycemia, and at least six hours after 

treatment of seizures with anticonvulsants. Patients were enrolled into the study only 

if the parent or guardian gave informed consent.   

2.2 Sample processing 

All samples were centrifuged to remove all serum lipids. The top 14 high-abundant 

proteins were then depleted using multiple affinity removal systems HPLC 4.6 X 100 

column (Agilent™) according to manufacturer instructions using 15 instead of 40 µl 

of serum in 120 µl buffer A. The flow-through fractions were collected during the 

time interval at 12 to 20 minutes and the eluted fractions at 26 to 30 minutes. 

Depleted pools or individual samples were quantified using bicinchoninic acid (BCA) 

assay (Thermo™) and 7 µg of each were run on precast gradient Sodium Dodecyl 

Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) (Bio-Rad™) to evaluate 

and compare the depletion efficiency. Samples proteins were precipitated using 

trichloroacetic acid (TCA) and deoxycholate (DOC) method according to protocol 

optimized in house for 1.0 ml of sample and adjusted for each depleted sample 

volume. Pellets were then suspended in 50 µl 6M urea. 

2.3 Proteins digestion 

Total plasma proteins were quantified using BCA assay (Thermo™) and 200 µg were 

loaded in total of 200 µl with 5X Laemmli buffer respectively in precast gradient 
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SDS–PAGE (Bio-Rad™). For each sample 15 bands were excised, washed in 50% 

ethanol 5% acetic acid, and dehydrated in Acetonitrile (ACN). Gel pieces were then 

treated with 10mM Dithiothereitol (DTT) and 50mM Iodoacetamide (IAA), 

dehydrated with ACN, dried completely, rehydrated with 100mM Ammonium 

hydrogen carbonate (NH4HCO3) then dehydrated again and dried. Dried gel pieces 

were then incubated overnight at 37oC with 4 µg trypsin (Promega™) in 50mM 

NH4HCO3. Peptides were then extracted with 85% ACN, 5% Formic acid (FA), dried 

down completely and resuspended in 2% ACN, 0.1% FA. Digested peptides were 

purified using SEP-PACK C18 column (Waters) and eluted with 0.6 ml buffer B 

(65% HPLC grade ACN, 0.1% FA) twice. Purified peptides were then dried down 

completely in a speed-vacuum centrifuge (Thermo™) and resuspended in 2% ACN, 

0.1% FA. 

2.4 Immunoassays 

2.4.1 Haptoglobin immunoassay 

Haptoglobin levels in plasma were measured by a double antibody sandwich Enzyme-

Linked Immunosorbent Assay (ELISA) according to manufacturer’s instructions 

(Genway Biotech, Inc.) In brief, 5 µl of plasma were diluted 1:20 in 1X diluent 

solution then further diluted 1:50 to a final dilution of 1:1000. Standards and samples 

were loaded in duplicates into wells 100 µl each. Samples are incubated at room 

temperature (RT) with anti-haptoglobin antibodies in the micro titer plate for 15 

minutes. The contents of each well were then aspirated and washed three times with 

1X wash solution. Next, the plate was incubated at RT in the dark for 15 minutes with 
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100 µl of enzyme-antibody conjugate, diluted 1:100 in diluent solution. The plate was 

then washed as described before followed by incubation with 100 µl of TMB 

substrate solution at RT in the dark for five minutes. The reaction was then stopped 

with 100 µl of stop solution and the absorbance of each well was measured at 450 nm. 

2.4.2 CD163 immunoassay 

A double antibody sandwich ELISA was used to measure CD163 levels in plasma 

according to manufacturer’s instructions (Quantikine®, R&D Systems, Inc.). 50 µl of 

standards and plasma samples (diluted 1:100) were added to 100 µl of assay diluent 

RD1-34 per well and incubated for two hours at RT. Wells were then aspirated and 

washed with wash buffer four times. Then, 200 µl of conjugate antibody were added 

to each well and incubated for two hours at RT. The wells were then aspirated and 

washed with wash buffer four times and 200 µl of substrate solution were added to 

each well and incubated at RT for 30 minutes. The reaction was then stopped with 50 

µl of stop solution and the absorbance of each well was measured at 450 nm within 30 

minutes. 

2.5 von-Willebrand factor multimer analysis 

Multimer analysis of vWF was performed using SDS-agarose gel electrophoresis as 

described before (Krizek and Rick 2002) with some modifications.  Briefly, plasma 

samples diluted 1:50 in loading buffer were loaded into 0.6% 10x20 cm SDS-agarose 

gel. Samples were run at 25 mA for 30 minutes followed by three hours at 50 mA 

(BioRad™). Migrated proteins were then transferred overnight at 100 mA into PVC 

membranes (BioRad™). Membranes were blocked in blocking buffer (methanol free 
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5% skimmed milk) for one hour, washed six times in 1X Tris Buffer Saline Tween20 

(TBST) buffer for 30 minutes and then incubated for one hour with 1:4000 goat anti-

human vWF polyclonal antibody (Dako, Denmark). Membranes were then rinsed and 

washed six times in 1X TBST for 30 minutes. Then, membranes were incubated with 

1:8000 rabbit anti-goat Ig antibody (Dako, Denmark). Membranes were then 

incubated with detection mixture (Thermo™) for three minutes followed by film 

development (KODAK). 

2.6 Tandem mass-spectrometry (MS/MS) 

Label free quantitation was done using LTQ-Orbitrap Velos MS/MS (Thermo™). 

Experiments were run using 1 µg of peptides per sample per run. Two technical 

replicates per specimen were run to achieve between-run, and total precision. All 

experiments were run in positive mode. LC-MS/MS analysis was carried out by nano-

LC-MS/MS system using a 100 µm inner diameter, 10 cm C18 column (Broxeon) with 

90 minutes gradient of 2-42% solvent B (solvent A: 99.9% H2O, 0.1% FA; solvent B: 

99.9% ACN, 0.1% FA). The Broxeon nano-LC system (final rate 0.3 µl/min) was 

coupled to LTQ-Orbitrap Velos. MS scan was done on the Orbitrap with mass range: 

200-1600 (m/z) and mass resolution: 60000, analyzing top 20 peaks with exclusion 

list of 100 and a dynamic exclusion duration of 20 seconds. Fragmentation was done 

in CID mode in the Iontrap at collision energy 35V. All raw MS data were processed 

to generate MGF files using Thermo-MSconvert script. 

2.7 Data processing  

Data from the LTQ-Orbitrap MS/MS was processed using the in-house pipeline 
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developed at center of cellular and molecular physiology, Oxford University. It runs a 

combined search of MASCOT, X!Tandem kscore and OMSSA,  and calculates 

protein abundance using normalized spectral index quantitation (Trudgian et al. 

2011). The search was done against the “in-house” customized 

humanIPI3.75_falciparum3D7 database for human plasma (189,742 human and P. 

falciparum sequences) using the following parameters: peptide tolerance, 50 ppm; 13C 

= 1; fragment tolerance, 0.1 Da; missed cleavages.  

3 RESULTS 

3.1 Proteomic identification of markers associated with death in cerebral 

malaria  

The plasma proteome of 52 Gambian children with CM was characterized. Samples 

were pooled into two groups (n=26 each) according to clinical outcome (survival or 

death). A total of 6296 peptides corresponding to 514 proteins were identified 

providing deep coverage of the plasma proteome. 514 non-overlapping proteins in 

children with CM were identified, 339 in children who survived and 459 in children 

who died. Relative abundance of proteins was quantified using MS/MS spectral index 

count.  A protein was considered significantly up- or down-regulated if it has a fold 

change of 1.5 or more. 264 differentially expressed proteins were identified. Of these, 

194 were up-regulated in children who died compared to 70 up-regulated in survivors 

(Table 1, Appendices). 

On comparing protein signatures of patients with CM who survived to those 

who died, several interesting signatures were associated with death. The main host 
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response pathological modules include endothelial activation, acute phase reaction, 

depletion of coagulation factors, and high levels of circulating 20S proteasomes 

(Table 2).  

There is no clear evidence of increased hemolysis in fatal cases; the detected 

Hb chains were not significantly or consistently different between the two groups. To 

screen for intravascular hemolysis, haptoglobin, a haemoglobin-binding protein, 

levels were measured in the plasma of individual samples. There was no significant 

difference between reversible and fatal CM (Figure 2A). However, CD163, a Hb-Hp 

complex scavenger, was up-regulated in fatal cases. This was confirmed by 

immunoassay in individual reversible (n=21) and fatal (n=25) CM plasma samples 

(Figure 2B). Furthermore, increased parasitemia in fatal cases was evident as reflected 

by the up-regulation of all the detected parasite proteins in the plasma. Of these, four 

proteins are enzymes of the glycolytic pathway, two are enzymes of the purine 

salvage pathway, and one is a parasite-derived PfIE membrane protein. This signature 

correlates with the clinical data as shown in Table 1. 

Table 1: Geometric mean of parasite count per microliter in children blood. 

 Parasite per microliter 95% CI 
 

Reversible CM 19177.47 15306.012 25215.58 

Fatal CM 35224.7 23201.87 55304.53 

§ CI: confidence interval. 

Endothelial cells activation is a key feature of the pathogenesis of CM. In our 

data, three cell adhesion molecules (CAMs), VCAM-1, ICAM-1 and ICAM-2, were 

up-regulated in fatal cases indicating increased endothelial cells activation. In 
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addition, vWF was up-regulated in fatal cases indicating increased release from 

Weibel-Palade bodies and thus indicating increased endothelial cells activation. 

Another interesting signature that is associated with fatality is the consistent 

up-regulation of   nineteen 20S proteasome subunits in fatal cases reflecting an 

ongoing cytolysis of undetermined origin. In addition, two of the top ten abundant 

microparticle (MP) proteins were down-regulated in fatal cases, immunoglobulin J-

chain, and profilin-1, with the later being an intracellular actin binding protein. 

Moreover, eleven enzymes of the glycolytic pathway were detected and were all up-

regulated in fatal cases.  

Fifteen proteins of the coagulation cascade were detected, of which eleven 

factors were down-regulated in fatal cases. Factors V and X, the main factors 

mediating prothrombin degradation on the activated platelet surface, were down-

regulated in fatal cases. Of the intrinsic pathway factors, factors IX and XII were 

down-regulated in fatal cases, whereas factor XI and Kininogen-1, were up-regulated. 

