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ABSTRACT 

Malaria remains a significant health burden in sub-Saharan Africa.  In holoendemic Plasmodium 
Falciparum transmission regions, such as western Kenya, children aged <5 years are vulnerable 
due to naïve malarial immunity.  Among these children, severe malarial anaemia (SMA, 
haemoglobin (Hb)<5.0 g/dL) is the most prevalent and life-threatening manifestation of severe 
malaria.  Despite its high burden, the molecular mechanism driving SMA pathogenesis, 
particularly the host genetic and transcriptomic factors as well as parasite gene expression, 
remains poorly defined.  This study determined the effect of human genetic variation, as well as 
the host and P. falciparum gene expression patterns on SMA pathogenesis in children (<5 years) 
from Siaya County.  The specific objectives included: to determine the relationship between 
genetic polymorphisms in natural cytotoxicity-triggering receptor (NCR3) (rs2736191:C>G and 
rs11575837:C>T) and longitudinal malaria outcomes; to determine the influence of NK cell 
networks, and other immune signalling pathways on the pathogenesis of paediatric SMA, and to 
profile the transcriptome of blood-stage P. falciparum in children with SMA.  The selected 
NCR3 SNPs reduced NCR3 transcription, thereby impairing NK cell recognition of iRBCs and 
cytokine signaling. In contrast, host and parasite transcriptomics provide insights into their 
expression profiles in SMA.  Genomic DNA from dried bloodspots collected at enrollment from 
1,515 children was genotyped for the NCR3 variants using TaqMan

®
 assays, while total RNA 

from 66 children was used for RNA sequencing via Illumina
®

 sequencing.  Poisson regression 
revealed that the rs11575837 TT genotype increased the risk of malaria episodes [Incidence Rate 
Ratio (IRR)=1.540, P=0.009], while the CC haplotype was protective against SMA (IRR=0.823, 
P=0.009).  Host transcriptomics of RNA from whole-blood collected at enrollment from 66 
children revealed 6,862 differentially expressed genes (DEGs) in SMA vs. non-SMA, with 
increased NK cell expression (P=0.002) and dysregulated Inflammation_NK cell cytotoxicity 
network (Padj=3.628E-04) in SMA.  Furthermore, the HSP60-HSP70-TLR2/4 signalling 
pathway (Padj=5.483E-09) was among the most dysregulated immune pathways, with altered 
glutamine metabolism in SMA.  P. falciparum transcriptomics from 60 children revealed 566 
DEGs in SMA vs. non-SMA.  Weighted gene co-expression network analysis (WGCNA) and 
protein-protein interaction (PPI) of the DEGs identified parasite pathways potentially 
contributing to SMA.  Additionally, the hub nodes in the WGCNA and PPI networks, which 
increased the risk of SMA, were identified.  Overall, NCR3 variation influences malaria and 
SMA risk, while SMA is characterised by dysregulated NK-cell function, impaired HSP60-
HSP70-TLR2/4 signalling, altered glutamine metabolism, and distinct parasite transcriptional 
profiles.  These findings advance the understanding of SMA pathogenesis and identify hub nodes 
as potential therapeutic targets. 
 



vi 
 

TABLE OF CONTENTS 

 
DECLARATION ............................................................................................................................ ii 

ACKNOWLEDGEMENT ............................................................................................................. iii 

DEDICATION ............................................................................................................................... iv 

ABSTRACT .................................................................................................................................... v 

TABLE OF CONTENTS ............................................................................................................... vi 

LIST OF ABBREVIATIONS AND ACRONYMS ....................................................................... x 

DEFINITION OF TERMS ............................................................................................................ xi 

LIST OF TABLES ........................................................................................................................ xii 

LIST OF FIGURES ..................................................................................................................... xiii 

CHAPTER ONE: INTRODUCTION ......................................................................................... 1 

1.1 Background Information ........................................................................................................... 1 

1.1.1 Genetic Variations in Immune Response Genes in SMA ...................................................... 1 

1.1.2 NK Cell Networks.................................................................................................................. 3 

1.1.3 P. falciparum Transcriptome in Malaria ................................................................................ 4 

1.2 Statement of the Problem .......................................................................................................... 6 

1.3 Objectives of the Study ............................................................................................................. 7 

1.3.1 General Objective .................................................................................................................. 7 

1.3.2 Specific Objectives ................................................................................................................ 7 

1.3.3 Hypotheses ............................................................................................................................. 7 

1.3.3.1 Overall Research Hypothesis .............................................................................................. 7 

1.3.3.2 Null Hypotheses .................................................................................................................. 7 

1.4 Significance of the Study .......................................................................................................... 7 

1.4.1 Specific Objective One .......................................................................................................... 7 

1.4.2 Specific Objective Two .......................................................................................................... 8 

1.4.3 Specific Objective Three ........................................................................................................ 9 

CHAPTER TWO: LITERATURE REVIEW .......................................................................... 11 

2.1 P. falciparum Malaria Pathogenesis ........................................................................................ 11 

2.2 NK Cells in Malarial Infection................................................................................................ 12 

2.2.1 The Role of Natural Cytotoxicity-Triggering Receptor 3 in P. falciparum Malaria ............ 13 

2.2.2 NK Cell Networks................................................................................................................ 14 

2.2.3 Dysregulated NK Cell Function in Malaria ......................................................................... 16 

2.3 Genome-wide Expression Analysis in Malaria ....................................................................... 17 

2.3.1 Host Gene Expression Analysis ........................................................................................... 17 

2.3.2 Parasite Transcriptome Analysis .......................................................................................... 19 



vii 
 

CHAPTER THREE: METHODOLOGY ................................................................................. 21 

3.1 Study Area............................................................................................................................... 21 

3.2 Study Design ........................................................................................................................... 22 

3.2.1 NCR3 Variant Analysis ....................................................................................................... 22 

3.2.1.1 Study Design and Participants .......................................................................................... 22 

3.2.1.2 Screening and Enrollment ................................................................................................. 23 

3.2.1.3 Inclusion and Exclusion Criteria ....................................................................................... 24 

3.2.1.4 Longitudinal Follow-ups ................................................................................................... 24 

3.2.1.5 Sample Size Calculation ................................................................................................... 24 

3.2.1.6 Collection of Blood Samples ............................................................................................ 25 

3.2.1.7 Laboratory Measurements ................................................................................................. 25 

3.2.1.8 Selection of NCR3 SNPs .................................................................................................. 26 

3.2.1.9 Genotyping of NCR3 rs2736191: C>G and rs11575837:C>T Variants ........................... 27 

3.2.1.10 Data Analysis .................................................................................................................. 27 

3.2.2 Transcriptomic Analysis ...................................................................................................... 28 

3.2.2.1 Study Design and Participants .......................................................................................... 28 

3.2.2.2 Screening and Enrolment .................................................................................................. 29 

3.2.2.3 Inclusion and Exclusion Criteria ....................................................................................... 30 

3.2.2.4 Sample Size Calculation ................................................................................................... 30 

3.2.2.5 Sample Collection and Laboratory Procedures ................................................................. 31 

3.2.2.6 RNA Isolation ................................................................................................................... 32 

3.2.2.7 RNA Sequencing .............................................................................................................. 32 

3.2.2.7.1 Library Construction ...................................................................................................... 32 

3.2.2.7.2 Clustering, Sequencing and Quality Control ................................................................. 32 

3.2.2.7.3 Mapping to Reference Genomes and Quantification ..................................................... 33 

3.2.2.7.3.1 Mapping to the Human Reference Genome ................................................................ 33 

3.2.2.7.3.2 Mapping to the pfKE01 Reference Genome ............................................................... 33 

3.2.2.8 Data Analysis .................................................................................................................... 33 

3.2.2.8.1 Host Transcriptomics ..................................................................................................... 33 

3.2.2.8.2 Parasite Transcriptomics ................................................................................................ 34 

3.3 Ethical Considerations ............................................................................................................ 36 

3.3.1 Inclusion of Children as a Vulnerable Group ...................................................................... 36 

3.3.2 Ethical Handling of Samples and Clinical Follow-up.......................................................... 36 

3.3.3 Consent Process and Counselling Protocols ........................................................................ 36 

3.3.4 Protections against Risk ....................................................................................................... 37 

3.3.5 Potential Benefits to the Participants and the Community ................................................... 37 



viii 
 

3.3.6 Compensation for Research-Related Injury ......................................................................... 37 

3.3.7 Economic Burden to Subjects .............................................................................................. 37 

CHAPTER FOUR: RESULTS .................................................................................................. 38 

