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Abstract:

 Malaria is caused by parasitic protozoans of the genus Plasmodium and is one of the most prevalent infectious diseases in tropical and subtropical regions. For this reason, effective and practical diagnostic methods are urgently needed to control the spread of malaria. The aim of the current study was to identify a panel of new malarial markers, which could be used to diagnose patients infected with various Plasmodium species, including P. knowlesi, P. vivax and P. falciparum. Sera from malaria-infected patients were pooled and compared to control sera obtained from healthy individuals using the isobaric tags for relative and absolute quantitation (iTRAQ) technique. Mass spectrometry was used to identify serum proteins and quantify their relative abundance. We found that the levels of several proteins were increased in pooled serum from infected patients, including cell adhesion molecule-4 and C-reactive protein. In contrast, the serum concentration of haptoglobin was reduced in malaria-infected individuals, which we verified by western blot assay. Therefore, these proteins might represent infectious markers of malaria, which could be used to develop novel diagnostic tools for detecting P. knowlesi, P. vivax and P. falciparum. However, these potential malarial markers will need to be validated in a larger population of infected individuals.
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1. Introduction

Malaria has been reported to affect over two billion people globally, impacting numerous countries. In fact, according to the World Health Organization’s World Malaria Report 2013 and the Global Malaria Action Plan, there are currently 3.4 billion people at risk of malaria infection in 97 countries and territories [1]. It is caused by protozoan parasites belonging to the genus Plasmodium. Among the Plasmodium species, P. falciparum, P. vivax, P. knowlesi, P. malariae and P. ovale are known to infect humans under natural conditions [2,3]. Collectively, these Plasmodium species are known as the human malaria species. However, P. malariae and P. ovale are rare and less dangerous compared to other species [2].

There are various perceptions regarding the source of malaria. While midwives and pregnant women consider mosquitoes to be the main transmitters of malaria in East Sudan [4], Nigerian locals indicate that they are unsure of the exact cause of malaria. The various Plasmodium species display distinct characteristics. P. knowlesi primarily causes chronic infection in long-tailed and pig-tailed macaques, resulting in several life-threatening complications, including renal failure, liver failure, and several non-malarial symptoms. However, in terms of hematological analysis, the clinical manifestation of knowlesi malaria in humans involves hypoglycemia, anemia, and hyperbilirubinemia [5]. P. falciparum causes a diffuse encephalopathy called cerebral malaria (CM), which is the principal cause of malaria-related death. Notably, angiopoietin-1 (ANG1) and angiopoietin-2 (ANG2), which are major regulators of angiogenesis, have been used to identify CM severity [6]. While ANG2 levels were found to be higher in patients with severe malaria, ANG1 levels were lower. Therefore the ratio of ANG2 to ANG1 can be used to assess malaria severity, with a higher ratio indicating more severe malaria [6]. Thus, characterization of these biomarkers in a patient’s serum can predict CM severity and facilitate intervention [7]. P. vivax, which displays a unique life cycle, is one of the oldest-known parasites infecting humans [8]. In the primary attack, uninucleate sporozoites (spz) of P. vivax are delivered to humans via spz-infected mosquitoes and invade human hepatocytes. Subsequently, the spz either develop into merozoites within infected hepatocytes or remain in a dormant stage as hypnozoites. Activation of dormant hypnozoites following a primary attack can result in an additional blood stage called a relapse [9].

The ability to accurately measure and compare protein expression levels is one of the most important goals in post-genomics malaria research. Earlier studies have utilized two-dimensional gel electrophoresis to analyze malarial proteins [10]. In addition, the combination of two-dimensional gel electrophoresis with mass spectrometry (MS) is a well-established technique for monitoring altered expression of proteins within complex mixtures [11,12,13]. However, this technique has some disadvantages, including difficulties associated with reproducibility, detection of scarce proteins, and analysis of proteins with high molecular weights or isoelectric points [14]. Therefore, in the present study, we have made use of the isobaric tags for relative and absolute quantitation (iTRAQ) technique to conduct a quantitative and comparative proteomic analysis of serum from malaria-infected patients and healthy subjects in order to facilitate the identification of novel malarial biomarkers.