Prothrombin (factor II) and fibrinogen were down-regulated in fatal cases. 

Antithrombin III (SerpinC1) and PAI-1 (serpinD1), major thrombin inhibitors, were 

also down-regulated. Further, eleven acute-phase proteins (ACP) were identified; of 

which nine were up-regulated in fatal cases compared to two proteins up-regulated in 

survivors. 

Table 2:  Differentially expressed protein in plasma of children with CM. 

Protein ID Protein name Sequence 
coverage 

Unique 
peptides 

Fold 
change 

Protein 
category 

IPI00022429 orosomucoid 1 15.9 3 -10 Acute-phase  

IPI00022391 serum amyloid P component 34.1 11 -2.13 Acute-phase  

IPI00022389 C-reactive protein 36.2 12 -1.04 Acute-phase  

IPI00022488 hemopexin 67.3 29 1.05 Acute-phase  
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IPI00021854 apolipoprotein A-II 69 8 1.50 Acute-phase  

IPI00218733 soluble superoxide dismutase 1 67.5 6 1.56 Acute-phase  

IPI00845263 fibronectin 1 52.3 89 1.57 Acute-phase  

IPI00021841 apolipoprotein A-I 61.8 18 1.77 Acute-phase  

IPI00019399 serum amyloid A4 38.5 5 2.00 Acute-phase  

IPI00006146 serum amyloid A2 58.2 7 2.78 Acute-phase  

IPI00552578 serum amyloid A1 66.4 7 2.79 Acute-phase  

IPI00299547 lipocalin 2 55.6 10 2.91 Acute-phase  

IPI00794184 ceruplasmin 73.4 51 3.61 Acute-phase  

IPI00745872 albumin 60.3 32 40 Acute-phase  

IPI00795830 alpha-2-HS-glycoprotein 55.6 10 40 Acute-phase  

IPI00297550 coagulation factor XIII, A1 polypeptide 5.1 3 -20 Coagulation  

IPI00032179 serpin peptidase inhibitor, clade C  68.1 37 -2.58 Coagulation  

IPI00007240 coagulation factor XIII, B polypeptide 38.7 19 -2.32 Coagulation  

IPI00019576 coagulation factor X 32.6 14 -2.28 Coagulation  

IPI00298497 fibrinogen beta chain 71.7 35 -1.93 Coagulation  

IPI00021885 fibrinogen alpha chain 50.5 44 -1.77 Coagulation  

IPI00022937 coagulation factor V (proaccelerin, labile factor) 17.4 31 -1.74 Coagulation  

IPI00292950 heparin cofactor 2 57.5 24 -1.59 Coagulation 

IPI00553177 serpin peptidase inhibitor, clade A  28 10 -1.58 Coagulation  

IPI00296176 coagulation factor IX 41.6 14 -1.40 Coagulation  

IPI00019568 coagulation factor II (thrombin) 58 33 -1.32 Coagulation  

IPI00019581 coagulation factor XII (Hageman factor) 34 16 -1.16 Coagulation  

IPI00008556 coagulation factor XI 11.7 6 1.39 Coagulation  

IPI00007118 serpin peptidase inhibitor, clade E  21.9 7 3.00 Coagulation  

IPI00032328 kininogen 1 50.6 33 3.92 Coagulation  

IPI00009477 intercellular adhesion molecule 2 12 3 1.43 Endothelial  

IPI00008494 intercellular adhesion molecule 1 11.2 4 2.35 Endothelial  

IPI00018136 vascular cell adhesion molecule 1 18 11 3.69 Endothelial  

IPI00027497 glucose-6-phosphate isomerase 20.7 10 4.68 Glycolytic  

IPI00465248 enolase 1, (alpha) 27.6 9 5.33 Glycolytic  

IPI00218407 aldolase B, fructose-bisphosphate 78 22 33.89 Glycolytic  

IPI00218896 alcohol dehydrogenase 1A (class I), alpha  29.3 10 40 Glycolytic  

IPI00473031 alcohol dehydrogenase 1B (class I), beta  37.9 11 40 Glycolytic  

IPI00465343 alcohol dehydrogenase 1C (class I), gamma  30.4 8 40 Glycolytic  

IPI00218899 alcohol dehydrogenase 4 (class II), pi  15 4 40 Glycolytic  

IPI00746777 alcohol dehydrogenase 5 (class III), chi  12.6 4 40 Glycolytic  

IPI00218914 aldehyde dehydrogenase 1 family, member A1 24.8 8 40 Glycolytic  

IPI00796333 aldolase A, fructose-bisphosphate 51.7 21 40 Glycolytic  

IPI00073772 fructose-1,6-bisphosphatase 1 42.9 11 40 Glycolytic  

IPI00473011 hemoglobin, delta 95.9 16 -1.37 Hemoglobin 

IPI00654755 hemoglobin, beta 95.9 19 -1.20 Hemoglobin 

IPI00410714 hemoglobin, alpha 2 95.1 15 -1.16 Hemoglobin 
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IPI00220706 hemoglobin, gamma G 89.8 13 -1.07 Hemoglobin 

IPI00554676 hemoglobin subunit gamma-2 89.8 13 1.57 Hemoglobin 

IPI00010257 alpha hemoglobin stabilizing protein 45.1 5 3.02 Hemoglobin 

IPI00104074 CD163  17.5 15 9.71 Hemoglobin 

PFE0660c purine nucleotide phosphorylase 18.8 4 1.59 Parasite  

PF14_0425 fructose-bisphosphate aldolase 42.8 13 3.69 Parasite  

PF11_0208 phosphoglycerate mutase 20.4 5 8.71 Parasite  

PF10_0121 hypoxanthine phosphoribosyltransferase 30.3 6 26.62 Parasite  

PF07_0074 putative uncharacterized protein 0.5 2 40 Parasite  

PF13_0141 L-lactate dehydrogenase 11.7 3 40 Parasite  

PF14_0378 triosephosphate isomerase 13.7 3 40 Parasite  

PFB0340c serine-repeat antigen protein 3.9 4 40 Parasite  

PFF0510w histone H3 16.9 3 40 Parasite  

IPI00178926 immunoglobulin J polypeptide 15.7 3 -20 Microparticle  

IPI00216691 profilin 1 43.6 6 -1.68 Microparticle  

IPI00479306 proteasome  subunit, beta type, 5 33.8 9 1.47 Proteasome  

IPI00299155 proteasome  subunit, alpha type, 4 42.1 9 1.78 Proteasome  

IPI00016832 proteasome  subunit, alpha type, 1 51.3 14 1.88 Proteasome  

IPI00000811 proteasome  subunit, beta type, 6 37.7 7 2.07 Proteasome  

IPI00028006 proteasome  subunit, beta type, 2 29.9 7 2.13 Proteasome  

IPI00003217 proteasome  subunit, beta type, 7 16.6 4 2.16 Proteasome  

IPI00024175 proteasome  subunit, alpha type, 7 45.6 10 2.18 Proteasome  

IPI00555956 proteasome  subunit, beta type, 4 25 5 2.19 Proteasome  

IPI00025019 proteasome  subunit, beta type, 1 38.6 8 2.26 Proteasome  

IPI00171199 proteasome  subunit, alpha type, 3 35.9 9 3.19 Proteasome  

IPI00028004 proteasome  subunit, beta type, 3 31.7 5 3.27 Proteasome  

IPI00384051 proteasome activator complex subunit 2 48.1 8 4.06 Proteasome  

IPI00219622 proteasome  subunit, alpha type, 3 51.3 11 4.83 Proteasome  

IPI00479722 proteasome activator complex subunit 1 36.5 8 6.36 Proteasome  

IPI00000783 proteasome subunit, beta type, 8  20.6 6 6.51 Proteasome  

IPI00029623 proteasome  subunit, alpha type, 6 32.9 8 7.34 Proteasome  

IPI00027933 proteasome  subunit, beta type, 10 19 5 9.84 Proteasome  

IPI00000787 proteasome  subunit, beta type, 9  13 2 40 Proteasome  

§ Fold change is the ratio of quantitation value of fatal cases pool to that of reversible cases pool. Fold change of 
40 indicates that the protein is unique in fatal CM.  
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Figure	  2:	  Plasma levels of haptoglobin and CD163 in children with CM. A, mean	  concentration	  of	  Hp	  in	  the	  
plasma	  of	  7	  children	  with	  Fatal	  CM	  (11429	  g/ml)	  is	  not	  significantly	  different	  from	  the	  mean	  concentration	  in	  the	  
plasma	   of	   12	   children	   with	   reversible	   CM	   (7637.2	   ng/ml)	   if	   the	   outlier	   fatal	   case	   is	   excluded.	   B,	   mean 
concentration of CD163 in the plasma of 25 children with fatal CM (3023 ng/ul) is significantly higher than that in 
the plasma of 21 children with reversible CM  (1507 ng/ul).	  Error bars represent standard error of the mean.	  

 

3.2 Role of vWF/ADAMTS-13 and haptoglobin in the pathogenesis of CM 

The presence of ULvWF multimers was found to be correlated with severity of CM 

compared to the presence of dimers and small multimers in healthy controls (Larkin et 

al. 2009). Two groups of the pooled samples were studied: transfused survivors 

(n=10) and transfused non-survivors (n=10). To study the multimerization pattern of 

vWF in these groups, SDS-Agarose gel electrophoresis was used followed by 

immunobloting. The multimerization pattern of vWF dimers was not significantly 

different between the two groups of patients (Figure 3B). Further, to investigate the 

haptoglobin hypothesis we measured its levels in plasma of the same children using 

immunoassay. Hp levels were not significantly different across the groups (Figure 

2A). 
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Figure 3: Multimer analysis of vWF in the plasma of children with CM. Western blot of plasma vWF 
multimers resolved on SDS-agarose gel electrophoresis. A: Multimer analysis in healthy control children (n=6) 
and in children with CM (n=6). B: Multimer analysis in children with CM who were transfused and recovered 
(n=10) or died (n=10). Tfus: transfused. 

	  

4 DISCUSSION  

In this study, we report clinical proteomics data that identifies a number of markers 

that are associated with death in children with CM from the Gambia. In this data, nine 

parasite proteins were detected and were all consistently higher in fatal cases 

indicating the association of parasite density with death in CM. However, it was 

reported that about sixty percent of the children who die of CM had hemorrhage and 

accumulated white cells and thrombi in addition to sequestration (Taylor et al. 2004) 

suggesting a cross-talk of sequestration, inflammation and coagulation in the 

pathology.  