4.1 Objective One ......................................................................................................................... 38 

4.1.1 Demographic, Clinical and Laboratory Characteristics of Study Participants ..................... 38 

4.1.2 Characteristics of the NCR3 Variants in the Study Population ........................................... 39 

4.1.3 Longitudinal Risk of Malaria and SMA Episodes for the NCR3 Genotypes/Haplotypes ... 41 

4.2 Objective Two ......................................................................................................................... 43 

4.2.1 Admission Demographic, Clinical and Laboratory Characteristics of Study Participants .. 43 

4.2.2 Distribution of Differential Gene Expression in SMA Relative to Non-SMA .................... 45 

4.2.3 Leukocytic Immune Cell Profiling ....................................................................................... 45 

4.2.4 Process Network Enrichment Analysis in SMA .................................................................. 47 

4.2.5 Immune Response Canonical Signalling Pathways in Children with SMA ........................ 48 

4.2.6 Unsupervised Hierarchical Clustering Analysis of Gene Expression Profiles in the HSP60-

HSP70-TLR Signaling Pathway ............................................................................................. 52 

4.2.7 Differential Expression of Glutamine Transporters and Glutamine Synthetase in SMA .... 56 

4.3 Objective Three ....................................................................................................................... 58 

4.3.1 Demographic, Clinical and Laboratory Characteristics of Study Participants at Enrollment

................................................................................................................................................. 58 

4.3.2 Distribution of Differentially Expressed P. falciparum Genes in SMA Relative to Non-

SMA ........................................................................................................................................ 60 

4.3.3 Principal Component Analysis (PCA) of DEGs .................................................................. 61 

4.3.4 P. falciparum Gene Expression Deconvolution Analysis .................................................... 61 

4.3.5 Weighted gene co-expression network analysis (WGCNA) of P. falciparum DEGs .......... 63 

4.3.5.1 Co-expression Analysis of P. falciparum DEGs ............................................................... 63 

4.3.5.2 WGCNA Module Analysis ............................................................................................... 66 

4.3.6 Protein-Protein Interaction (PPI) Network Analysis ........................................................... 71 

4.3.6.1 PPI Network of P. falciparum DEGs ................................................................................ 71 

4.3.6.2 Functional Enrichment Analysis of PPI Network Clusters ............................................... 74 

4.3.6.3 Relationship between transcript levels of hub genes of blood-stage P. falciparum and 

malaria severity ....................................................................................................................... 77 

CHAPTER FIVE: DISCUSSION .............................................................................................. 79 

5.1 Relationship between Genetic Polymorphisms in NCR3 and Longitudinal Susceptibility to 

Childhood SMA ............................................................................................................................ 79 

5.2 NK Cell Networks, and Other Immune signalling Pathways in Children with SMA ............. 82 

5.3 Transcriptome Profile of Blood-Stage P. falciparum in Children with SMA ......................... 87 



ix 
 

5.4 Limitations of the Study .......................................................................................................... 96 

CHAPTER SIX: SUMMARY OF FINDINGS, CONCLUSIONS AND 

RECOMMENDATIONS ............................................................................................................ 97 

6.1 Summary of Findings .............................................................................................................. 97 

6.1.1 Relationship between Genetic Polymorphisms in NCR3 and Longitudinal Susceptibility to 

Childhood Malaria, SMA and All-cause mortality ....................................................................... 97 

6.1.2 NK Cell Networks, and Other Immune signalling Pathways in Children with SMA .......... 97 

6.1.3 Transcriptome Profile of Blood-stage P. falciparum in Children with SMA ...................... 98 

6.2 Conclusions ............................................................................................................................. 98 

6.2.1 Relationship between Genetic Polymorphisms in NCR3 and Longitudinal Susceptibility to 

Childhood malaria, SMA and All-cause Mortality ....................................................................... 98 

6.2.2 NK Cell Networks, and Other Immune signalling Pathways in Children with SMA .......... 99 

6.2.3 Transcriptome Profile of Blood-stage P. falciparum in Children with SMA ...................... 99 

6.3 Recommendations from the Current Study ........................................................................... 100 

6.3.1 Relationship between Genetic polymorphisms in NCR3 and Longitudinal Susceptibility to 

Childhood Malaria, SMA and All-cause mortality ..................................................................... 100 

6.3.2 NK Cell Networks, and Other Immune signalling Pathways in Children with SMA ........ 100 

6.3.3 Transcriptome Profile of Blood-stage P. falciparum in Children with SMA .................... 100 

6.4 Recommendations for Future Studies ................................................................................... 100 

6.4.1 Relationship between Genetic Polymorphisms in NCR3 and Longitudinal Susceptibility to 

Childhood Malaria, SMA and All-cause Mortality..................................................................... 100 

6.4.2 NK Cell Networks, and Other Immune signalling Pathways in Children with SMA ........ 101 

6.4.3 Transcriptome Profile of Blood-stage P. falciparum in Children with SMA .................... 101 

REFERENCES .......................................................................................................................... 102 

APPENDICES ........................................................................................................................... 123 

 

 

 

 

 

 

 

 

 
 
 
 



x 
 

LIST OF ABBREVIATIONS AND ACRONYMS 

µL   Microlitre 

DBL-1α Duffy Binding Like-1 alpha 

DEGs   Differentially Expressed Genes 

DNA   Deoxyribonucleic Acid 

EDTA  Ethylenediaminetetraacetic acid 

G6PD   Glucose-6-Phosphate Dehydrogenase 

Hb   Haemoglobin 

HBB   Haemoglobin Beta 

HbS   Haemoglobin Sickle 

HIV   Human Immunodeficiency Virus 

iRBCs  Infected Red Blood Cells  

MAF  Minor Allele Frequency 

MIF   Macrophage Inhibitory Factor 

Mos.  Months 

NCR3  Natural Cytotoxicity-triggering Receptor 3 

NK cell Natural Killer cell 

PCR   Polymerase Chain Reaction 

Pf.   Plasmodium Falciparum 

PfEMP-1 P. falciparum erythrocyte membrane protein-1 

PPI  Protein-protein interaction 

RNA  Ribonucleic acid 

SMA   Severe Malarial Anaemia  

SNPs   Single Nucleotide Polymorphisms 

WHO   World Health Organization 

WCGNA Weighted Co-expression Gene Analysis 



xi 
 

DEFINITION OF TERMS 

Genotype – a set of genes responsible for malaria outcome, i.e., malaria episode or SMA. For 

instance, wild-type genotype CC for the SNP rs2736191:C>G. 

Haplotype – a group of alleles that is inherited together from a single parent, i.e., GT haplotype 

from rs2736191:C>G and rs11575837:C>T genotypes. 

Holoendemic – an area where essentially all individuals in a population are infected, and malaria 

symptoms do not appear equally across age groups.  In such cases, the young are most likely to 

express pathogenic responses, while older hosts will carry the disease asymptomatically due to 

adaptive immunity. 

Polymorphisms – variations at single positions in the DNA sequence among individuals. 

Transcriptomics – the study of all RNA transcripts that are produced by the genome of an 

organism. 

Module – a cluster of highly interconnected genes based on their similar expression patterns 

across a set of samples. 

Cluster – a group of proteins that interact more frequently with each other than with proteins 

outside the group. 

Seed node – a gene or protein in a network with the highest weight in a network (highly 

connected). 

Hub node – a highly connected node within a network, having significantly more connections 

(edges) than the average node. 

Dysregulated – an abnormal or uncontrilled immune response. 

Impaired – immune function that is weakened, deficient or not functioning adequately 



xii 
 

LIST OF TABLES 

Table 4.1: Admission demographic, clinical and laboratory characteristics of study participants 39 

Table 4.2: Distribution of rs2736191:C>G and rs11575837:C>T genotypes and haplotypes ...... 41 

Table 4.3: Susceptibility to malaria and SMA over 36 mos. of follow-up ................................... 42 

Table 4.4:  Survival analysis for all-cause mortality ..................................................................... 43 

Table 4.5: Admission demographic, clinical and laboratory characteristics of study participants 44 

Table 4.6: Differentially expressed transcripts in the HSP60-HSP70-TLR2/4 signalling pathway 

in children with SMA ................................................................................................... 51 

Table 4.7: Top process networks of DEGs in clusters 1 and 2 of the heatmap ............................ 55 

Table 4.8:  Differential expression of transcripts of glutamine transporters and glutamine-

metabolizing enzymes in children with SMA .............................................................. 58 

Table 4.9: Admission demographic, clinical and laboratory characteristics of study participants 59 

Table 4.10: 10 Most down-regulated and up-regulated P. falciparum genes in SMA vs. non-SMA

 ...................................................................................................................................... 61 

Table 4.11: List of PPI network clusters identified in the PPI analysis of P. falciparum DEGs .. 73 

Table 4.12: Differential expression of genes encoding the hub nodes of the PPI network clusters

 ...................................................................................................................................... 73 

Table 4.13: Relationship between transcript levels of P. falciparum hub genes and malaria 

severity ......................................................................................................................... 78 

 



xiii 
 

LIST OF FIGURES 

Figure 3.1 Location of Siaya County and the Siaya County Referral Hospital in Western Kenya.