2. Results and Discussion


2.1. Identification of Candidate Biomarkers by iTRAQ

At the UMMC, serum samples were collected from 25 newly diagnosed malaria patients infected with P. knowlesi (n = 9), P. vivax (n = 6) or P. falciparum (n = 10). In addition, 23 samples were obtained randomly from normal healthy individuals. It is known that the identification of potential serum biomarkers can be complicated by the high abundance of proteins in serum samples [15]. Thus, to reduce the wide range of proteins within our samples and to increase the likelihood of MS-based identification of medium/low abundance proteins, we performed albumin depletion with an albumin segregation column (ASKc). In order to identify and quantify differentially expressed proteins in malaria patients relative to controls, albumin depleted sera were pooled, concentrated, and labeled with isobaric tags using iTRAQ. The serum proteins were considered to be upregulated in malaria-infected patients when the malaria to non-malaria iTRAQ ratio was ≥1.5, whereas an iTRAQ ratio ≤0.67 indicated downregulation of a specific serum protein during malaria infection.



2.2. Analysis of ASKc-Depleted Sera by iTRAQ

A total of 152 proteins (≥95% confidence) were detected following albumin depletion (Supplementary Table S1). Two upregulated proteins, namely cell adhesion molecule-4 (CADM4) and C-reactive protein isoform 2 (CRP) were upregulated in the malaria-infected samples compared to the control sera. The iTRAQ ratios for CADM4 and CRP indicated a more than two-fold increase in expression of these serum proteins in malaria-infected samples compared to controls. On the other hand, haptoglobin (HAP) was found to be downregulated. Figure 1 shows the peptide fragment spectral of these proteins. Table 1 demonstrates the iTRAQ ratios for selected serum proteins in malaria-infected patients (P. knowlesi, P. falciparum and P. vivax) relative to uninfected controls.

Figure 1. Peptide fragment spectral of the cell adhesion molecule-4 (CADM4) (panel A); C-reactive protein isoform 2 (CRP) (panel B) and haptoglobin (HAP) (panel C).
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Table 1. Isobaric tags for relative and absolute quantitation (iTRAQ) ratios for selected serum proteins in malaria-infected patients (P. knowlesi, P. falciparum and P. vivax) relative to uninfected controls.


	Protein
	M1/C1
	M2/C1
	M3/C1





	HAP
	0.540
	0.633
	0.435



	CRP
	3.243
	2.154
	1.925



	CADM4
	6.386
	3.688
	9.760





M1: P. vivax malaria serum; M2: P. falciparum malaria serum; M3: P. knowlesi malaria serum; C1: control serum.










2.3. Validation of HAP by Protein Expression

Downregulated proteins generally serve as effective biomarkers. Therefore, Western Blotting was used to further validate our findings regarding decreased of HAP expression. Upon Western Blotting analysis, HAP was solely present in control sera, but was lacking in three malaria-infected groups (Figure 2). These findings confirmed the present data obtained with iTRAQ.

Figure 2. Western blot validation of downregulated HAP in malaria sera.
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Unfractionated serum samples from patients infected with P. vivax, P. falciparum, or P. knowlesi were subjected to SDS-PAGE and transferred onto a polyvinylidene difluoride (PVDF) nitrocellulose membrane. Membranes were subsequently immunoblotted with monoclonal antibody against HAP.

In the present study, iTRAQ has been used as a quantitative proteomic technique to analyze sera from patients infected with malaria (P. knowlesi, P. falciparum or P. vivax) and non-infected healthy subjects. The present data has validated the expression of CADM4 and HAP in other studies [16,17,18]. The expression levels of CADM4 and CRP were increased two-fold in the sera of malaria patients relative to controls. In contrast, HAP was the only protein that showed lower expression relative to the non-malaria controls. Therefore, the present data proposed that these three serum proteins may represent candidate biomarkers for the development of diagnostic tools for detecting malaria caused by P. knowlesi, P. falciparum and P. vivax.