Coagulation is activated in malaria as a result of cytokine-mediated 

endothelial activation, increased circulating endothelial and platelet-derived 
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microparticles, and/or platelet adhesion to endothelium (Moxon et al. 2009). In the 

murine model, ICAM-1 knock out renders mice resistant to ECM (Favre et al. 1999). 

TNF mediated up-regulation of endothelial ICAM-1 causes PfIE and platelets 

adhesion to brain endothelial cells through Pfemp-1. In accordance, the data show that 

ICAM-1 and VCAM-1 were up-regulated in fatal cases indicating that endothelial 

activation is associated with fatal outcome. Further, vWF was up-regulated in fatal 

cases. This reflects increased endothelial activation that causes translocation of 

Weibel–Palade bodies contents, including vWF, to the cell surface leading to vWF-

mediated platelet adhesion and aggregation. 

In African children, CM is associated with high levels of IL-6, IL-10, and 

TNF-α (Idro et al. 2005). High levels of TNF-α in the sera of children with SM in 

Malawi were associated with death (N. J. White and Krishna 1989). Generally, 

cytokines associated with inflammation stimulate the production of ACP (Gabay and 

Kushner 1999). In adults with SM, the two prominent positive ACP, SAA-1 and CRP, 

were correlated with severity (Gillespie et al. 1991). In accordance, the data show 

consistent up-regulation of ACP in children who died of CM. However, CRP was not 

significantly different between the groups. Cytokines increase the expression of tissue 

factor on endothelial and mononuclear cells that in turn mediates disseminated 

intravascular coagulation (DIC) through the extrinsic pathway (Levi and Cate 1999). 

In sepsis, this leads to thrombocytopenia and depletion of coagulation factors that 

eventually leads to bleeding. As is the case in thrombocytopenic thrombotic purpura 

(TTP) and the hemolytic uremic syndrome (HUS) (Furlan et al. 1998), 

thrombocytopenia is evident in children with SM (Gérardin et al. 2002). Interestingly, 
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the data show that five factors of the coagulation cascade (F13A1, F13B, F10, F5, 

F9), fibrinogen and prothrombin were down-regulated in fatal cases indicating 

depletion of coagulation factors in fatal CM. Among the physiologic anticoagulants, 

Vitamin K dependent protein C and S, key modulators of hemostasis and 

inflammation, were not significantly different between survivors and fatal cases. 

However, thrombin inhibitors PAI-1 (SerpinD1) and AT-III (SerpinC1) were down-

regulated in children who died. AT III activity decreases in SM but there are no 

reports on its activity in CM (Moxon et al. 2009). Low levels of AT III are associated 

with severity of inflammation in fatal septic shock compared to reversible severe 

sepsis (Mesters et al. 1996). Similarly, low levels of AT III in the plasma of fatal CM 

cases are possibly due to consumption by the hyper-coagulation state or due to 

impaired liver synthesis (Levi and Cate 1999). The absence of reports on neutrophil 

activation in children with CM excludes degradation of AT III by elastase.  

Retinal hemorrhage is associated with death in CM (Olumese et al. 1997), is 

useful for prognosis (Beare et al. 2004) and distinguishes malarial from non-malarial 

coma in children (Taylor et al. 2004). White et al showed in 46 children with CM that 

retinal hemorrhages were associated with a 3.4 increase in odds of death (V. A. White 

et al. 2001). In line with the correlation of retinal hemorrhage with death and with the 

detection of petechial brain hemorrhage in postmortem analysis of children who died 

of CM, the data suggest that increased endothelial activation in fatal cases and the 

subsequent hyper-coagulation is probably a DIC state that eventually causes depletion 

of the coagulation factors leading to brain and retinal hemorrhages. Bearing in mind 

the bidirectional activation relation of coagulation and inflammation (Levi, van der 
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Poll, and Büller 2004), it is compelling to interpret these signatures in the same 

context suggesting a viscous loop of activated-platelet-induced adhesion and 

coagulation. The hypothesized model for the mechanism by which CM turns fatal is 

outlined in Figure 4. 

 

Another interesting signature is the consistent up-regulation of all detected 

20S proteasome subunits in the plasma of fatal cases. Circulating 20S proteasomes 

levels increase in the sera of septic patients (Roth et al. 2005) and in a number of 

Figure 4: Model of Fatal CM. The hypothesized model of the mechanism by which CM turns fatal indicates that 
hyper-paraistemia and hyper-EC activation lead to a DIC state that depletes coagulation factors. This effect is 
likely the cause of petechial brain and retinal hemorrhages that are correlated with fatal outcome in pediatric CM. 
The consistent up-regulation of acute-phase proteins in fatal cases reflects the ongoing mutual inflammation-
coagulation activation. TF: tissue factor. 
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malignancies (Lavabre-Bertrand et al. 2001). Erythrocytes provide a wealthy source 

of human 20S proteasomes (Claverol et al. 2002), however, the subtype pattern of 

20S proteasomes circulating in plasma under healthy conditions does not originate 

from the cytolysis of erythrocytes, platelets, monocytes, or T-lymphocytes (Zoeger et 

al. 2006). This result introduces elevated levels of circulating proteasomes as a 

marker of death in children with CM. The origin of proteasomes might reflect the 

cytolysis of erythrocytes in case of increased hemolysis, or the cytolysis of 

monocytes, platelets or microparticles as a result of severe inflammatory response. To 

determine the origin of these proteasome subunits and hence the underlying 

pathology, subtype pattern of the proteasomes using electron microscopy is required. 

The data show no distinct hemolytic signature as reflected by free Hb levels. 

In addition, Hp was not significantly different in fatal cases compared to survivors. 

However, CD163 was up-regulated in children with fatal CM. Interestingly, eleven 

enzymes of the glycolysis pathway were consistently up-regulated in fatal cases. 

Glycolytic enzymes are intracellular proteins that mediate aerobic cellular respiration. 

These enzymes are not among the normal human plasma proteome (N. L. Anderson 

and N. G. Anderson 2002b). Thus, the origin of these enzymes is probably the lysis of 

erythrocytes as a result of an ongoing hemolysis. Taken together, these results suggest 

that hemolysis might not be correlated with poor outcome in pediatric CM; however, 

macrophage activation might increase in fatal cases as a result of increased 

inflammatory response and coagulation activation. 

In conclusion, the data show the association of depletion of coagulation 

factors with death in children with CM in the Gambia. This might imply an 
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underlying state of inflammation-induced disseminated intravascular coagulation. 

Also, the data show the association of 20S proteasomes in the plasma with death. Its 

important to note that these proteomic signatures shed light on the ongoing 

pathophysiology, however, further validation studies are required to confirm these 

patterns; measurement of coagulation factors levels and identification of subtype 

patterns of 20S proteasomes using electron microscopy in individual samples. 

In addition to characterizing proteomic signatures, the mechanism of the 

beneficial effect of blood transfusion on CM in children was investigated. The 

multimerization patterns of vWF in children with CM who were transfused and 

survived or died were compared. Also, Hp levels in the plasma of these two 

subgroups were measured. The results suggest that neither hypothesis can explain the 

beneficial effect of blood transfusion on children with CM. This might not confirm 

that replenishing blood glucose and oxygen levels can alone explain the beneficial 

effect, however, it excludes the other two mechanisms and hence saves efforts in 

further investigations on ADAMTS13 and Hp as potential therapeutics.   
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 Chapter 2: Characterization of host brain response in 

experimental cerebral malaria 

 

1 Introduction 

1.1 Strategies of research in cerebral malaria 

The pathogenesis of CM has been extensively studied using diverse strategies that 

collectively contributed to the current understanding of the disease. Clinical studies 

and postmortem analysis of patients in malaria-endemic regions are conducted to 

directly study HCM. However, postmortem analysis of human brains allows only a 

limited view of the pathological development in time of the pathology. Also, 

unsurprisingly, clinical studies do not allow testing of all possible interventions. Thus, 

animal and in-vitro models have provided the mainstay tools for simulating the brain 

microvascular environment to further understand the pathology and test new 

interventions.  

Human Umbilical Vein Endothelial Cells (HUVEC), microvascular cells, and 

retinal whole-mount system have been long used as in vitro models to study 

rheologic, barrier and functional properties of microvasculature. Whereas in vivo 

animal models have been used mainly to study the immune-pathological changes that 

underlie CM. It is conceivable that primate and murine models are very close to 

HCM. Primates are best used to study PfIEs sequestration, however, the use of this 

model is limited by its high cost, difficulty of generating genetically modified 
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animals, and many ethical considerations. In addition, the neurological syndrome in 

primates has low and variable incidence and low reproducibility (Lou, Lucas, and 

Grau 2001; Lou et al. 2001).  

1.2 Experimental cerebral malaria (ECM) 

1.2.1 Features of ECM 

The Plasmodium berghei ANKA (PbA) parasite model is widely used to study CM 

because of the reproducibility and high incidence rate of the neurological syndrome it 

develops in C57/BL6 and CBA mice. The neurological syndrome occurs six to 

fourteen days post infection causing a mortality of up to 90%. The manifestations of 

the disease are similar to a great extent to the clinical features of HCM.  These 

manifestations include signs of hemi- or paraplegia, deviation of the head, ataxia, and 

convulsions (Lou et al. 2001). PbA infection in the hybrid Balbc x C57/BL6 mouse 

model develops reversible impaired consciousness similar to HCM (Hearn et al. 

2000). 

1.2.2 Pathology of ECM 

Sequestration is evident in both human and experimental CM. Both leukocytes and 

PfIEs adhere to ICAM-1 that is up-regulated on brain endothelial cells in both human 

and experimental CM; leukocytes sequester mainly in mouse, whereas PfIEs 

sequester mainly in humans (Hunt and Grau 2003). However, mononuclear cells 

margination was reported in human brain microvasculature (Patnaik et al. 1994). In 

addition, sequestration of PfIEs in brains of mice with CM was also reported (Hearn 

et al. 2000). Furthermore, as is the case in HCM, platelets might have a role in ECM 
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pathogenesis. Platelets express leukocyte function-associated antigen-1 (LFA-1) that 

binds to ICAM-1 on endothelial cell surface and leads to platelet sequestration that 

contributes to vasculature blockage.  