..................................................................................................................................... 22 

Figure 3.2 Study design: Objective one. ....................................................................................... 23 

Figure 3.3 Sample size calculation for objective one. .................................................................. 25 

Figure 3.4 Selection of the NCR3 SNPs. ...................................................................................... 27 

Figure 3.5 Study design: Objectives two and three. ..................................................................... 29 

Figure 3.6 Sample size calculation for objective two. .................................................................. 31 

Figure 4.1 NCR3 variants investigated. ........................................................................................ 40 

Figure 4.2 Differential gene expression analysis and leukocytic immune profiling in children with 

severe malarial anaemia. ............................................................................................... 46 

Figure 4.3 Inflammation- NK cell cytotoxicity process network. ................................................. 48 

Figure 4.4 Top emergent immune response canonical pathway maps in children with severe 

malarial anaemia. .......................................................................................................... 49 

Figure 4.5 Unsupervised hierarchical clustering of RNA-seq data showing differentially 

expressed genes in the HSP60-HSP70-TLR2/4 pathway. ............................................ 54 

Figure 4.6 Model showing significantly dysregulated glutamine transporters and glutamine 

synthetase. .................................................................................................................... 57 

Figure 4.7 Volcano plot showing the magnitude and significance of differentially expressed P. 

falciparum genes in patients with SMA relative to non-SMA. .................................... 60 

Figure 4.8 P. falciparum gene expression deconvolution analysis and relative proportions of P. 

falciparum developmental stages in non-SMA and SMA. ........................................... 62 

Figure 4.9 Identification of co-expression modules using WGCNA and enrichment analysis of 

WGCNA networks. ...................................................................................................... 66 

Figure 4.10 Brown module. .......................................................................................................... 67 

Figure 4.11 Yellow module. ......................................................................................................... 68 

Figure 4.12 Blue module. .............................................................................................................. 69 

Figure 4.13 Turquoise module. ..................................................................................................... 70 

Figure 4.14 Green module. ........................................................................................................... 71 

Figure 4.15 Visualization of PPI network of P. falciparum DEGs. ............................................. 72 

Figure 4.16 Functional enrichment terms of clusters 1-5 in the P. falciparum PPI network. ....... 75 

Figure 4.17 Functional enrichment terms of clusters 6-10 in the P. falciparum PPI network. ..... 76 

Figure 4.18 Functional enrichment terms of clusters 11-17 in the P. falciparum PPI network. ... 77 



1 
 

CHAPTER ONE 

INTRODUCTION 

1.1 Background Information 

Malaria is a major threat to public health globally, accounting for an estimated 249M cases and 

608,000 deaths (WHO, 2023).  The World Health Organization (WHO) African region bears the 

greatest burden, accounting for 94% of malaria cases and 95% of malaria deaths globally, with 

children under five comprising approximately 80% of this mortality (WHO, 2023).  Moreover, 

most of the morbidity and mortality in the WHO Africa region is attributed to Plasmodium 

Falciparum (WHO, 2023).  Life-threatening complications of P. falciparum malaria include 

hyper-parasitemia, hypoglycemia, hyper-lactatemia, kidney failure, metabolic acidosis, cerebral 

malaria (CM), severe malarial anaemia [SMA, haemoglobin (Hb)<5.0g/dL with peripheral 

parasitemia], and respiratory distress (Marsh et al., 1995).  In holoendemic P. falciparum 

transmission areas, such as western Kenya, children are particularly vulnerable to SMA, a 

primary manifestation of severe malaria (Akech et al., 2019; Anyona et al., 2021; Okoyo et al., 

2021).  The aetiology of SMA includes haemolysis [destruction of infected and uninfected red 

blood cells (RBCs)], splenic sequestration of RBCs, dyserythropoiesis, and bone marrow 

suppression, often complicated by co-infection with other pathogens (Perkins et al., 2011).  

Despite malaria control efforts in western Kenya, SMA has remained one of the major causes of 

morbidity and mortality in children less than five years of age (Okoyo et al., 2021; Paton et al., 

2021).  

1.1.1 Genetic Variations in Immune Response Genes in SMA 

The outcome of malaria infection, particularly its severe forms such as SMA, is strongly 

influenced by host genetic factors that modulate immune responses.  For instance, 

polymorphisms in immune response genes that regulate innate immunity have been associated 

with an increased susceptibility to SMA in children from western Kenya.  These polymorphisms 

occur in genes involved in complement activation (e.g., complement component 3 (C3), C5, 

cytokine production (e.g., interleukin-1 beta (IL-1β), IL-7, IL-10, IL-12, IL-13, interferon gamma 

(IFN-γ),), chemokine signalling (e.g., regulated on activation, normal T cell expressed and 

secreted (RANTES)) and leukocyte regulation (e.g., cluster of differentiation (CD) 32, colony 

stimulating factor (CSF) 2, leukocyte-associated immunoglobulin-like receptor (LAIR) 1 

(Achieng' et al., 2019b; Anyona et al., 2020; Kisia et al., 2022; Kisia et al., 2019; Munde et al., 

2017; Okeyo et al., 2013; Ong'echa et al., 2011; Ouma et al., 2008a; Ouma et al., 2012; Ouma et 

al., 2008b; Ouma et al., 2006; Raballah et al., 2022a; Raballah et al., 2022b). 



2 
 

A key genomic region implicated in malaria susceptibility is the 6p21.3 locus within the major 

histocompatibility complex (MHC), which has been linked to mild malaria in African 

populations (Brisebarre et al., 2014; Flori et al., 2003; Jepson et al., 1997).  Centrally located in 

this MHC region is the natural cytotoxicity-triggering receptor 3 (NCR3, also known as NKp30 

or CD337).  NCR3 encodes a receptor that is constitutively expressed on natural killer (NK) cells 

and plays a pivotal role in their activation, degranulation, and cytotoxic function. (Moretta et al., 

2001; Wang et al., 2012a).  Importantly, NCR3 can directly bind to the Duffy binding-like 

(DBL1α) domain of P. falciparum erythrocyte membrane protein-1 (PfEMP1) on infected red 

blood cells (iRBCs), independently of MHC class I molecules, initiating NK cell-mediated 

cytotoxicity and release mediators: IFN-γ, TNF-γ, MIP-1α/1β, and RANTES, known to influence 

the pathogenesis of SMA (Artavanis-Tsakonas et al., 2003a; Baratin et al., 2007; Fauriat et al., 

2010; Korbel et al., 2004; Perkins et al., 2011).  

These findings highlight that a mutation in the NCR3 could potentially affect the function of the 

receptor in orchestrating NK-cell-mediated immunity.  Specifically, previous studies have 

reported that the promoter variant rs2736191: C>G is associated with an increased risk of mild 

malaria in Burkina Faso and Congo.  The mutant allele G reduces promoter activity, leading to 

lower transcription and expression of the receptor NCR3 on NK cells.  This reduced NCR3 

expression impairs NK cell recognition of P. falciparum-infected red blood cells, resulting in 

weakened NK cell-mediated cytokine signaling (notably IFN-γ and TNF-α), which is critical for 

parasite clearance (Baaklini et al., 2017; Delahaye et al., 2007).   

Another variant, rs11575837:C>T, located in the untranslated exon 1 region, has been linked to 

reduced transcription of NCR3 and autoimmune conditions such as primary Sjögren‘s syndrome 

(Auton et al., 2015; Rusakiewicz et al., 2013).  Both Sjögren‘s syndrome and SMA display 

immune dysregulation and inflammatory cytokine signalling.  Thus, the reduced NCR3 

transcription linked to the rs11575837 T allele, translating to lower NK cell activation in 

Sjögren‘s syndrome, could affect the host's ability to control parasitaemia or modulate 

inflammation in SMA. (Baaklini et al., 2017; Rusakiewicz et al., 2013).  This reduced 

transcription could lead to lower NCR3 expression, which may impair NK cell recognition of 

iRBCs, weaken NK-mediated cytokine signalling in response to P. falciparum infection, thereby 

contributing to ineffective parasite clearance and increased risk of severe malarial anaemia. 