Although cell adhesion molecules are constitutively expressed in view of its roles as recruiter in immune cells, they may also be upregulated or induced by cytokines and/or foreign antigens [19]. Indeed, previous studies have demonstrated the upregulation of cell adhesion molecules in patients with malaria [20]. In particular, the increased expression of intercellular adhesion molecule-1 was described in patients infected with P. falciparum [21]. Moreover, others have reported that cell adhesion molecules display significantly increased expression levels during acute malaria infection [22]. If these adhesion molecules were capable of interacting with Plasmodium species, they could play an important role in infection or parasite-induced immune regulation. In this regard, a previous study revealed that a primary step during the pathogenesis of P. falciparum involves binding to endothelial cells via cell adhesion molecules, as this inducible adhesion molecule is widely distributed on the surface of capillaries [23]. To the best of our knowledge, CADM-4 has never been reported to be altered in the patients infected with malaria diseases.

CRP is a highly conserved molecule, which is a member of the pentraxin family of proteins. It is secreted by the liver in response to a variety of inflammatory cytokines. CRP levels increase rapidly in response to trauma, inflammation, and infection. For this reason, CRP is commonly used to monitor various inflammatory states. While immunoglobulins usually detect specific epitopes on antigens, CRP recognizes altered self or foreign molecules based on pattern recognition [24]. A previous study has indicated that CRP is a sensitive marker for inflammation, and can be used to predict the risk of coronary heart disease [25]. Indeed, inflammatory reactions are often associated with disease states. So far, the detection of malaria is based on the presence of parasitemia and fever. However, some cases of malaria do not involve measurable fever. During afebrile malaria, CRP levels have been highly correlated with parasite density [26]. High levels of CRP have been suggested as an indicative in individuals with high parasite densities [26]. Therefore, our findings indicated that CRP levels were clearly upregulated in malaria-infected individuals, which might be related to the ability of recognition of Plasmodium by CRP. In fact, CRP has been suggested to affect hepatic development of Plasmodium by preventing sporozoite penetration into hepatocytes, which is mediated by an antibody-like blocking action [27].

HAP is an acute phase protein that is present in most body fluids of humans and other mammals. It binds to free plasma hemoglobin [28], facilitating the degradation of hemoglobin upon intravascular hemolysis [29]. A previous study has demonstrated that hemolysis during malaria infection would lead to a subsequent increase in HAP levels which could reduce disease symptoms due to toxicity to Plasmodium parasites [30]. Our results indicated that HAP expression in downregulated in malaria-infected patients relative to healthy control individuals. Indeed, this finding seems contradictory to the role of HAP as a positive acute phase protein. However, low HAP expression in malaria-infected patients may result in higher Plasmodium parasitemia, which was in agreement with the findings of Hurt et al., 1994 [26]. Similarly, it has been reported that certain concentrations of HAP can be toxic to P. falciparum during an acute phase response [31].




3. Experimental Section


3.1. Sample Collection

Blood was collected from newly diagnosed malaria patients (P. knowlesi (n = 9), P. vivax (n = 6) or P. falciparum (n = 10)) at the University of Malaya Medical Centre (UMMC, Kuala Lumpur, Malaysia). In order to confirm the Plasmodium species infecting each patient, samples were screened using conventional light microscopy, P. falciparum histidine-rich protein-2 (PfHRP2)-based lateral flow rapid diagnostic kits, and nested polymerase chain reaction (PCR) [32]. Also, control blood samples (n = 23) were obtained randomly from normal healthy individuals. All subjects gave their consent for participation, and the study was approved by the Ethical Committee of UMMC in accordance with the International Conference on Harmonization-Good Clinical Practice (ICH-GCP) guidelines and the declaration of Helsinki.



3.2. Albumin Depletion

Albumin was depleted using the Albumin Segregation Kit (ITSI Biosciences, Johnstown, PA, USA) according to the manufacturer’s protocol. Briefly, albumin segregation matrix (ASM), contained within a macrospin column, was washed three times with ASM Buffer 1 (included in the kit). The buffer was removed by centrifugation (2000 rpm, 5 s). Serum sample was diluted with ASM Buffer 1 to a final volume of 300 μL and was mixed by gentle vortexing. The diluted serum was then transferred to the ASM-containing macrospin column. Following incubation (1 min at room temperature), the column was centrifuged (2000 rpm, 5 s) without drying the matrix. The flowthrough was again added to the ASM column and was centrifuged. This process was repeated once more, and the final flowthrough was saved. The ASM column was washed with ASM Buffer 1 (300 μL) and centrifuged (2000 rpm, 5 s). The flowthrough from this washing step was combined with the previously saved flowthrough. This combined sample was finally concentrated with a 5-kDa molecular weight cutoff (MWCO) spin column via centrifugation (12,000× g, 15 min). After the sample was concentrated to less than 25 μL, 300 μL of ASM Buffer 2 (provided in the kit) was added to the spin column. The sample was again concentrated to a volume less than 25 μL. The ToPA™ assay kit (ITSI Biosciences, Johnstown, PA, USA) was used to determine protein concentrations.