In ECM, parasite-induced host cytokines have a role in enhancing 

sequestration. Georges Grau and colleagues proposed that this model might apply to 

HCM (Lou et al. 2001). PfIEs might activate monocytes either directly or indirectly 

through the stimulation of T-helper-1 (TH-1) cells that secrete Interferon-gamma 

(IFN-γ). Activated monocytes in turn express both soluble and transmembrane forms 

of tumor necrosis factor (sTNF and mTNF), that bind TNF-Receptor-2 (TNF-R2) on 

brain endothelial cells and lead to up-regulation of ICAM-1 expression on the cells 

surface. The roles of CD4+ and CD8+ T cells as inducers and effectors of the 

pathogenesis, respectively, have been described. Also, T-cells, neutrophils and 

macrophages are involved in the initiation rather than the effector phase of CM. 

However, low NO bioavailability has been reported to predispose to ECM (Gramaglia 

et al. 2006). 

Medana et al. showed that the modification and permeabilization of the blood 

brain barrier that occur two-to-three days post infection in ECM induce microglia 

activation and reactive changes in astrocytes. Later in the course of the disease, 

microglia express TNF, astrocytes are damaged, and the immune system is activated 

(Hunt and Grau 2003). Microglial activation and astrogliosis were also demonstrated 

in HCM manifested as up-regulation of MRP8 and MRP14 (Schluesener, Kremsner, 

and Meyermann 1998). Changes in microglia and astrocytes might affect brain 

parenchyma and lead to adverse neurological effects that might account for the long-
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term neurological sequelae in the recovering patients. 

1.2.3 Advantages and disadvantages of the ECM model 

Collectively, the pathological changes shared by ECM and HCM, the high incidence 

and reproducibility of the neurological syndrome, and the availability of genetically 

modified mice, have justified the use of the mouse model to investigate the pathology 

of CM. However, the fact that mice cannot be infected by P. falciparum and the 

absence of reversibility of the syndrome has limited the extrapolation of the results 

from murine experiments to human trials. On the one hand, White et al. casted doubts 

on the significance of the use of the murine model to study CM arguing that it has not 

contributed to the clinical setting and that more clinical studies should be conducted 

instead (N. J. White et al. 2010). On the other hand, the murine model for nearly three 

decades has significantly contributed to the current understanding of the pathology 

that is inevitable to develop new therapeutic strategies. Further, as is the case for 

many diseases, the use of a murine model has been always useful to test the 

interventions that cannot be directly tested in clinical trials (Hunt et al. 2010) given 

that the features of the syndrome and the pathology are similar.  

1.3 Mouse brain proteomics 

Brain tissue and cerebrospinal fluid of wild type and genetically-modified mice have 

been proven useful models to study neurological diseases (Choudhary and Grant 

2004). Due to the importance of membrane proteins in mediating neurological 

diseases, extensive efforts pursued recovering membrane proteomes of the brain 

tissue. Recently, Filter Aided Sample Preparation (FASP) was introduced to recover 
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membrane proteins from different tissues (Wiśniewski et al. 2009b) and was further 

optimized for mouse hippocampal membrane proteome (Wiśniewski, Zougman, and 

Mann 2009a).  

1.4 Study objectives 

The aim of this study is to optimize a proteomics workflow to characterize the host 

response to ECM, thereby, give insights into the possible pathological mechanisms of 

the disease in mouse as a model for HCM. To that end, shotgun proteomics approach 

was used to provide a comprehensive proteomic profiling of the brain of mice 

infected with PbA and developed neurological signs compared to mice infected with 

P. berghei NK56 (Pb NK56) and did not develop signs. FASP protocol and protein 

fractionation were used to enrich membrane proteins. 

2 MATERIALS AND METHODS 

2.1 Mice and parasites 

Twelve wild type C57/Bl6 mice (provided by Oliver Bilker, Wellcome Trust Sanger 

Institute, Hinxton, Cambridge, UK) were used for this study. Four mice were infected 

with 106 PbA parasitized erythrocytes, four mice were infected with 106 Pb NK65 

parasitized erythrocytes, and four mice were not infected. Mice infected with PbA 

were sacrificed at the onset of the neurological signs six-to-seven days post infection. 

Also, mice infected with Pb NK56 where sacrificed on days six-to-seven post 

infection. Whole brain samples were dissected and snap-frozen in liquid nitrogen.  

2.2 Sample processing 
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Brains were cut into two halves: one was used for proteomic profiling and the other 

was used for transcriptomic analysis. Each half was minced in five volumes of cold 

phosphate buffered saline (PBS) with protease inhibitor cocktail (Roche) then gently 

spun (100xg for one minute) to pellet the tissue.  The pelleted tissue was 

homogenized in SDS-DTT buffer (0.175 Tris HCL, pH 8.8, 5%SDS, 0.3 M DTT, 6M 

Urea, and 2M Thiourea) to which protease inhibitor cocktail (Roche) and phosphatase 

inhibitor cocktails 2 and 3 (Sigma) were added. Tissue homogenization was done 

using Ultra-Turbax T8 homogenizer (IKA LABOR TECHNIK) at maximum speed 

for 30 seconds. Homogenized samples were sonicated on ice for 30 seconds to break 

down DNA and then spun at 500xg for five minutes to check homogenization 

efficiency. Supernatants were collected and four volumes of ice cold 100% acetone 

were added immediately, mixed by vortexing and then placed at -20oC for one hour to 

precipitate proteins.  Samples where then centrifuged for 15 minutes at 5000xg to 

collect precipitated proteins that were then washed twice with 1.5 ml of cold 80% 

acetone. The final pellet was resuspended in 0.5-1 ml urea buffer (6M urea buffer, 

100 mM Tris HCL, pH 7.8) and then spun for five minutes at 5000xg to collect 

soluble proteins in the supernatants and hydrophobic proteins in the pellets that were 

then resuspended in SDS-DTT buffer. Total protein concentrations were quantitated 

using fluorescence quantitation kit EZQ® (Invitrogen). 

2.3 Proteins digestion 

Pelleted hydrophobic proteins were digested using FASP protocol as described before 

(Wiśniewski et al. 2009b) with modifications. Briefly, 250 µg of cell lysates and up to 
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250 µl of UA buffer (8 M urea, 0.1 Tris HCL, pH 8.5) were filtered in Amicon ultra-

0.5, 30 K vertical-filters (Millipore) at 14000xg for 20 minutes and followed by two 

dilution/re-concentration steps in 250 µl UA buffer at the same speed for 20 minutes 

each and discarding flow-thought fractions. The samples were then mixed with 100 µl 

IAA solution (0.05 M IAA in UA buffer) at 500 rpm for one minute and incubated at 

room temperature and then centrifuged at 14000xg for ten minutes. Filters were then 

washed with 250 µl UA buffer at 14000xg for 20 minutes followed by three washing 

steps in 250 µl ABC (0.05 NH4HCO3 in water) at the same speed for 20 minutes each. 

Proteins were then digested overnight at 37oC in 80 µl ABC and trypsin solution (in 

ABC) enough to make a trypsin to protein ratio of 1:40. Filters were then centrifuged 

upside down at 14000xg for one minute then washed with 100 µl 0.5M NaCl and 

centrifuged upside down at 14000xg for another minute. Filters were then washed 

with 100 µl water and centrifuged upside up at 14000xg for ten minutes. FA was 

added to a final concentration of 5% to stop trypsin and peptides were then purified as 

described for plasma samples. 

2.4 Tandem mass-spectrometry (MS/MS) 

Label free quantitation was done using LTQ-Orbitrap Velos MS/MS (Thermo™). 

Samples were run using 0.5 µg of peptides per sample per run. Two technical 

replicates per specimen were run to achieve between-run, and total precision. All 

experiments were run in positive mode. LC-MS/MS analysis of the digested material 

of mouse brain and plasma samples was carried out by a nano-UPLC-MS/MS system 

using a 75 µm-inner diameter x 25 cm C18 nanoAcquity UPLCTM column (Waters) 
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with two hours gradient of 2-40% solvent B. The nanoAcquity UPLC system (final 

flow rate, 0.25 µl/min) was coupled to Orbitrap Velos (Thermo). MS scan was done 

on the Orbitrap with mass range: 300-2000 (m/z) and mass resolution: 30000, 

analyzing top 20 peaks with exclusion list of 500 and a dynamic exclusion duration of 

20. Fragmentation was done in CID mode in the Iontrap at collision energy 35V.  

2.5 Data processing  

Data of the LTQ-Orbitrap MS/MS for mice brains was processed using Progenesis 

LC-MS (Linear Dynamics), which uses the ion intensities recorded in MS data instead 

of spectral counting. The quantitation is based on the alignment of retention time 

curves and comparing area under the curve for the respective peptide features. The 

search was done against IPI_mouse database (Mouse, v3.56) using MASCOT 

(Perkins et al. 1999). All searches were done with the following parameters: peptide 

tolerance, 50 ppm; 13C = 1; fragment tolerance, 0.1 Da; missed cleavages. To 

normalize data, one run was selected as a reference. Then, for each feature, 

quantitative abundance ratio was calculated between each run and the reference run. 

Only features used for proteins identification were used for normalization.  

2.6 Statistics 

Analysis of variance (ANOVA) and multiple (Welch) t-test were performed using 

SPSS statistics 19.0 (IBM). Principal component analysis and false discovery rate 

(FDR) were computed using the open source statistical software R. Hierarchical 

clustering and heat maps were generated using PermutMatrix 1.9.3 (Caraux and 

Pinloche 2005). Clustering was done with the following parameters: distance: Pearson 



45	  
	  

centered; aggregation: average linkage UPGMA. Significance Analysis of Microarray 

(SAM) was performed using Multiple Array Viewer MeV 4.8 (Saeed et al. 2003). 

3 RESULTS 

The brain proteome of twelve C57/Bl6 mice was characterized using an unbiased 

shotgun label free quantitation. Brain tissue of mice infected with PbA (n=4) and 

developed neurological signs was compared to that of mice infected with Pb NK56 

(n=4) and did not develop any neurological signs, and to control non-infected mice. 