However, the role of NCR3 variants in the development of severe forms of malaria, such as 

SMA, particularly in high-transmission settings like western Kenya, remains unexplored.  

Interestingly, these SNPs are in strong linkage disequilibrium (88%) in the study population, but 

no studies to date have comprehensively investigated how rs2736191 and rs11575837 influence 



3 
 

the risk of SMA or longitudinal clinical outcomes such as recurrent malaria episodes and all-

cause mortality in endemic regions.  Given NCR3‘s essential role in NK cell recognition of 

iRBCs and its localization within the MHC locus linked to malaria susceptibility, reduced NCR3 

expression and impaired NK cell function could contribute to ineffective parasite clearance and 

the pathogenesis of SMA.  The present study, therefore, investigated the relationship between 

rs2736191 and rs11575837, as well as longitudinal clinical outcomes, including the incidence of 

malaria, SMA episodes, and all-cause mortality, in a pediatric cohort from western Kenya. 

1.1.2 NK Cell Networks 

NK cells are the main lymphocyte subset of the innate immune system, accounting for 8-20% of 

circulating lymphocytes in humans. (Cooper et al., 2001).  Following activation, NK cells 

produce various effector molecules, including cytokines (IFN-γ, tissue necrosis factor alpha 

(TNFα), granulocyte colony-stimulating Factor (G-CSF), macrophage inflammatory proteins 

(MIP)-1α/β, chemokines (RANTES) and cytotoxic granules (granzymes and perforins) (Abel et 

al., 2018; Artavanis-Tsakonas et al., 2003a; Baratin et al., 2007; Fauriat et al., 2010).  

Additionally, NK cells have been shown to shape and amplify adaptive immune responses, 

linking innate and adaptive immune responses (Hart et al., 2019).  In addition to NK cells, other 

immune cell populations play critical roles in malaria pathogenesis.  Monocytes and 

macrophages contribute to both parasite clearance and immunopathology through phagocytosis 

and cytokine production (Perkins et al., 2011).  In the adaptive arm, CD4⁺  T cells producing 

IFN-γ are elevated, while memory-like IL-17⁺  CD4⁺  T cells are diminished, suggesting 

dysregulated responses.  CD8⁺  T cell expansion and activation also correlate with SMA, 

potentially mediating parasite clearance and erythrocyte destruction.  These findings underscore 

the complex interplay between innate and adaptive immune cells (Anyona et al., 2023; Raballah 

et al., 2017; Royo et al., 2019; Safeukui et al., 2015).  

NK cell activation is achieved by the up-regulation of complementary activating signals and the 

down-regulation of inhibitory signaling. (Lanier, 2008).  NK cell has a repertoire of activating 

receptors on their surface (e.g., NCR1-3) that bind ligands on infected cells or tumour cells to 

initiate signal transduction (Barrow et al., 2019; Dushek et al., 2012).  Activating signalling in 

NK cells can occur through antibody-mediated mechanisms, such as when the fragment 

crystallizable gamma receptor [FcγRIIIa (CD16)] on NK cells recognizes immunoglobulin G 

(IgG) bound to infected red blood cells (iRBCs) in P. falciparum malaria. (Arora et al., 2018; 

Sulica et al., 1993).  Additionally, NK cell activation can be cytokine-mediated through receptors 

for cytokines such as IL-2, IL-12, and IL-18 on NK cells in the context of P. falciparum malaria.  

As a result, NK cell activation leads to the release of cytotoxic molecules, such as perforin and 

granzymes, as well as pro-inflammatory cytokines, including IFN-γ (Artavanis-Tsakonas & 
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Riley, 2002; Horowitz et al., 2010; Nielsen et al., 2016).  Conversely, NK cells also express a 

plethora of inhibitory receptors that suppress NK cell activation (Kärre, 2008; Vivier et al., 

2004). 

In severe malarial anemia (SMA), patients present with dysregulation of innate immune signaling 

(Perkins et al., 2011).  Interestingly, the overproduction of pro-inflammatory mediators by NK 

cells can exacerbate the innate immune response, leading to immunopathology (Wolf et al., 

2017).  Since NK cell function is regulated by a delicate balance of activating and inhibitory 

signalling (Lanier, 2008), it remains unclear whether this dynamic equilibrium is disrupted in 

SMA, contributing to a dysregulated innate immune response.  Furthermore, despite the crucial 

role played by NK cells in innate immunity, the signalling pathways of NK cells in SMA are yet 

to be elucidated.  Transcriptomic analysis revealed altered immune cell expression patterns, 

including NK cells in acute malaria in Malaysia (Dooley et al., 2023).  In Uganda, transcriptional 

analysis showed up-regulation of NK inhibitory receptors and transcriptional characteristics of 

exhausted (impaired functionality) NK cells in Ugandan children with repeated malaria episodes 

(Ty et al., 2023).  While transcriptome profiling has been employed to elucidate molecular 

mechanisms in P. falciparum infection, these findings have not been extended to populations 

with high SMA prevalence. 

Transcriptomic studies in western Kenya have identified altered expression of immune-related 

genes in children with SMA (Achieng' et al., 2019a; Kempaiah et al., 2016).  For instance, 

previous array-based and global transcriptome profiling studies on children with SMA have 

shown altered expression profiles of immune response genes, such as LAIR1 and heat shock 

protein (HSP) 70 (Achieng' et al., 2019a; Kempaiah et al., 2016).  Moreover, targeted 

transcriptional analyses revealed altered expression of genes in the ubiquitin-proteasomal 

proteolysis process (Anyona et al., 2021).  However, these analyses are yet to uncover the 

specific immune signalling networks, particularly NK cell-associated pathways that may drive 

disease severity.  To address these gaps, a high-throughput next-generation RNA sequencing was 

employed to characterise the entire transcriptome in children with SMA to determine the NK cell 

networks as well as other immune signalling pathways contributing to the pathogenesis of 

paediatric SMA. 

1.1.3 P. falciparum Transcriptome in Malaria 

Clinical manifestations of malaria present during the intraerythrocytic developmental cycle when 

merozoites invade and replicate within RBCs(Cowman et al., 2012; Miller et al., 2002).  These 

blood-stage parasites have been demonstrated to be highly transcriptionally active and with 

tightly regulated gene expression patterns that govern their survival, replication, and virulence 
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(Bozdech et al., 2003; Painter et al., 2018).  Since P. falciparum mRNAs possess a poly(A) tail, 

next-generation RNA sequencing on whole blood samples captures both human and P. 

falciparum gene transcripts (Erath et al., 2019).  This has allowed for transcriptomic profiling of 

P. falciparum gene expression in human infection, providing critical insights into parasite 

biology during the complex life cycle of P. falciparum (Bradwell et al., 2020; Guillochon et al., 

2022; Lee et al., 2018b; Tonkin-Hill et al., 2018).  For instance, RNAseq carried out on blood 

from Gambian children showed 236 parasite DEGs between severe and uncomplicated malaria 

(UM), enriched for gene ontology (GO) terms including RNA processing, haemoglobin catabolic 

process and protein transport (Lee et al., 2018a).  Similarly, another gene expression study 

identified parasite DEGs in Malian children with uncomplicated malaria (Bradwell et al., 2020). 

Enrichment analyses of parasite DEGs across other studies have uncovered vital biological 

processes such as glycolysis, histone methylation, protein folding pathways and tricarboxylic acid 

(TCA) cycle in patients with severe malaria (excluding SMA) (Guillochon et al., 2022; Tonkin-

Hill et al., 2018).  Collectively, these studies demonstrate the utility of transcription profiling in 

examining gene expression patterns of P. falciparum during its asexual blood stages in malaria, 

uncovering key molecular mechanisms driving parasite development, survival, replication, 

virulence and host immune evasion.  However, no study to date has specifically characterized the 

P. falciparum transcriptome during the erythrocytic stages in children with severe malarial 

anemia (SMA), a predominant and life-threatening malaria complication in high-transmission 

areas such as western Kenya.  Additionally, while previous work has illuminated parasite biology 

in other severe malaria phenotypes, the transcriptional profile of the Kenyan PfKE01 strain in the 

context of SMA remains undefined. 