3.3. Sample Preparation and Labeling for iTRAQ

Serum proteins from control, P. vivax, P. falciparum and P. knowlesi (27 μg each) samples were used in the iTRAQ analysis. Sample preparation and labeling for iTRAQ were performed based on the manufacture’s protocol (ITSI Bioscience, Johnstown, PA, USA). One microliter of 2% sodium dodecyl sulfate (SDS) was added to denature the proteins (mixed by vortexing). Disulfide groups were reduced by incubation at 60 °C for 1 h with 50 mM Tris-(2-carboxyethyl)-phosphine. The samples were then cooled, and the free cysteine groups were blocked with 200 mM methyl methanethiosulfonate in isopropanol (incubated for 10 min at room temperature). Trypsin was then added to the samples (5%, w/w), which were incubated overnight at 37 °C. Following trypsin digestion, control, P. vivax, P. falciparum, and P. knowlesi samples were labeled with isobaric tags for 2 h (m/z: 114, 116, 118 and 119, respectively). After labeling, the digested and labeled samples were combined and vortexed. The final mixed sample was cleaned using an SCX column to remove iTRAQ reagents, reducing agents, alkylating agents, and other impurities. The peptides were eluted from the column using 450 mM ammonium acetate buffer (pH 2.0). The eluted peptides were dried using a speedvac to remove the ammonium acetate. Dried peptides were dissolved in 0.1% formic acid containing 5% acetonitrile, and 15 μL of this solution was injected into the LTQ XL™ mass spectrometer (Thermo Scientific, Waltham, MA, USA).



3.4. Liquid Chromatography-Tandem MS (LC-MS/MS) Analysis

All LC-MS/MS analyses were performed using the ThermoElectron ProteomeX Workstation (Thermo Corp., San Jose, CA, USA), which includes a high-performance liquid chromatography HPLC front end and an LTQ XL™ nano-spray-ion-trap mass spectrometer back end. The dried, trypsin-digested peptides were re-suspended in 20 μL of 0.1% formic acid containing 5% acetonitrile. Subsequently, 15 μL of the mixture was loaded onto a Thermo PicoFrit C18 nanospray column and analyzed by HPLC. The peptides were eluted from the column using a linear acetonitrile gradient (2%–45% over 230 min) into the LTQ XL™ mass spectrometer via a nanospray source (spray voltage: 1.8 kV; ion transfer capillary: 180 °C). A data-dependent Top 3 method was used for peptide identification, involving a full MS scan (m/z: 400–1500) followed by MS/MS scans on the three most abundant ions. Each MS/MS analysis was followed by pulsed Q dissociation (PQD) activation for iTRAQ reporter ion fragmentation, allowing for peptide quantitation.



3.5. Data Analysis

Protein identification and the number of missed cleavages were determined using Proteome Discoverer 1.3 software (Thermo Scientific, Waltham, MA, USA). Search parameters were set for trypsin digestion, allowing for up to two missed cleavages per peptide. In addition, static modification C 57.0215, N-term 144, and K 144 were set as fixed modifications. Oxidation of methionine was used as variable modification. Peptides were filtered subject to the default charge vs. XCfilter: 1 + 1.50, 2 + 2.00, and 3 + 2.50. Moreover, precursor and fragment ion peaks were searched with a mass tolerance of 5000 ppm and 2 Da, respectively.