Collectively, 2248 proteins were identified in both supernatants and pellets. Only 

proteins identified with unique peptides were considered for further analysis. Of 

these, 1239 proteins were common, 521 were uniquely identified in supernatants and 

488 were uniquely identified in pellets. Enriched cellular components Gene Ontology 

(GO) terms of genes encoding the identified proteins was obtained using EASE 

functional annotation tool with a Fisher-Exact P-value threshold of 0.05 (Table 2, 

Appendices). Of the identified proteins, 279 plasma membrane, 273 cytoskeleton, 246 

organelle membrane, 170 cytosol, 107 synapse, 112 cell junction, and 122 

ribonucleoprotein complex proteins were detected. Relative abundance of proteins 

across samples was quantitated by alignment of retention time spectra and comparing 

the area under the curve (AUC) of the respective peptide features.  

One-way ANOVA was used to produce a preliminary list of differentially 

expressed proteins between the three groups of mice. Adjusted P-values (Q-values) 

were calculated using the characteristics of P-value distribution. At FDR 1%, 170 

differentially expressed proteins were identified among the groups. Using multiple 
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unpaired (Welch) t-test on this set of proteins identified 112 CM-specific proteins. To 

validate the variability across the groups unsupervised hierarchical clustering of all 

the detected proteins clustered PbA infected mice together and showed an overlap 

between Pb NK56 infected and control non-infected mice (Figure 5A). This was 

further confirmed by principal component analysis (PCA) (Figure 6). The overlap is 

probably due to the large background set of non-differentially expressed proteins. 

Hierarchical clustering based on the preliminary set of differentially expressed 

proteins correctly assigned eleven mice into their biological groups. One Pb NK56 

infected mouse was incorrectly clustered with the control non-infected mice (Figure 

5B).  

To identify CM specific proteomic signature and hence CM specific host 

response, a strict statistical approach was applied to the protein data set. SAM is a 

statistical analysis method used for microarray data to measure the correlation 

between expression profiles and an outcome using a non-parametric permutation-

based analysis that overcomes the limitations of the equal variance and gene 

independence assumptions of ANOVA (Tusher, Tibshirani, and Chu 2001). SAM was 

used to identify the proteins that are significantly differentially expressed in mice that 

developed SM (n=8) compared to non-infected control mice (n=4).  A set of 345 

differentially expressed proteins in mice with SM was identified with 1000 

permutations at FDR 1%. SAM was then applied to this set to identify differentially 

expressed proteins in mice with CM compared to mice with severe non-CM. This 

analysis identified 59 proteins that are specific to mice with CM at FDR 1% (Table 

3).   
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Figure 5: Proteomic profiles in non-infected, SM, or ECM mice. Dendrograms of individual mice (horizontal) 
and proteins (vertical) represent overall similarities in proteomic profiles. Each row represents a protein; each 
column represents a mouse. The normalized protein quantitation value is represented according to the color scale 
at the bottom. Red and green indicate quantities above and below the median protein value across the samples, 
respectively. A: Hierarchical clustering of 12 brain samples, using quantitation values of all detected proteins. B: 
Hierarchical clustering of the 12 brain samples, using quantitation values of 170 significant differentially 
expressed proteins across the three groups. 
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Table 3: Differentially expressed proteins in brain tissue of mice with ECM. 

Protein Id Protein name P-value FDR ANKA/NK56 
fold change 

NK56/Control 
fold change 

Unique 
peptides 

IPI00130883 RNA binding motif protein 3 0.0002 0.000 2.39 1.79 4 
IPI00469387 fetuin beta 0.0001 0.000 6.91 7.55 2 
IPI00114958 kininogen 1 0.0003 0.000 5.34 3.53 8 
IPI00323412 mucin-4 0.0008 0.000 14.79 8.54 1 
IPI00128249 alpha-2-HS-glycoprotein 0.0019 0.000 6.26 2.22 7 
IPI00126184 group specific component 0.0001 0.000 7.10 2.24 9 
IPI00123920 alpha-1-antitrypsin 1-3 0.0004 0.000 9.06 3.11 4 
IPI00123924 serine peptidase inhibitor, clade A,  

member 1D 
0.0005 0.000 11.91 3.79 2 

IPI00131695 albumin 0.0002 0.000 4.58 2.78 55 
IPI00139788 transferrin 0.0002 0.000 3.07 2.40 45 
IPI00128484 hemopexin 0.0004 0.000 3.67 2.77 22 
IPI00118130 orosomucoid 1 0.0004 0.000 5.33 3.76 3 
IPI00129250 leucine-rich alpha-2-glycoprotein 1 0.0004 0.000 10.09 3.08 5 
IPI00115522 fibrinogen alpha chain 0.0000 0.000 5.72 2.16 12 
IPI00130307 chromogranin B 0.0001 0.000 3.20 3.62 1 
IPI00120886 Y box protein 1 0.0005 0.867 1.95 3.97 1 
IPI00471295 transcription elongation factor  

A (SII)-like 3 
0.0001 0.000 2.61 2.29 4 

IPI00118923 protein phosphatase 1, regulatory  
subunit 11 

0.0027 0.867 2.15 2.82 1 

IPI00118455 serum amyloid A 1 0.0050 0.867 2.29 2.56 3 
IPI00553784 PEST proteolytic signal containing  

nuclear protein 
0.0008 0.867 1.90 2.45 2 

IPI00229517 lectin, galactose binding, soluble 1 0.0008 1.589 1.83 3.25 1 
IPI00121887 transcription elongation factor A 

(SII) 1 
0.0020 0.867 1.91 2.74 1 

Figure	  6:	  Principal	  component	   analysis	  of	   individual	  mice.	  PCA	  of	  12	  brain	  samples	  plotted	  in	  
two	  components	  explaining	  98.2%	  of	  the	  variability. 
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IPI00224821 von Willebrand factor A domain  0.0009 0.867 2.01 2.94 1 
IPI00165902 translocase of inner mitochondrial  

membrane 10 homolog 
0.0005 0.000 1.96 3.01 1 

IPI00317966 steroid receptor RNA activator 1 0.0004 0.000 2.39 2.30 1 
IPI00123063 CAP-GLY domain containing 

linker 
 protein 1 

0.0050 0.867 1.83 1.97 1 

IPI00127598 ATPase inhibitory factor 1 0.0024 0.000 2.47 2.66 1 
IPI00132169 translocase of inner mitochondrial  

membrane 8 homolog b 
0.0013 0.867 2.26 2.33 1 

IPI00121038 versican 0.0005 0.000 1.63 1.77 8 
IPI00133163 ATPase, H+ transporting, 

lysosomal V1  
subunit G1 

0.0009 0.867 1.90 1.85 2 

IPI00880375 acylphosphatase 2, muscle type 0.0029 1.589 1.56 1.62 3 
IPI00113240 metallothionein 2 0.0019 0.000 3.04 2.65 2 
IPI00122312 fibrinogen gamma chain 0.0000 0.000 6.15 1.65 6 
IPI00877236 apolipoprotein A-I 0.0008 0.000 5.58 1.81 9 
IPI00322936 plasminogen 0.0007 0.000 4.70 3.23 2 
IPI00127856 orosomucoid 2 0.0080 0.867 3.13 32.51 1 
IPI00129525 cyclic AMP-regulated 

phosphoprotein, 21 
0.0025 0.000 2.12 1.85 1 

IPI00133110 thioredoxin domain containing 12  
(endoplasmic reticulum) 

0.0018 0.867 1.56 1.67 1 

IPI00121073 cold inducible RNA binding 
protein 

0.0001 0.000 4.00 3.97 1 

IPI00117063 fusion, derived from t(12;16) 
malignant liposarcoma 

0.0007 0.000 1.61 1.68 5 

IPI00221581 eukaryotic translation initiation 
factor 4B 

0.0008 0.867 1.63 1.81 8 

IPI00133616 dysbindin domain containing 2 0.0001 0.000 2.32 3.49 1 
IPI00471441 parathymosin 0.0003 0.000 1.87 2.06 2 
IPI00119058 growth factor receptor bound 

protein 2 
0.0012 0.867 1.66 1.78 5 

IPI00321978 RAN binding protein 1 0.0020 1.589 1.57 1.89 3 
IPI00119886 myo-inositol 1-phosphate synthase 

A1 
0.0007 0.000 2.16 1.98 3 

IPI00308484 SPARC-like 1 0.0002 0.000 2.31 1.97 9 
IPI00165706 SMT3 suppressor of mif two 3 

homolog 2  
0.0001 0.000 2.62 1.87 2 

IPI00114252 prostaglandin D2 synthase (brain) 0.0004 0.000 1.78 1.80 1 
IPI00313817 hepatoma-derived growth factor 0.0012 0.867 1.60 1.70 4 
IPI00420440 acylphosphatase 1, erythrocyte 

type 
0.0016 0.867 1.62 1.79 3 

IPI00116945 complement factor D (adipsin) 0.0070 0.867 2.29 3.62 1 
IPI00400016 laminin, gamma 1 0.0011 0.000 2.14 1.60 1 
IPI00133411 family with sequence similarity 

136, member A 
0.0010 1.589 1.68 1.77 4 

IPI00123709 A kinase (PRKA) anchor protein 
(gravin) 12 

0.0003 0.000 1.99 2.26 2 

IPI00226416 GPRIN family member 3 0.0013 0.000 1.98 2.15 1 
IPI00986633 maltase-glucoamylase 0.0020 0.000 2.17 1.80 1 

§ FDR: false discovery rate. P-value: one-way ANOVA P-value. 

Enriched GO terms of genes encoding CM specific proteins was obtained 

using EASE functional annotation tool. Using a Fisher-Exact P-value threshold of 

0.05, fourteen biological process GO terms were strongly enriched in the annotation 
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categories (Table 3, Appendices). The terms fall into two broad functional categories: 

coagulation, acute phase response and inflammation. To further validate the 

shortlisted proteins, hierarchical clustering of the 59 significant differentially 

expressed proteins was done. The clustering classified the proteins into four clusters 

that completely discriminated the PbA infected mice form the rest of the non-CM 

mice (Figure 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

4 DISCUSSION  

In this pilot study, a workflow of generating, processing and analyzing proteomic data 

from brain tissue of mice was established. Here, the FASP protocol was optimized to 

Figure	  7:	  Hierarchical	   clustering	  of	   ECM	   specific	   proteins.	  Hierarchical	  clustering	  of	   the	  brain	  
samples,	   using	   quantitation	   values	   of	   59	   significant	   differentially	   expressed	   proteins	   in	   mice	  
infected	   with	   ECM.	   	   Dendrograms	   of	   individual	   mice	   (horizontal)	   and	   proteins	   (vertical)	  
represent	  overall	  similarities	  in	  proteomic	  profiles.	  Each	  row	  represents	  a	  protein;	  each	  column	  
represents	  a	  mouse.	  The	  normalized	  protein	  quantitation	  value	  is	  represented	  according	  to	  the	  
color	  scale	  at	  the	  bottom.	  Red	  indicates	  quantities	  above	  the	  median.	  Green	  indicates	  quantities	  
below	  the	  median. 
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expand the brain proteome coverage to include membrane proteins that are of 

biological significance to the pathologenesis of CM. The initial data of the identified 

proteins covered reasonable numbers of plasma membrane, organelle membrane, and 

synapse proteins that will be very useful to study CM pathology in genetically 

modified mice. Statistical analysis of the data is adopted from an established 

approache of analyzing mice brain microarray data (Delahaye et al. 2006). This 

workflow will be applied further to study the proteomes of genetically modified mice 

that were rendered resistant to ECM, namely, apolipoprotein E (APOE) knock out 

(KO), MyosinVA KO, and INF-γ receptor KO mice. 