Current treatment for SMA focuses primarily on parasite clearance using intravenous artesunate, 

a potent schizonticide (Li & Weina, 2010; MoH, 2020).  However, SMA is also marked by 

profound immune dysregulation, partly driven by phagocytosis of P. falciparum–derived 

haemozoin (PfHz), which contributes to the pathogenesis independent of parasite load (Perkins et 

al., 2011).  This suggests that parasite clearance alone may not be sufficient for effective 

therapeutic management in SMA patients.  As such, the current study employed high-throughput 

RNAseq to explore the entire P. falciparum transcriptome in peripheral blood from children with 

SMA to uncover key parasite molecular mechanisms that drive parasite development, virulence, 

and immune evasion within the host, offering insights that may inform future therapeautic 

strategies for SMA. 
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1.2 Statement of the Problem 

Although severe malarial anaemia (SMA) remains a leading cause of malaria-related morbidity 

and mortality in children under five, especially in high-transmission regions like western Kenya, 

the specific immunogenetic mechanisms contributing to its pathogenesis are not fully defined, 

particularly in the context of longitudinal malaria outcomes.  Preliminary data from my master‘s 

research suggest that NK cell function may influence malaria pathogenesis, as polymorphisms in 

the NCR3 gene were associated with SMA in children under 5 years in western Kenya.  

However, these findings were limited to a cross-sectional analysis.  To address this knowledge 

gap, the present study investigated the longitudinal influence of NK cells on malaria outcomes by 

examining associations between NCR3 genetic variants (rs2736191: C>G and rs11575837:C>T, 

including haplotypes) and longitudinal clinical outcomes: malaria episodes, SMA episodes, and 

all-cause mortality in Kenyan children. 

NK cell function is regulated by a dynamic balance of inhibitory and activating signalling.  

However, how these signalling pathways contribute to the immunopathogenesis of SMA in 

malaria naïve children remains poorly defined.  Although prior transcriptomics studies have 

revealed altered NK cell responses, these findings have not been specifically contextualized 

within pediatric SMA, characterised by innate immune dysregulation.  Furthermore, while blood-

stage P. falciparum infection drives substantial host immune activation, the downstream immune 

signalling networks, especially those involving NK cell pathways, have not been 

comprehensively characterized in children with SMA.  Therefore, this study utilized high-

throughput RNA sequencing to define NK cell networks and other immune signaling pathways 

involved in SMA pathogenesis, identifying top-ranked gene networks across the entire host 

transcriptome. 

P. falciparum engages in complex interactions with the host immune system, contributing to 

malaria-related morbidity and mortality.  Despite extensive malaria research on P. falciparum 

biology and host-pathogen interactions, the gene expression profiles of blood-stage P. falciparum 

specifically in children with SMA remain largely unexplored.  Current treatment for SMA 

focuses primarily on parasite clearance.  Since clinical symptoms arise during the erythrocytic 

stages of infection, understanding the transcriptional activity of P. falciparum during this phase is 

crucial for elucidating mechanisms of virulence, immune evasion, and disease severity.  Current 

treatment of SMA focuses on parasite clearance; however, SMA pathogenesis also involves 

immune dysregulation driven by parasite-derived products like haemozoin, which are not 

addressed by antiparasitic therapies alone.  This persistent burden highlights the need to uncover 

parasite factors that may contribute to SMA pathogenesis.  Therefore, this study profiled the 

transcriptome of blood-stage P. falciparum in children with SMA to reveal the parasite‘s gene 
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expression patterns and identify potential molecular mechanisms that may serve as targets for 

improved therapeutic strategies beyond parasite clearance alone. 

1.3 Objectives of the Study 

1.3.1 General Objective 

To determine the effects of human genetic variation as well as altered host and P. falciparum 

gene expression patterns on the pathogenesis of SMA in children (<5 years) from Siaya County. 

1.3.2 Specific Objectives 

i. To determine the influence of NK cells on malaria outcomes by examining the 

relationship between genetic polymorphisms in NCR3 (rs2736191: C>G and 

rs11575837:C>T) and longitudinal clinical outcomes. 

ii. To determine the influence of NK cell networks and other immune signalling pathways 

on the pathogenesis of paediatric SMA by determining the top-ranked genes/gene 

pathways from the entire transcriptome. 

iii. To profile the transcriptome of blood-stage P. falciparum in children with SMA. 

 

1.3.3 Hypotheses 

1.3.3.1 Overall Research Hypothesis 

Human genetic variation, as well as the host and P. falciparum gene expression patterns, do not 

affect the pathogenesis of severe malarial anaemia in children (<5 years) from Siaya County. 

1.3.3.2 Null Hypotheses 

i. Genetic polymorphisms in NCR3 (rs2736191:C>G and rs11575837:C>T) do not affect 

the longitudinal malaria outcomes. 

ii. NK cell networks and other immune signalling pathways do not significantly influence 

the pathogenesis of paediatric SMA. 

iii. The transcriptome of blood-stage P. falciparum is not significantly different between 

children with SMA and those without SMA. 

1.4 Significance of the Study 

1.4.1 Specific Objective One 

Malaria immunity in children develops gradually over repeated infections, making it critical to 

study host genetic contributions to disease outcomes longitudinally during early childhood.  This 

study provides insights into how human genetic variation, specifically in NCR3 (rs2736191 and 

rs11575837), influences the development of SMA and longitudinal malaria outcomes in children 

from holoendemic regions.  By identifying the TT genotype of rs11575837 as a risk factor for 
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increased malaria episodes and the protective effect of the CC haplotype against SMA, this study 

contributes to the genomic epidemiology of pediatric malaria. 

The findings of the study advance current knowledge by linking NCR3 variants to functional 

changes in transcription factor binding sites and associating these changes with clinical 

outcomes.  This may explain how altered NK cell activity contributes to SMA pathogenesis.  

These insights are relevant for the development of polygenic risk scores to estimate an 

individual‘s genetic predisposition to SMA, facilitating early identification of high-risk children 

who may benefit from targeted interventions such as vaccines, prophylaxis, or enhanced clinical 

monitoring. 

The study directly benefits malaria researchers, geneticists, immunologists, and public health 

stakeholders involved in malaria control and personalized medicine initiatives in sub-Saharan 

Africa.  Additionally, the results lay the groundwork for future mechanistic studies exploring 

how specific transcription factor binding site changes affect NCR3 expression and function, and 

how these molecular alterations influence NK-cell-mediated immune responses during P. 

falciparum infection. 

1.4.2 Specific Objective Two 

Despite the clinical significance of SMA, the molecular mechanisms driving SMA pathogenesis 

remain poorly understood.  This study provided a comprehensive transcriptome-wide analysis of 

whole blood samples from children with SMA, offering insights into the immunological and 

metabolic dysregulation underlying the condition.  The study identified 6,862 DEGs genes in 

children with SMA compared to non-SMA controls, with key findings highlighting the 

dysregulation of immune signaling networks such as the Inflammation_NK cell cytotoxicity 

process and the HSP60-HSP70-TLR2/4 pathway.  These results suggest that SMA is associated 

with altered natural killer (NK) cell function, impaired pattern recognition receptor signaling, and 

activation of compensatory immune pathways.  Furthermore, the data revealed significant 

changes in genes involved in glutamine transport and metabolism, pointing to the role of 

metabolic adaptation in SMA. 

These findings significantly advance the current understanding of SMA pathogenesis by 

connecting immune and metabolic dysregulation to disease severity.  The identification of 

specific genes and pathways that are consistently up- or down-regulated in SMA provides a 

valuable basis for developing novel therapeutic interventions.  For example, small molecule 

compounds targeting dysregulated immune pathways such as TLRs, NF-κB, and IRAK1 may 

help restore immune balance.  In addition, the observed upregulation of glutamine transporters 
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and glutamine synthetase suggests that glutamine supplementation could be explored as an 

adjunct therapeutic strategy to support immune function and meet metabolic demands during 

severe infection. 

The implications of this study extend to multiple beneficiaries.  Researchers in molecular 

immunology and infectious diseases can use these findings to guide mechanistic studies of 

immune dysfunction in malaria.  Pediatric clinicians and global health practitioners may benefit 

from improved understanding of SMA pathogenesis to better stratify risk and tailor treatment 

approaches.  Moreover, the study provides pharmaceutical scientists and translational researchers 

with potential targets for therapeutic development.  Future research should investigate the 

cytotoxic activity of NK cells in children with SMA to validate their functional relevance.  It is 

also critical to measure protein expression levels of key genes to determine the correlation 

between transcriptomic changes and functional protein abundance. Additional RNA-seq studies 

in independent cohorts and plasma proteomics validation will strengthen the evidence base and 

generalizability of these findings. Finally, the study supports the need for in vitro evaluation of 

therapeutic compounds targeting the identified dysregulated pathways, as well as clinical trials 

assessing the impact of glutamine supplementation on immune function and clinical outcomes in 

children with SMA. 