3.6. Western Blotting

Sera from the control individuals and each of the three malaria patients were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using a 12.5% gel. Western blotting was performed following electrophoretic transfer of the proteins onto polyvinylidene difluoride (PVDF) membranes as previously described [13,14]. Membranes were probed overnight using a monoclonal antibody against haptoglobin (anti-HAP, Sigma Aldrich, St. Louis, MO, USA), followed by incubation (1 h at room temperature, 1:5000) with monoclonal anti-rat IgG conjugated to horseradish peroxidase (HRP, Invitrogen, Carlsbad, CA, USA). The results were visualized using chemiluminescent reagent (Pierce, Rockford, IL, USA) and X-ray film (18 × 24 cm, Kodak).




4. Conclusions

In summary, the data of this study suggest that HAP, CRP, and CADM4 could be used as panel biomarkers of P. vivax, P. falciparum or P. knowlesi infection. However, further validation of these findings will need to be carried out in more extensive clinically representative populations.
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Supplementary table can be found at http://www.mdpi.com/1422-0067/15/11/19952/s1.




Acknowledgments

This work was funded by HIR (No.H18001-00-C00020) and UMRG (No.RG454-12HTM) grants from the University of Malaya.



Author Contributions

Alan Kang-Wai Mu designed the study, carried out the experiments, analyzed the data and drafted the manuscript; Ping Chong Bee and Yee Ling Lau provided the blood samples; Yeng Chen contributed to the design of the study and critically revised the manuscript. All authors read and approved the final manuscript.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
World Malaria Report. 2013. Available online: http://www.who.int/malaria/publication/world_malaria_report/en/ (accessed on 6 October 2014).

	2. 
Tuteja, R. Malaria—An overview. FEBS J. 2007, 274, 4670–4679. [Google Scholar] [CrossRef]

	3. 
Daneshvar, C.; Davis, T.M.E.; Cox-Singh, J.; Rafa’ee, M.Z.; Zakaria, S.K.; Divis, P.C.S.; Singh, B. Clinical and laboratory features of human Plasmodium knowlesi infection. Clin. Infect. Dis. 2009, 49, 852–860. [Google Scholar] [CrossRef]

	4. 
Adam, I.; Omer, E.S.M.; Salih, A.; Malik, A.H.K.E.M. Perceptions of the causes of malaria and of its complications, treatment and prevention among midvies and pregnant women of Eastern Sudan. J. Public Health 2008, 16, 129–132. [Google Scholar] [CrossRef]

	5. 
Jongwutiwes, S.; Putaporntip, C.; Iwasaki, T.; Sata, T.; Kanbara, H. Naturally acquired Plasmodium knowlesi malaria in human, Thailand. Emerg. Infect. Dis. 2004, 10, 2211–2213. [Google Scholar] [CrossRef]

	6. 
Conroy, A.L.; Lafferty, E.I.; Lovegrove, F.E.; Krudsood, S.; Tangpukdee, N.; Liles, W.C.; Kain, K.C. Whole blood angiopoietin-1 and -2 levels discriminate cerebral and severe (non-cerebral) malaria from uncomplicated malaria. Malar. J. 2009, 8. [Google Scholar] [CrossRef]

	7. 
Armah, H.B.; Wilson, N.O.; Sarfo, B.Y.; Powell, M.D.; Bond, V.C.; Anderson, W.; Adjei, A.A.; Gyasi, R.K.; Tettey, Y.; Wiredu, E.K.; et al. Cerebrospinal fluid and serum biomarkers of cerebral malaria mortality in Ghanaian children. Malar. J. 2007, 6. [Google Scholar] [CrossRef]

	8. 
Sohail, M.; Kaul, A.; Raziuddin, M.; Adak, T. Decreased glutathione-S-transferase activity: Diagnostic and protective role in vivax malaria. Clin. Biochem. 2007, 40, 377–382. [Google Scholar] [CrossRef]

	9. 
Chattopadhyay, R.; Velmurugan, S.; Chakiath, C.; Donkor, L.A.; Milhous, W.; Barnwell, J.W.; Collins, W.E.; Hoffman, S.L. Establishment of an In vitro assay for assessing the liver stages of Plasmodiun. vivax malaria. PLoS One 2010, 5, e14275. [Google Scholar] [CrossRef]