The proteomic signatures of the brains of C57/Bl6 mice infected with PbA and 

developed ECM, infected with Pb NK56 and did not develop ECM, and control non-

infected mice, were characterized. Using a rigorous and strict statistical analysis, 59 

host proteins that are significantly differentially expressed in mice infected with PbA 

were identified. These proteins are significantly correlated with ECM compared to 

severe non-CM and to healthy controls (Table 3).  

Accumulating evidence suggest the involvement of platelets adhesion in the 

pathology of ECM (Lou et al. 2001). In addition, petechial hemorrhages were 

observed in the late stages of ECM (Chang-Ling, Neill, and Hunt 1992). Among the 

59 significant proteins, four members of the coagulation cascade were strongly 

enriched: fibrinogen (alpha and gamma chains), kininogen-1, plasminogen, and vWF. 

The up-regulation of vWF reflects platelets adhesion in the brain microvasculature of 

mice with ECM.  Further, it correlates the pathology of ECM to that of HCM in 

which the role of vWF has been described (Larkin et al. 2009). Moreover, the higher 
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levels of fibrinogen, kininogen-1 and plasminogen indicate a state of hyper-

coagulation that is taking place in the brain microvasculature. This is in line with the 

data from human plasma. 

As is true in humans, the interplay of inflammation and coagulation is of 

particular interest in the mouse model (Levi et al. 2004). In this data, eleven acute-

phase proteins were enriched among the significant proteins: alpha-2-HS-

glycoprotein, complement factor D (adipsin), fibrinogen (alpha and gamma chain), 

kininogen 1, orosomucoid 1, orosomucoid 2, plasminogen, serum amyloid A 1, 

hemopexin, and transferrin. This result further confirms the inflammation hypothesis 

of the pathology and is in line with the data from human plasma. The remaining 49 

proteins showed a progressive pattern from control-uninfected mice through mice 

with CM and can serve as potential progression markers of the disease. Of these, five 

proteins are broadly involved in cell cycle regulation and/or apoptosis: Ran-specific 

GTPase-activating protein (Ranbp1), Galectin-1 (Lgals1), proteolytic signal-

containing nuclear protein (Pcnp PEST) and V-type proton ATPase subunit G 1 

(Atp6v1g1), Isoform 1 of Growth factor receptor-bound protein 2 (Grb2). Clear 

correlation between these proteins and the pathology cannot be adduced, however, 

roles in the cell signaling during ongoing apoptosis can still be proposed. 

In conclusion, the enrichment of the coagulation cascade proteins and acute-

phase proteins in the brains of mice that developed neurological signs supports the 

unified hypothesis that explains the pathology of CM in the context of the 

interrelation of sequestration, inflammation and coagulation. The agreement of these 

results with findings from the clinical studies validates the use of the murine model 
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and in turn opens the door for future studies to explore the potential role of adjuvant 

therapies to improve the clinical outcome in humans with CM.   
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 CONCLUSION 

 
In this thesis, two shotgun proteomic studies were conducted to study human and 

experimental CM. First, results from the clinical proteomics study on the plasma of 

children with CM show that the depletion of coagulation factors and the increase in 

circulating 20S proteasomes were both associated with fatal outcome. Further 

validation studies are required to confirm these results in individual samples on a 

large scale. Second, results from the proteomic study on brain tissue from mice 

infected with PBA, PB NK56, or non-infected, underscore the role of coagulation 

factors and acute-phase proteins in the development of experimental cerebral malaria.  

Taken together, the results of the two studies support the unified hypothesis of 

CM pathogenesis that involves the interaction of the two established hypotheses: 

sequestration and inflammation, with the coagulation dysregulation. Interestingly, the 

agreement of mouse and human data shows the validity of the experimental model to 

study HCM. Indeed, better understanding of the coagulation cascade may identify key 

pathogenic factors that can be used as targets for adjuvant therapies to reduce the 

mortality of CM. 
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 APPENDICES 
 
 
Table 1: Up- and down-regulated proteins in children with CM. 

IPI ID Protein name Fold  
change 

Sequence  
coverage 

Unique  
peptides 

IPI00000787 proteasome (prosome, macropain) subunit, beta type, 9 (large 
multifunctional peptidase 2) 

200 13 2 

IPI00000792 crystallin, zeta (quinone reductase) 200 60.5 15 
IPI00001539 acetyl-CoA acyltransferase 2 200 41.8 16 
IPI00001734 phosphoserine aminotransferase 1 200 16.4 5 
IPI00002147 chitinase 3-like 1 (cartilage glycoprotein-39) 200 18.3 6 
IPI00003865 heat shock 70kDa protein 8 200 6.3 5 
IPI00004101 betaine--homocysteine S-methyltransferase 200 17 6 
IPI00005969 capping protein (actin filament) muscle Z-line, alpha 1 200 9.1 2 
IPI00006988 resistin 200 31.5 3 
IPI00007244 myeloperoxidase 200 6 5 
IPI00008842 ureidopropionase, beta 200 15.1 2 
IPI00009197 regenerating islet-derived 1 beta 200 18.7 4 
IPI00009367 alanine-glyoxylate aminotransferase 200 19.6 5 
IPI00009802 versican 200 4.7 10 
IPI00009943 tumor protein, translationally-controlled 1 200 12.3 2 
IPI00010090 glutamate-cysteine ligase, modifier subunit 200 15.3 3 
IPI00010180 carboxylesterase 1 200 11 3 
IPI00010303 serpin peptidase inhibitor, clade B (ovalbumin), member 4 200 4.1 2 
IPI00011416 enoyl CoA hydratase 1, peroxisomal 200 29.6 9 
IPI00011695 Protease serine 2 isoform B 200 16.2 3 
IPI00011876 methylthioadenosine phosphorylase 200 14.1 2 
IPI00012007 adenosylhomocysteinase 200 7.2 3 
IPI00012503 prosaposin 200 3.2 2 
IPI00017704 coactosin-like 1 (Dictyostelium) 200 18.3 4 
IPI00018206 glutamic-oxaloacetic transaminase 2, mitochondrial (aspartate 

aminotransferase 2) 
200 18.8 5 

IPI00018534 histone cluster 1, H2bl 200 28.6 4 
IPI00020091 orosomucoid 2 200 13.4 3 
IPI00020557 low density lipoprotein receptor-related protein 1 200 2.6 10 
IPI00020599 calreticulin 200 7.4 3 
IPI00021347 ubiquitin-conjugating enzyme E2L 3 200 13.9 2 
IPI00021439 actin, beta 200 61.1 22 
IPI00022255 olfactomedin 4 200 4.1 2 
IPI00022810 cathepsin C 200 4.3 2 
IPI00023048 eukaryotic translation elongation factor 1 delta (guanine nucleotide 

exchange protein) 
200 9.3 2 

IPI00024670 receptor accessory protein 5 200 6.4 2 
IPI00025363 glial fibrillary acidic protein 200 6 3 
IPI00026256 filaggrin 200 6.5 2 
IPI00026259 aspartylglucosaminidase 200 7.2 2 
IPI00026272 histone cluster 1, H2ae 200 20.3 2 
IPI00027223 isocitrate dehydrogenase 1 (NADP+), soluble 200 26.1 9 
IPI00027230 heat shock protein 90kDa beta (Grp94), member 1 200 5.6 5 
IPI00027235 attractin 200 34.5 38 
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IPI00029039 regenerating islet-derived 3 alpha 200 22.3 2 
IPI00029568 pentraxin 3, long 200 23.6 6 
IPI00030075 fibrinogen-like 2 200 20.9 3 
IPI00030363 acetyl-CoA acetyltransferase 1 200 31.1 11 
IPI00031523 Putative heat shock protein HSP 90-alpha A2 200 16.6 5 
IPI00031708 fumarylacetoacetate hydrolase (fumarylacetoacetase) 200 26.3 10 
IPI00032293 cystatin C 200 23.3 2 
IPI00060416 FCH domain only 2 200 3.7 2 
IPI00073772 fructose-1,6-bisphosphatase 1 200 42.9 11 
IPI00075248 calmodulin 2 (phosphorylase kinase, delta) 200 28.4 3 
IPI00106687 latexin 200 12.2 2 
IPI00215914 ADP-ribosylation factor 1 200 11.8 2 
IPI00216057 sorbitol dehydrogenase 200 12.6 4 
IPI00217468 histone cluster 1, H1b 200 8.8 3 
IPI00218297 4-hydroxyphenylpyruvate dioxygenase 200 41.5 12 
IPI00218568 pterin-4 alpha-carbinolamine dehydratase/dimerization cofactor of 

hepatocyte nuclear factor 1 alpha 
200 32.7 4 

IPI00218667 stathmin-like 2 200 10.1 2 
IPI00218896 alcohol dehydrogenase 1A (class I), alpha polypeptide 200 29.3 10 
IPI00218899 alcohol dehydrogenase 4 (class II), pi polypeptide 200 15 4 
IPI00218914 aldehyde dehydrogenase 1 family, member A1 200 24.8 8 
IPI00219219 lectin, galactoside-binding, soluble, 1 200 25.9 3 
IPI00219365 moesin 200 11.5 8 
IPI00219684 fatty acid binding protein 3, muscle and heart (mammary-derived 