1.4.3 Specific Objective Three 

This study provides important insights by profiling the transcriptome of blood-stage P. 

falciparum in pediatric patients with SMA.  Through this analysis, the study uncovered 566 

differentially expressed parasite genes: 499 of which were upregulated and 67 downregulated in 

children with SMA compared to non-SMA.  These genes were found to encode mitochondrial 

and ribosomal proteins, DNA methyltransferases, proteasome subunits, and trafficking proteins, 

all of which play key roles in the parasite‘s rapid growth and replication within red blood cells.  

The study also showed accelerated transition of the parasite from the ring stage to the trophozoite 

stage in children with SMA, as well as the increased proportions of schizonts.  These changes 

suggest that faster developmental progression may be linked to more frequent rupture and 

invasion of red blood cells, contributing to the extensive hemolysis that characterizes SMA.  In 

addition, the study observed a higher male-to-female gametocyte ratio, which may reflect an 

adaptive strategy by the parasite to maximize reproductive success under the stress of a hostile 

host environment. 

This research contributes to existing knowledge by identifying parasite genes and pathways that 

are active during blood-stage infection in children with severe disease.  These include processes 

such as cell division, protein synthesis and degradation, RNA splicing, metabolic regulation, and 
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molecular transport, which were significantly enriched in the SMA group.  Importantly, the study 

identified hub genes such as glutamine–tRNA ligase, ribosomal proteins, proteasome subunits, 

and trafficking complex proteins, which may serve as biomarkers for disease severity or as 

promising therapeutic targets.  The findings have practical applications in the development of 

novel anti-malarial therapies.  By identifying genes and pathways essential for parasite survival 

and virulence during the blood stage, the study highlights opportunities for targeted intervention.  

Therapies that disrupt mitochondrial function, protein synthesis, or the ubiquitin-proteasome 

system could impair the parasite‘s ability to grow and replicate, thereby reducing disease 

severity.  Moreover, a combination of drugs that target multiple key pathways simultaneously 

may improve treatment outcomes and reduce the likelihood of drug resistance. 

A wide range of stakeholders stand to benefit from this work.  Researchers and scientists gain a 

clearer understanding of parasite biology and the pathogenesis of SMA.  Clinicians may use 

these insights to inform diagnosis, prognosis, and case management.  Public health agencies and 

policy-makers can apply these findings to refine strategies for malaria control and elimination.  

Ultimately, the primary beneficiaries are the children living in malaria-endemic regions, whose 

health outcomes could be significantly improved through the development of better diagnostic 

tools and treatments based on this research.  In light of these contributions, the study proposes 

several directions for future research.  First, the functional characterization of the top upregulated 

genes and hub genes, especially those with unknown functions, is needed to elucidate their roles 

in parasite biology and pathogenesis.  Second, host-parasite co-expression studies are 

recommended to uncover interactions between the human immune system and the parasite during 

infection.  Third, longitudinal transcriptomic analyses could provide valuable insight into how 

parasite gene expression changes throughout infection and in response to treatment.  Finally, 

integrating transcriptomic data with other ‗omics‘ datasets, such as proteomics and 

metabolomics, would provide a more comprehensive understanding of the regulatory networks 

that enable the parasite to adapt and thrive within the host. 

 

 



11 
 

CHAPTER TWO 

LITERATURE REVIEW 

2.1 P. falciparum Malaria Pathogenesis 

Human malaria is an infectious disease caused by unicellular parasites of the Plasmodium genus 

(Miller et al., 1994).  Transmission occurs through the bite of an infected female Anopheles 

mosquito, inoculating the sporozoites into the host's bloodstream.  The sporozoites migrate to the 

liver, where they invade hepatocytes, mature and undergo asexual reproduction, resulting in the 

production of merozoites (Miller et al., 1994).  Upon parasite-induced hepatocyte rupture, these 

merozoites are released into circulation, facilitating their invasion of RBCs (Langlois et al., 

2018).  Merozoites recognize and attach to surface receptors on RBCs, reorient themselves and 

form a tight junction with the RBC membrane, facilitating the formation of a parasitophorous 

vacuole around the merozoite, separating it from the host cell cytoplasm (Cowman et al., 2012).  

The merozoites grow and replicate (48-72 hours), rupture the RBCs, and are released into the 

bloodstream (asexual cycle).  However, a fraction of merozoites differentiate into gametocytes 

which are taken up by a mosquito during a blood meal (sexual cycle) (Cowman et al., 2012; 

Miller et al., 2002).  Clinical manifestations of malaria present during the asexual erythrocytic 

stage when merozoites invade and develop in RBCs (Cowman et al., 2012; Miller et al., 2002).  

P. falciparum is the most virulent of the 5 Plasmodium species: P. falciparum, P. vivax, P. 

malariae, P. knowlesi, and P. ovale, accounting for the highest mortality (Perkins et al., 2011; 

WHO, 2023).  Clinical manifestations of falciparum malaria range from typical presentations 

such as fever, headaches, chills, vomiting, sweating and muscle pain to severe life-threatening 

complications including hypoglycemia, hyper-parasitaemia, hyperlactataemia, metabolic acidosis, 

kidney failure, respiratory distress, cerebral malaria and SMA (Cheaveau et al., 2019; WHO, 

2020).  The aetiology of SMA is multi-faceted, and includes the destruction of infected and 

uninfected RBCs, dyserythropoiesis, bone marrow suppression, and the sequestration of RBCs in 

the spleen (Perkins et al., 2011).  SMA remains one of the major causes of morbidity and 

mortality in children under five years old in holoendemic P. falciparum transmission areas, such 

as western Kenya (Okoyo et al., 2021; Paton et al., 2021).  These children are especially 

vulnerable due to naïve anti-malarial immunity (Akech et al., 2019; Anyona et al., 2021; Okoyo 

et al., 2021) and rely on their innate immunity.  NK cells are key mediators of innate immunity 

against malaria and facilitate the development of acquired immunity (Riley & Stewart, 2013; Ye 

et al., 2018). 
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2.2 NK Cells in Malarial Infection 

NK cells are the main lymphocyte population in innate immunity, accounting for 8-20% of 

circulating lymphocytes in humans (Cooper et al., 2001).  They are characterised by the 

expression of the cluster of differentiation (CD) 56 surface markers and the absence of the CD3 

marker (CD56
+
/ CD3

−
).  NK cells are further classified based on surface expression of CD56 and 

CD16 (FCγRIII) markers: CD56
dim

CD16
+
 subset (largely cytotoxic) and CD56

bright
CD16

− 

(mainly produce cytokines)(Björkström et al., 2016; Cooper et al., 2001).  NK cells develop and 

mature in both the bone marrow and secondary lymphoid tissues.  Naïve NK cells interact with 

target cells expressing MHC class I molecules via their receptors to learn what is ―self‖ (NK cell 

licensing) (Tu et al., 2016).  However, they require no priming or prior activation to be cytotoxic 

(Scoville et al., 2017).  Mature functionally competent NK cells are released in the blood, spleen, 

liver and uterus and are attracted by chemokines to infected and/or inflamed tissues(Scoville et 

al., 2017; Tu et al., 2016; Yokoyama et al., 2004).  

Hepatic NK cells, consisting of both transient conventional NK cell subsets and resident NK 

cells, represent almost half the lymphocyte population within the liver (Mikulak et al., 2019).  

These NK cells mediate pre-erythrocytic immunity against malaria by producing IFN-γ (Burrack 

et al., 2019).  Similarly, TNF-α production inhibits P. falciparum liver-stage development 

(Depinay et al., 2011; Wang et al., 2012b).  NK cells in circulation directly recognise P. 

falciparum iRBCs and are one of the earliest sources of IFN-γ during infection (Artavanis-

Tsakonas et al., 2003a; Artavanis-Tsakonas & Riley, 2002; Korbel et al., 2004).  Decreased IFN-

γ production has been associated with increased malarial anaemia severity and high-density 

parasitaemia in paediatric patients (Oyegue-Liabagui et al., 2017).  Timely IFN-γ production 

controls P. falciparum infection in both hepatic and erythrocytic stages and prevents the 

development of severe malaria, while aberrant expression can lead to pathology (King & Lamb, 

2015). 