	10. 
Nirmalan, N.; Sims, P.F.G.; Hyde, J.E. Quantitative proteomics of the human malaria parasite Plasmodium falciparum and its application to studies of development and inhibition. Mol. Microbiol. 2004, 52, 1187–1199. [Google Scholar] [CrossRef]

	11. 
Mu, A.K.W.; Lim, B.K.; Hashim, O.H.; Shuib, A.S. Detection of differential levels of proteins in the urine of patients with endometrial cancer: Analysis using two-dimensional gel electrophoresis and O-glycan binding lectin. Int. J. Mol. Sci. 2012, 13, 9489–9501. [Google Scholar] [CrossRef]

	12. 
Mu, A.K.W.; Lim, B.K.; Hashim, O.H.; Shuib, A.S. Identification of O-glycosylated proteins that are aberrantly excreted in the urine of patients with early stage ovarian cancer. Int. J. Mol. Sci. 2013, 14, 7923–7931. [Google Scholar] [CrossRef]

	13. 
Mu, A.K.W.; Chan, Y.S.; Kang, S.S.; Azman, S.N.; Zain, R.B.; Chai, W.L.; Chen, Y. Detection of host immunogenic proteins in the saliva of patients with oral squamous cell carcinoma. J. Immunoass. Immunochem. 2014, 35, 183–193. [Google Scholar] [CrossRef]

	14. 
Meyfour, A.; Tavirani, M.R.; Sadeghi, M.R. Common proteomic technologies, applications and their limitations. J. Paramed. Sci. 2008, 4, 115–125. [Google Scholar]

	15. 
Schuchard, M.D.; Melm, C.D.; Crawford, A.S.; Chapman, H.A.; Cockrill, S.L.; Ray, K.B.; Mehigh, R.J.; Kappel, W.K.; Scott, G.B.I. Novel immunoafﬁnity depletion technology with increased binding capacity removes approximately 97% of high abundance human plasma proteins. In Prceedings of the ASMS Conference, San Antonio, TX, USA, 5–9 June 2005.

	16. 
Ray, S.; Renu, D.; Srivastava, R.; Gdlapalli, K.; Taur, S.; Jhaveri, T.; Dhali, S.; Chennareddy, S.; Potla, A.; Dikshit, J.B.; et al. Proteomic investigation of Falciparum and Vivax malaria for identification of surrogate protein markers. PLoS One 2012, 7, e41751. [Google Scholar]

	17. 
Ray, S.; Kamath, K.S.; Srivastava, R.; Raghu, D.; Gollapalli, K.; Jain, R.; Gupta, S.V.; Ray, S.; Taur, S.; Dhali, S.; et al. Serum proteome analysis of vivax malaria: An insight into the disease pathogenesis and host immune response. J. Proteomics 2012, 75, 3063–3080. [Google Scholar] [CrossRef]

	18. 
Saad, A.A.; Mohamed, O.E.; Ali, A.A.A.; Bashir, A.M.; Ali, N.I.A.; Elbashir, M.I.; Adam, I. Acute-phase proteins in pregnant Sudanese women with severe Plasmodium falciparum malaria. Trans. R. Soc. Trop. Med. Hyg. 2012, 106, 570–572. [Google Scholar] [CrossRef]

	19. 
Ho, M.; White, N.J. Molecular mechanisms of cytoadherence in malaria. Am. Physiol. Soc. 1999, 276, 1231–1242. [Google Scholar]

	20. 
De Kossodo, S.; Grau, G.E. Role of cytokines and adhesion molecules in malaria immunopathology. Stem Cells 1993, 11, 41–48. [Google Scholar] [CrossRef]

	21. 
Armah, H.; Dodoo, A.K.; Wiredu, E.K.; Stiles, J.K.; Adjei, A.A.; Gyasi, R.K.; Tettey, Y. High-level cerebellar expression of cytokines and adhesion molecules in fatal, paediatric, cerebral malaria. Ann. Trop. Med. Parasitol. 2005, 99, 629–647. [Google Scholar] [CrossRef]

	22. 
Sinha, S.; Qidwai, T.; Kanchan, K.; Anand, P.; Pati, G.N.S.J.S.; Mohanty, S.; Mishra, S.K.; Tyagi, P.K.; Sharma, S.K.; Consortium, I.G.V.; et al. Variations in host genes encoding adhesion molecules and susceptibility to falciparum malaria in India. Malar. J. 2008, 7. [Google Scholar] [CrossRef]