growth inhibitor) 
200 39.8 5 

IPI00220267 argininosuccinate lyase 200 23.5 4 
IPI00220362 heat shock 10kDa protein 1 (chaperonin 10) 200 83 4 
IPI00291006 malate dehydrogenase 2, NAD (mitochondrial) 200 19.2 5 
IPI00291175 vinculin 200 4.6 3 
IPI00291419 acetyl-CoA acetyltransferase 2 200 12.7 4 
IPI00292657 prostaglandin reductase 1 200 7 2 
IPI00292858 thymidine phosphorylase 200 20.7 6 
IPI00295363 ornithine carbamoyltransferase 200 18.1 6 
IPI00295400 tryptophanyl-tRNA synthetase 200 14.9 5 
IPI00296053 fumarate hydratase 200 22.3 8 
IPI00297487 cathepsin H 200 8.4 2 
IPI00297641 keratin 38 200 3.1 2 
IPI00299145 keratin 6C 200 18.5 10 
IPI00300086 quinolinate phosphoribosyltransferase 200 24.2 4 
IPI00300567 enoyl-CoA delta isomerase 1 200 22.2 6 
IPI00418163 cDNA FLJ54406, highly similar to Complement C4-B 200 59.5 88 
IPI00419237 leucine aminopeptidase 3 200 12.7 5 
IPI00442121 aminolevulinate dehydratase 200 8.8 2 
IPI00448095 dicarbonyl/L-xylulose reductase 200 36.4 7 
IPI00453473 histone cluster 1, H4l 200 38.8 4 
IPI00465343 alcohol dehydrogenase 1C (class I), gamma polypeptide 200 30.4 8 
IPI00472043 D-dopachrome tautomerase-like 200 42.5 7 
IPI00473031 alcohol dehydrogenase 1B (class I), beta polypeptide 200 37.9 11 
IPI00479708 immunoglobulin heavy constant mu 200 15.5 4 
IPI00643041 RAN, member RAS oncogene family 200 9.3 2 
IPI00647161 receptor accessory protein 6 200 23.9 5 
IPI00654875 Complement C4-B 200 57.5 86 
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IPI00657682 glutathione S-transferase alpha 1 200 8.6 2 
IPI00745872 Serum albumin 200 60.3 32 
IPI00746777 alcohol dehydrogenase 5 (class III), chi polypeptide 200 12.6 4 
IPI00783313 phosphorylase, glycogen, liver 200 4.6 4 
IPI00784865 immunoglobulin kappa variable 3-20 200 43 8 
IPI00788786 cDNA FLJ51654, highly similar to von Willebrand factor 200 33.3 83 
IPI00789477 Putative uncharacterized protein 200 61.7 36 
IPI00795055 Zinc finger protein 252 200 17.1 7 
IPI00795830 Apolipoprotein A-I 200 55.6 10 
IPI00796333 aldolase A, fructose-bisphosphate 200 51.7 21 
IPI00844600 S100 calcium binding protein A12 200 48.2 5 
IPI00909594 complement component 7 200 50.8 24 
IPI00916111 Malate dehydrogenase, cytoplasmic 200 39.2 11 
IPI00947285 suprabasin 200 15.3 2 
PF13_0141 L-lactate dehydrogenase 200 11.7 3 
PF14_0378 triosephosphate isomerase 200 13.7 3 
PFB0340c serine-repeat antigen protein 200 3.9 4 
PFF0510w histone H3 200 16.9 3 
IPI00414676 heat shock protein 90kDa alpha (cytosolic), class B member 1 169.9912892 16.4 12 
IPI00382470 Heat shock protein HSP 90-alpha 60.56187767 34.6 24 
IPI00465315 cytochrome c, somatic 59.67868852 25.7 3 
IPI00218407 aldolase B, fructose-bisphosphate 33.89484431 78 22 
IPI00329331 UDP-glucose pyrophosphorylase 2 32.77909739 38 18 
PF10_0121 hypoxanthine phosphoribosyltransferase 26.62057049 30.3 6 
IPI00021085 peptidoglycan recognition protein 1 23.72928177 31.6 4 
IPI00025276 Uncharacterized protein 11.68568831 4.8 9 
IPI00006705 secretoglobin, family 1A, member 1 (uteroglobin) 10.07985481 12.1 2 
IPI00894122 Apolipoprotein B-48 9.943007453 68.8 52 
IPI00027933 proteasome (prosome, macropain) subunit, beta type, 10 9.843976374 19 5 
IPI00104074 CD163 molecule 9.709871891 17.5 15 
PF11_0208 phosphoglycerate mutase 8.708339998 20.4 5 
IPI00298994 talin 1 8.507223114 1.3 2 
IPI00027038 V-set and immunoglobulin domain containing 4 7.483028721 21.5 5 
IPI00029623 proteasome (prosome, macropain) subunit, alpha type, 6 7.336080258 32.9 8 
IPI00010706 glutathione synthetase 6.72218521 5 2 
IPI00000783 proteasome (prosome, macropain) subunit, beta type, 8 (large 

multifunctional peptidase 7) 
6.509176103 20.6 6 

IPI00479722 proteasome (prosome, macropain) activator subunit 1 (PA28 alpha) 6.36400818 36.5 8 
IPI00465248 enolase 1, (alpha) 5.327169275 27.6 9 
IPI00022314 superoxide dismutase 2, mitochondrial 5.312096427 71.6 13 
IPI00027848 mannose receptor, C type 1 4.954751131 8.4 11 
IPI00013163 myeloid cell nuclear differentiation antigen 4.84063745 9.3 4 
IPI00219622 proteasome (prosome, macropain) subunit, alpha type, 2 4.825029656 51.3 11 
IPI00027497 glucose-6-phosphate isomerase 4.678463094 20.7 10 
IPI00554521 ferritin, heavy polypeptide 1 4.547413793 44.3 8 
IPI00219029 glutamic-oxaloacetic transaminase 1, soluble (aspartate 

aminotransferase 1) 
4.45302714 59.3 21 

IPI00018146 tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 
protein, theta polypeptide 

4.434437086 26.1 7 

IPI00376379 keratin 77 4.391708968 6.4 4 
IPI00022733 phospholipid transfer protein 4.198419666 11.6 3 
IPI00478493 haptoglobin 4.133159269 12.7 4 
IPI00384051 Proteasome activator complex subunit 2 4.059262716 48.1 8 
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IPI00217493 myoglobin 4 74.1 10 
IPI00026314 Gelsolin 3.967178024 58.6 39 
IPI00032328 kininogen 1 3.919183994 50.6 33 
IPI00026944 nidogen 1 3.777310433 5.4 3 
PF14_0425 fructose-bisphosphate aldolase 3.694881886 42.8 13 
IPI00018136 vascular cell adhesion molecule 1 3.69146889 18 11 
IPI00023673 lectin, galactoside-binding, soluble, 3 binding protein 3.648202813 8.7 3 
IPI00794184 Arylsulfatase A 3.612650602 73.4 51 
IPI00216983 carbonic anhydrase III, muscle specific 3.531800766 76.5 15 
IPI00289819 insulin-like growth factor 2 receptor 3.459125964 6.6 15 
IPI00748955 glycoprotein Ib (platelet), alpha polypeptide 3.396895787 8.8 5 
IPI00028004 proteasome (prosome, macropain) subunit, beta type, 3 3.273998729 31.7 5 
IPI00396378 heterogeneous nuclear ribonucleoprotein A2/B1 3.270664846 11 3 
IPI00220642 tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 

protein, gamma polypeptide 
3.215512018 56.3 13 

IPI00012555 ficolin (collagen/fibrinogen domain containing) 1 3.210735586 9.8 3 
IPI00296099 thrombospondin 1 3.195467422 9.6 9 
IPI00171199 proteasome (prosome, macropain) subunit, alpha type, 3 3.188573634 35.9 9 
IPI00022446 platelet factor 4 3.108829021 36.6 5 
IPI00010471 lymphocyte cytosolic protein 1 (L-plastin) 3.025660964 61.1 30 
IPI00027827 superoxide dismutase 3, extracellular 3.021378709 21.2 4 
IPI00010257 alpha hemoglobin stabilizing protein 3.018623482 45.1 5 
IPI00004656 beta-2-microglobulin 3.017384732 37.8 4 
IPI00007118 serpin peptidase inhibitor, clade E (nexin, plasminogen activator 