NK cells also secrete chemokines such as migration inhibitory factor and C-C motif Ligand 5 

(CCL5, RANTES), which are suppressed in children with SMA (Awandare et al., 2006; Fauriat 

et al., 2010; Were et al., 2006).  Additionally, NK cells release cytotoxic granules containing 

perforin and granzymes, initiating the eryptosis of the iRBCs (Burrack et al., 2019; Voskoboinik 

et al., 2015).  Granzyme B was associated with reduced parasitaemia (Kapelski et al., 2015).  The 

significance of NK cells in adaptive malarial immunity is underscored by their ability to activate 

adaptive immune cells through cytokine production, recall pro-inflammatory cytokine-mediated 

and receptor-mediated activation through memory-like NK cells, and orchestrate antibody-

dependent cellular cytotoxicity (ADCC) through adaptive NK cells (defined by the loss of 
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transcription factor PLZF and Fc receptor γ-chain) (Arora et al., 2018; Hart et al., 2019; Odera et 

al., 2023; Pahl et al., 2018; Ty et al., 2023). 

P. falciparum-infected RBCs induce the up-regulation of activation markers, CD25 and CD69, 

on NK cells (Baratin et al., 2005).  NK cells can discriminate between iRBCs and uninfected 

RBCs and form stable contacts with iRBCs (Artavanis-Tsakonas et al., 2003b; Chen et al., 

2014).  They recognise iRBCs through a combination of activating and inhibitory receptors, i.e., 

inhibitory receptors detect the downregulation of MHC-1 molecules on iRBCs, reducing the 

inhibitory signal of the NK cell, while the activating receptors bind directly to pathogen-derived 

or stress-induced ligands on RBCs, transducing activating signals triggering NK cell activation 

(Lanier, 2008).  NK cell depletion leads to a significant increase in P. falciparum parasitaemia in 

murine models (Chen et al., 2014).  Despite these elaborate effector functions of NK cells in P. 

falciparum, their role in SMA in paediatric residents in a holoendemic malaria transmission area, 

such as western Kenya, remains undetermined. 

2.2.1 The Role of Natural Cytotoxicity-Triggering Receptor 3 in P. falciparum Malaria 

Natural cytotoxicity-triggering receptor 3 (NCR3, also NKp30) is one of the main activating 

receptors of NK cells.  It is encoded by the NCR3 gene (NCR3) and is expressed constitutively 

on the surface of NK cells (Moretta et al., 2001).  During P. falciparum infection, NCR3 directly 

recognizes iRBCs by binding to the DBL1-α domain of the parasite-derived surface protein, 

PfEMP-1, triggering the activation of NK cells(Artavanis-Tsakonas et al., 2003a; Korbel et al., 

2004; Mavoungou et al., 2007; Wang et al., 2012a).  Additionally, NCR3 is highly upregulated 

during controlled human malaria and NCR3 expression was associated with NK cell activation 

(Walk & Sauerwein, 2019).  Activated NK cells produce cytokines and chemokines known to 

influence the pathogenesis of SMA: IFN-γ, TNF-α, G-CSF, MIP-1α/β, and RANTES (Baratin et 

al., 2007; Fauriat et al., 2010; Perkins et al., 2011).  In addition, activated NK cells release 

granzymes and perforins for the cytotoxicity of iRBCs (Artavanis-Tsakonas et al., 2003a; Korbel 

et al., 2005). 

The selective pressure of malaria on the human genome is illustrated by a high frequency of the 

sickle haemoglobin (HbS) allele of haemoglobin beta gene (HBB), for which heterozygotes are 

protected against severe malaria in areas of high malaria prevalence (Flint et al., 1998; 

Kwiatkowski, 2005; Tishkoff & Williams, 2002).  Previous studies in western Kenya illustrate 

that genetic variants, especially in innate immune response genes, influence susceptibility to 

malaria and the subsequent development of SMA(Achieng' et al., 2019b; Awandare et al., 2009; 

Kisia et al., 2019; Munde et al., 2017; Okeyo et al., 2013; Ong'echa et al., 2011; Ouma et al., 

2008b).  Furthermore, studies in different ethnic groups from Africa have linked the 6p21.3 locus 
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of the MHC region and susceptibility to mild malaria (Brisebarre et al., 2014; Flori et al., 2003; 

Jepson et al., 1997).  Centrally located in the MHC region is NCR3 (Brisebarre et al., 2014; Flori 

et al., 2003). 

A single nucleotide polymorphism (SNP) located in the promoter region of NCR3, 

rs2736191:C>G, has been associated with increased mild malaria episodes in carriers of the 

mutant allele in the Congo and Burkina Faso (Baaklini et al., 2017; Delahaye et al., 2007).  

Furthermore, carriage of the mutant allele was associated with decreased expression of NCR3 

and reduced affinity of the NCR3 promoter to transcription factors, suggesting impaired NK cell 

function (Baaklini et al., 2017).  It is important to note that these studies defined the SNP as a G 

to C transition, in contrast to conventional NCBI nomenclature used in our study i.e., C to G.  

Research conducted on the rs2736191 polymorphism in a Senegalese population revealed no 

relationship between the rs2736191 SNP and cerebral malaria.  

Both rs2736191 and another NCR3 variant rs11575837:C>T (located in the non-coding region of 

exon 1) are inversely associated with risk of primary Sjögren‘s syndrome (pSS), and the minor T 

allele of rs11575837 is associated with reduced NCR3 transcription (Rusakiewicz et al., 2013).  

Currently, no literature links rs2736191 or rs11575837 to SMA in immune-naïve children in 

holoendemic P. falciparum malaria transmission areas.  Therefore, to extend previous studies on 

the potential role of NK cells in the pathogenesis of malaria, the current study examined the 

relationship between NCR3 variants (rs2736191:C>G and rs11575837:C>T) and longitudinal 

clinical outcomes (i.e., malaria, SMA episodes and mortality) in a cohort of children residing in 

western Kenya. 

2.2.2 NK Cell Networks 

Elevated expression of the activating receptor NCR3, observed in controlled human malaria 

infections, results in the up-regulation of CD69 (NK cell activation marker), as well as increased 

production of IFN-γ and granzyme B (Walk & Sauerwein, 2019).  Apart from NCR3, NK cells 

express a plethora of other activating receptors, i.e., NCR1 (NKp46), NCR2 (NKp44), NKG2D, 

CD226 (DNAM-1), and CD244 (2B4) (Pegram et al., 2011).  These receptors recognize 

pathogen-associated ligands on target cells and transduce activating signals into the cytosol via 

adapter molecules containing immunoreceptor tyrosine-based activation motifs (ITAMs).  These 

ITAM-bearing adaptor molecules include Fc Receptor γ-Chain (FCRγ), Cluster of Differentiation 

3 zeta-chain (CD3δ), and DNAX activation protein of 12kDa (DAP12) (Arnon et al., 2006; 

Barrow et al., 2019; Kaifu et al., 2011).  Following ligand binding, ITAM-containing adapter 

molecules are phosphorylated by membrane-anchored enzymes, SH2 domain-containing kinases 

https://en.wikipedia.org/wiki/Immunoreceptor_tyrosine-based_activation_motif
https://en.wikipedia.org/wiki/Cluster_of_differentiation
https://en.wikipedia.org/wiki/Enzyme
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Syk or ZAP70, initiating downstream signalling cascades leading to NK activation, cytotoxicity 

and cytokine production (Dushek et al., 2012). 

Activating signals can also be either antibody- or cytokine-mediated (Stevenson & Riley, 2004).  

ADCC has been reported, whereby fragment crystallisable gamma receptor [FcγRIIIa (CD16)] 

on NK cells recognises immunoglobulin G (IgG) bound to iRBCs via PfEMP-1 or repetitive 

interspersed family (RIFINS), triggering the release of perforins and granzymes, as well as 

production of IFN-γ (Arora et al., 2018; Sulica et al., 1993).  In addition, ADCC of P. 

falciparum iRBCs by NK cells requires a stable adhesion involving an interaction of integrin 

αMβ2 and receptor CD2 on NK cells, with ICAM-4 and CD58 on iRBCs, respectively (Sekar et 

al., 2023).  NK cells also express cytokine receptors on their surface (Meazza et al., 2011).  

Signalling through receptors for IL-2 and IL-15 mediates NK cell proliferation, differentiation, 

and cytotoxicity (Becknell & Caligiuri, 2005).  Moreover, IL-18 signalling synergises with IL-2, 

IL-15, and IL-21 signalling at low cytokine concentrations, enhancing NK cell effector functions 

(Nielsen et al., 2016).  In P. falciparum malaria, NK cells respond to the inflammatory cytokines 

IL-12 and IL-18 by producing IFN-γ (Artavanis-Tsakonas & Riley, 2002).  Furthermore, a 

cellular crosstalk between IL-2-secreting CD4
+
 T and NK cells has also been demonstrated, 

activating NK cells to produce IFN-γ against iRBCs (Horowitz et al., 2010). 