	23. 
Berendt, A.R.; Simmons, D.L.; Tansey, J.; Newbold, C.I.; Marsh, K. Intercellular adhesion molecule-1 is an endothelial cell adhesion receptor for Plasmodium falciparum. Nature 1989, 341, 57–59. [Google Scholar] [CrossRef]

	24. 
Clos, T.W.D. Function of C-reactive protein. Ann. Med. 2000, 4, 274–278. [Google Scholar] [CrossRef]

	25. 
Koenig, W.; Sund, M.; Fröhlich, M.; Fischer, H.; Löwe, H.; Döring, A.; Winston, L.; Hutchinson, M.B.P. C-Reactive Protein, a sensitive Marker of inflammation, Predicts Future Risk of Coronary Heart Disease in Initialyl Healthy Middle-Aged Men. Circulation 1999, 99, 237–242. [Google Scholar] [CrossRef]

	26. 
Hurt, N.; Smith, T.; Tanner, M.; Mwankusye, S.; Bordmann, G.; Weiss, N.A.; Teuscher, T. Evaluation of C-reactive protein and haptoglobin as malaria episode markers in an area of high transmission in Africa. Trans. R. Soc. Trop. Med. Hyg. 1994, 88, 182–186. [Google Scholar] [CrossRef]

	27. 
Nussler, A.; Pied, S.; Pontet, M.; Miltgen, F.; Renia, L.; Gentilini, M.; Mazier, D. Inflammatory status and preerythrocytic stages of malaria: Role of the C-reactive protein. Exp. Parasitol. 1991, 72, 1–7. [Google Scholar] [CrossRef]

	28. 
Dobryszycka, W. Biological functions of Haptoglobin-New pieces to an old puzzle. Clin. Chem. Lab. Med. 2009, 35, 647–654. [Google Scholar]

	29. 
Rogerson, S. What is the relationship between Haptoglobin, Malaria, and Anaemia? PLoS Med. 2006, 3, e200. [Google Scholar] [CrossRef]

	30. 
Imrie, H.; Fowkes, F.J.I.; Michon, P.; Tavul, L.; Hume, J.C.C.; Piper, K.P.; Reeder, J.C.; Day, K.P. Haptoglobin levels are associated with haptoglobin genotype and α+-Thalassemia in a malaria-endemic area. Am. J. Trop. Med. Hyg. 2006, 74, 965–971. [Google Scholar]

	31. 
Imrie, H.; Carter, M.; Hadjuk, S.; Day, K.P. Killing of Plasmodium falciparum by human serum haptoglobin. Mol. Biochem. Parasitol. 2004, 133, 93–98. [Google Scholar] [CrossRef]

	32. 
Singh, B.; Cox-Singh, J.; Miller, A.O.; Abdullah, M.S.; Snounou, G.; Rahman, H.A. Detection of malaria in Malaysia by nested polymerase chain reaction amplification of dried blood spots on filter papers. Trans. R. Soc. Trop. Med. Hyg. 1996, 90, 519–521. [Google Scholar] [CrossRef]





© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  ijms-15-19952


  
    		
      ijms-15-19952
    


  




  





media/file0.png
al

0
o 5647
by H_ov +NH, 1564
- Yao©
- 147668
| e p:;:;r nas
me 2 s
o | s | o 17181
54 8265/ 59751
- NI RinEN
0
m
| B DE2HP-
0.
I
s6157
H S e b o 18
i 4:.’;0 50540 5247 : i P 17
: ; i lmw by by
H ¥oNH g il L
s b bé=-H ol wa 97;“ ‘mss
w R Il I8 T Y O
E
C
. v
Wy HO
- B S
. 10716
" i
b v 118468
% oy 10146
. 941 Lo by
i ) . n
. | W 6L by 160878
w 61301 ||769.45 851.60 \ L .
oy : J = | e
L1l - S
150

|





media/file1.png





media/file2.png
45kDa ‘ -

Control P, vivax P, falciparum  P. knowlesi