inhibitor type 1), member 1 
2.996810207 21.9 7 

IPI00003590 quiescin Q6 sulfhydryl oxidase 1 2.959648552 42.4 21 
IPI00299547 lipocalin 2 2.910098522 55.6 10 
IPI00552578 serum amyloid A1 2.793143748 66.4 7 
IPI00006146 serum amyloid A2 2.784349409 58.2 7 
IPI00295741 cathepsin B 2.728838583 26.2 5 
IPI00007960 periostin, osteoblast specific factor 2.699761083 6 3 
IPI00005721 defensin, alpha 1B 2.648752399 20.2 4 
IPI00847179 Uncharacterized protein 2.617475728 82.1 42 
IPI00003362 heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa) 2.543564356 5.3 3 
IPI00013895 S100 calcium binding protein A11 2.510985562 41.9 5 
IPI00186903 apolipoprotein L, 1 2.510844178 30 10 
IPI00031008 tenascin C 2.490211132 13.6 21 
IPI00022229 Apolipoprotein B 2.446972349 64.4 274 
IPI00031086 insulin-like growth factor binding protein 1 2.359520639 31.1 9 
IPI00008494 intercellular adhesion molecule 1 2.352809742 11.2 4 
IPI00909152 cDNA FLJ52895, highly similar to Carbonic anhydrase 3 2.261819804 69.8 13 
IPI00025019 proteasome (prosome, macropain) subunit, beta type, 1 2.260620134 38.6 8 
IPI00021855 apolipoprotein C-I 2.250555556 39.8 6 
IPI00375676 ferritin, light polypeptide 2.227090874 50.9 9 
IPI00555956 proteasome (prosome, macropain) subunit, beta type, 4 2.191415075 25 5 
IPI00024175 proteasome (prosome, macropain) subunit, alpha type, 7 2.183563748 45.6 10 
IPI00011218 colony stimulating factor 1 receptor 2.179127726 4.9 4 
IPI00003217 proteasome (prosome, macropain) subunit, beta type, 7 2.158544509 16.6 4 
IPI00024284 heparan sulfate proteoglycan 2 2.154701251 2 7 
IPI00028006 proteasome (prosome, macropain) subunit, beta type, 2 2.125457875 29.9 7 
IPI00009276 protein C receptor, endothelial 2.100542702 9.5 2 
IPI00000811 proteasome (prosome, macropain) subunit, beta type, 6 2.07352715 37.7 7 
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IPI00027310 multiple EGF-like-domains 8 2.060220526 2.4 4 
IPI00014048 ribonuclease, RNase A family, 1 (pancreatic) 2.043260188 19.2 2 
IPI00019359 keratin 9 2.035759097 32.9 13 
IPI00019399 serum amyloid A4, constitutive 2.003717472 38.5 5 
IPI00329775 carboxypeptidase B2 (plasma) -2.104683196 40 15 
IPI00022391 amyloid P component, serum -2.127678571 34.1 11 
IPI00550731 immunoglobulin kappa variable 2-30 -2.156195462 44.8 8 
IPI00026199 glutathione peroxidase 3 (plasma) -2.218326693 37.6 8 
IPI00011134 Putative heat shock 70 kDa protein 7 -2.240740741 18.8 6 
IPI00019576 coagulation factor X -2.282006647 32.6 14 
IPI00007240 coagulation factor XIII, B polypeptide -2.321287676 38.7 19 
IPI00024095 annexin A3 -2.375 56.3 16 
IPI00743766 fetuin B -2.501919386 28.5 7 
IPI00032179 serpin peptidase inhibitor, clade C (antithrombin), member 1 -2.581676136 68.1 37 
IPI00020996 insulin-like growth factor binding protein, acid labile subunit -2.61214853 35 17 
IPI00292218 macrophage stimulating 1 (hepatocyte growth factor-like) -2.726027397 17.6 11 
IPI00746623 hyaluronan binding protein 2 -2.807357212 20.9 11 
IPI00003269 actin, beta-like 2 -3.008846546 29.3 10 
IPI00001611 insulin-like growth factor 2 (somatomedin A) -3.217061611 19.4 3 
IPI00006154 complement factor H-related 2 -3.286921929 63.4 12 
IPI00168728 immunoglobulin heavy constant gamma 3 (G3m marker) -3.876497006 39.8 10 
IPI00952583 Malate dehydrogenase -3.983923637 46.8 7 
IPI00018305 insulin-like growth factor binding protein 3 -4.202087994 18.9 6 
IPI00027507 complement factor H-related 3 -5.160096058 19 4 
IPI00008274 CAP, adenylate cyclase-associated protein 1 (yeast) -6.091409065 17.5 7 
IPI00022431 alpha-2-HS-glycoprotein -6.369744673 51 14 
IPI00022434 Uncharacterized protein -9.414972732 59 32 
IPI00009866 keratin 13 -24.21975754 8.7 4 
IPI00009793 complement component 1, r subcomponent-like -133.7631057 17.2 8 
IPI00011694 protease, serine, 1 (trypsin 1) -171.3837711 21.1 2 
IPI00001610 insulin-like growth factor 1 (somatomedin C) -200 21.5 2 
IPI00002352 myosin light chain, phosphorylatable, fast skeletal muscle -200 8.3 2 
IPI00003933 hydroxyacylglutathione hydrolase -200 6.9 2 
IPI00005160 actin related protein 2/3 complex, subunit 1B, 41kDa -200 7 2 
IPI00005719 RAB1A, member RAS oncogene family -200 22.7 3 
IPI00006543 complement factor H-related 5 -200 7 4 
IPI00007067 GLI pathogenesis-related 2 -200 20.3 2 
IPI00009030 lysosomal-associated membrane protein 2 -200 5.7 2 
IPI00010154 GDP dissociation inhibitor 1 -200 12.1 4 
IPI00010304 serpin peptidase inhibitor, clade B (ovalbumin), member 10 -200 6 2 
IPI00012303 selenium binding protein 1 -200 16.6 4 
IPI00017256 Ras suppressor protein 1 -200 22.3 2 
IPI00022295 platelet factor 4 variant 1 -200 37.5 3 
IPI00022429 Alpha-1-acid glycoprotein 1 -200 15.9 3 
IPI00022822 collagen, type XVIII, alpha 1 -200 9.2 2 
IPI00025447 Ribosomal RNA small subunit methyltransferase -200 10.1 4 
IPI00027166 TIMP metallopeptidase inhibitor 2 -200 13 2 
IPI00029658 EGF containing fibulin-like extracellular matrix protein 1 -200 10.4 4 
IPI00031461 GDP dissociation inhibitor 2 -200 18.3 4 
IPI00154742 immunoglobulin lambda variable 3-21 -200 37.2 6 
IPI00166137 RALY RNA binding protein-like -200 5.8 2 
IPI00174775 keratin 73 -200 7.4 4 
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IPI00178926 immunoglobulin J polypeptide, linker protein for immunoglobulin 
alpha and mu polypeptides 

-200 15.7 3 

IPI00219568 phosphoglycerate kinase 2 -200 5.8 2 
IPI00293867 D-dopachrome decarboxylase -200 52.3 6 
IPI00297550 coagulation factor XIII, A1 polypeptide -200 5.1 3 
IPI00297646 collagen, type I, alpha 1 -200 1.4 2 
IPI00298860 lactotransferrin -200 14.7 8 
IPI00305010 calcineurin-like phosphoesterase domain containing 1 -200 6.4 2 
IPI00333828 serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, 

antitrypsin), member 11 
-200 6.6 2 

IPI00339269 heat shock 70kDa protein 6 (HSP70B') -200 15.4 9 
IPI00386879 immunoglobulin heavy constant alpha 1 -200 11.9 4 
IPI00396174 coiled-coil domain containing 25 -200 7.9 2 
IPI00643525 Complement C4 gamma chain -200 65.5 99 
IPI00643920 transketolase -200 6.3 2 
IPI00646773 cDNA FLJ55803, highly similar to Gelsolin -200 54.2 37 
IPI00829640 Rearranged Vl3l gene segment -200 25.3 4 
IPI00873810 MHC class I antigen -200 25 2 
IPI00878984 Putative uncharacterized protein TFEC -200 42.4 6 
IPI00887154 Complement C4-B alpha chain -200 65.5 99 
IPI00915869 Malate dehydrogenase, cytoplasmic -200 51.4 9 

 

Table 2: Cellular components GO terms of the mice brain proteome. 

Term Number Percentage PValue Fold  

Enrichment 

FDR 

GO:0043228: non-membrane-bounded organelle 385 18.77 4.4E-24 1.59 6.42E-21 

GO:0043232: intracellular non-membrane-bounded  
Organelle 
 

385 18.77 4.4E-24 1.59 6.42E-21 

GO:0005739: mitochondrion 384 18.72 1.45E-64 2.30 2.12E-61 

GO:0044459: plasma membrane part 279 13.60 2.01E-08 1.35 0.000029 

GO:0005856: cytoskeleton 273 13.31 1.2E-29 1.93 1.75E-26 

GO:0031090: organelle membrane 246 11.99 1.62E-43 2.41 2.36E-40 

GO:0044429: mitochondrial part 210 10.24 7.85E-59 3.17 1.15E-55 

GO:0031967: organelle envelope 194 9.46 1.13E-45 2.84 1.65E-42 

GO:0031975: envelope 194 9.46 2.13E-45 2.83 3.12E-42 

GO:0044430: cytoskeletal part 184 8.97 1.14E-18 1.88 1.66E-15 

GO:0005740: mitochondrial envelope 170 8.29 3.17E-53 3.44 4.62E-50 

GO:0005829: cytosol 170 8.29 9.19E-31 2.45 1.34E-27 

GO:0031966: mitochondrial membrane 168 8.19 2.92E-56 3.61 4.27E-53 

GO:0031982: vesicle 162 7.90 9.63E-30 2.47 1.41E-26 

GO:0031410: cytoplasmic vesicle 159 7.75 2.45E-29 2.48 3.58E-26 

GO:0019866: organelle inner membrane 154 7.51 4.21E-57 3.91 6.15E-54 

GO:0042995: cell projection 153 7.46 2.35E-20 2.11 3.43E-17 

GO:0005743: mitochondrial inner membrane 149 7.26 1.25E-56 3.98 1.82E-53 
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GO:0031988: membrane-bounded vesicle 141 6.87 1.8E-29 2.66 2.63E-26 

GO:0016023: cytoplasmic membrane-bounded vesicle 140 6.83 1.25E-29 2.68 1.83E-26 

GO:0000267: cell fraction 136 6.63 2.65E-12 1.81 3.86E-09 

GO:0030529: ribonucleoprotein complex 122 5.95 6.58E-16 2.09 9.77E-13 

GO:0005626: insoluble fraction 116 5.66 1.47E-09 1.74 0.000002 

GO:0030054: cell junction 112 5.46 1.74E-11 1.89 2.55E-08 

GO:0005624: membrane fraction 111 5.41 6.05E-09 1.72 0.000008 

GO:0019898: extrinsic to membrane 108 5.27 5.28E-10 1.81 0.0000007 

GO:0045202: synapse 107 5.22 2.08E-22 2.65 3.04E-19 

GO:0012505: endomembrane system 102 4.97 0.000016 1.51 0.0238109 

  
Table 3: Biological process GO terms of the 59 significant proteins. 

GO Term Number % PValue Proteins Fold 
Enrichment 

FDR 

GO:0009611: response to wounding 10 17.86 8.8E-07 Saa1, Fga, Orm1, Cfd, Plg,  
Ahsg, Fgg, Trf, Kng1 

9.107 0.001 

GO:0006953: acute-phase response 5 8.93 2.0E-06 Saa1, Orm1, Ashg, Trf 52.667 0.003 

GO:0006954: inflammatory response 7 12.50 6.1E-05 Saa1, Orm2, Cfd, Ahsg, 
Trf,  
Kng1 

9.831 0.089 

GO:0007596: blood coagulation 4 7.14 1.3E-03 Fga, Plg, Fgg, Kng1 18.057 1.875 

GO:0006952: defense response 7 12.50 2.4E-03 Saa1, Orm2, Cfd, Ahsg, 
Trf,  
Kng1 

4.938 3.404 

GO:0010033: response to organic 
substance 

6 10.71 1.9E-02 Rbm3, Serpina1c, Ahsg, 
Trf, Alb 

3.754 24.385 

GO:0006461: protein complex 
assembly 

4 7.14 3.3E-02 Fga, Lamc1, Atpif1, Fgg 5.568 38.377 

 

 

  

  