Conversely, NK cells express a range of inhibitory receptors, such as killer-cell immunoglobulin-

like receptors (KIRs), which detect the downregulation of self-markers.  KIRs specifically 

recognize MHC class I molecules, including HLA-A, -B, and -C, and suppress NK cell activation 

to prevent aberrant immune responses (Kärre, 2008; Tukwasibwe et al., 2020).  Unlike activating 

receptors, inhibitory receptors have intracellular immunoreceptor tyrosine-based inhibitory motifs 

(ITIMs) in their cytoplasmic tail for signal transduction (Burshtyn et al., 1996).  These receptors 

function to regulate NK cell activation by dephosphorylating tyrosine residues in ITAMs 

associated with activating signalling (Gunturi et al., 2004; Lanier, 1997; Tukwasibwe et al., 

2020). 

Korbel et al demonstrated that NK cell response to microbial ligands was dependent on the 

strength of the activating signal and the regulatory effect of inhibitory receptor KIR (Korbel et 

al., 2009).  This finding suggests that NK cell activation against pathogens could be influenced 

by both activating signalling and the presence/absence of inhibitory signals.  During P. 

falciparum infection, NK cells‘ inhibitory receptors detect downregulation of MHC-1 molecules 

on iRBCs, dampening the inhibitory signal of the NK cell.  Meanwhile, the activating receptors 

directly bind to pathogen-derived iRBCs, transducing activating signals that trigger NK cell 

effector functions (Artavanis-Tsakonas et al., 2003a; Chen et al., 2014; Lanier, 2008).  

https://en.wikipedia.org/wiki/Fragment_crystallizable_region
https://en.wikipedia.org/wiki/Interferon_type_II
https://en.wikipedia.org/wiki/Interferon_type_II
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Therefore, despite the transduction of NK cell-activating signals through contact- or cytokine-

mediated signalling, these signals must still overcome the NK cell inhibitory signals for NK cell 

activation to occur.  Notably, NK cells express co-stimulatory receptors that potentiate NK cell 

activating signalling, to enable them to surpass a critical threshold of activation necessary to 

overcome the inhibitory signals (Moretta et al., 2002). 

SMA displays a dysregulated innate immune response, characterised by pathway perturbations 

resulting in an imbalance of inflammatory mediators of innate immunity (Perkins et al., 2011).  

Since NK cell function is regulated by a delicate balance of activating and inhibitory signalling 

(Lanier, 2008), it is unclear whether this dynamic equilibrium is disrupted in SMA, potentially 

contributing to the dysregulated innate immune response.  However, it has been reported that the 

overproduction of pro-inflammatory mediators by NK cells can exacerbate the innate immune 

response, leading to immunopathology (Wolf et al., 2017).  Furthermore, despite the crucial role 

played by NK cells in innate immunity, the signalling pathways of NK cells in SMA are yet to be 

elucidated.  As such, this study aimed to determine the influence of NK cell networks and other 

immune signalling pathways on the pathogenesis of paediatric SMA by identifying the top-

ranked genes/gene pathways for the entire transcriptome. 

2.2.3 Dysregulated NK Cell Function in Malaria 

Altered NK cell function has been linked to immunopathology in diverse conditions(Forconi et 

al., 2018; Ty et al., 2023), indicating that NK cell dysregulation can contribute to disease 

pathogenesis, and deciphering the immune signalling pathways may uncover molecular 

mechanisms underlying disease development.  During the disease process of severe malaria 

(CM), NK cells are recruited to the brain of malaria-infected mice, where they induce CM by 

stimulating the migration of T lymphocytes to inflammation sites within the brain, underscoring 

the role of NK cell response in severe malaria pathogenesis (Hansen et al., 2007).  A longitudinal 

study conducted on malaria-exposed children residing in a malaria-endemic area of Mali showed 

a significantly reduced NK cell degranulation response to P. falciparum iRBCs compared to 

malaria-naïve individuals (Kouriba et al., 2023).  In another study in Tanzania, NK cells from P. 

falciparum seronegative individuals exhibited significantly reduced innate IFN-γ response to 

iRBCs compared to those from seropositive individuals due to the absence of malaria‑ specific 

antibodies for ADCC and lack of priming from accessory and T cells (Obiero et al., 2015).  

Taken together, these observations suggest that repeated exposure to malaria may result in 

lowered NK cell response, potentially as a mechanism to prevent an exacerbated inflammatory 

response.  
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The proportion of the total NK cell population (CD56
+
/CD3

-
) was reported to be higher in 

patients with severe malaria than in those with acute malaria in a malaria-endemic region of 

Columbia.  Specifically, CD56
bright

 (mainly mediators of cytokine response) and CD56
dim

 (mostly 

mediators of cytotoxicity) were elevated, with the CD56
dim

 subset being 4-fold higher than the 

CD56
bright

 subset.  Similarly, NK cell production of cytokines IFN-γ and TNF-α was significantly 

higher in severe malaria patients.  These findings suggest that, in severe malaria, increased NK 

cell cytotoxicity may help suppress parasitaemia, but prolonged production of pro-inflammatory 

cytokines could contribute to disease pathology (Agudelo et al., 2012).  These findings agree 

with previous studies that SMA children have lower parasitaemia relative to non-SMA but an 

elevated production of IFN-γ and TNF-α (Perkins et al., 2011). 

Malian children displayed upregulation of the programmed death-1 (PD-1) inhibitory receptor on 

NK cells and increased IL-6 production during acute malaria.  Similarly, NK cells of malaria-

naïve adults upregulated PD-1 following P. falciparum stimulation in vitro (Moebius et al., 

2020).  In acute infection, this PD-1 upregulation likely acts as a regulatory constraint to prevent 

excessive NK cell activation, leading to reduced natural cytotoxicity against stressed or infected 

self-cells (Moebius et al., 2020).  In the context of chronic immune activation from repeated 

malaria exposure, PD‑ 1 expression on NK cells remains associated with diminished natural 

cytotoxicity; however, these cells appear to shift toward enhanced ADCC (Moebius et al., 2020).  

Collectively, despite evidence indicating altered NK cell function in malaria, it remains unclear 

whether dysregulation of the finely tuned regulation and complex integration of NK cell 

signalling pathways occurs in immune-naïve children presenting with SMA.  Furthermore, 

transcriptomic analysis has been suggested as a method to comprehensively characterise complex 

biological networks and pathways involved in malaria, such as those involving NK cells (Lee et 

al., 2018a).  

2.3 Genome-wide Expression Analysis in Malaria 

2.3.1 Host Gene Expression Analysis 

Dysregulation in immune response pathways has been studied using transcriptomic analysis in 

various conditions to gain insights into mechanisms underlying disease pathogenesis and clinical 

manifestations(Gallego et al., 2024; Zhong et al., 2024).  For instance, network analysis of 

transcriptome data revealed key cellular networks involved in the progression of systemic lupus 

erythematosus (Wang et al., 2024).  Single-cell RNA-seq analysis revealed altered immune cell 

expression profiles, including NK cells, in acute P. falciparum malaria, and activation of type I 

IFN signalling in NK cells in response to malaria (Dooley et al., 2023).  Transcriptional analysis 

of blood samples from a longitudinal cohort of malaria-exposed Ugandan children showed 
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transcriptional features of exhausted adaptive-like NK cells, which were observed to increase in 

children repeatedly exposed to malaria.  These cells expressed higher levels of inhibitory 

receptors (KIRs, LILRB1, and LAG-3), as well as enhanced ADCC capacity, and were 

associated with reduced parasite densities and malarial symptoms longitudinally (Ty et al., 2023). 

Upon conducting transcriptomic analysis on peripheral blood mononuclear cells of 13 pediatric 

malaria patients (7 with CM and 8 with UM) using a microarray platform, Cabantous et al. 

identified several top significant pathways, including the malaria pathway (hsa05144), cytokine-

cytokine receptor interaction (hsa04060), TNF signalling pathways (hsa04668), chemokine 

signalling pathways (hsa04062), as well as the NOD-like receptor signalling pathway (has04621) 

which highlights the key role of the inflammasome in CM development (Cabantous et al., 2020).  

Another transcriptome study of microarray data from CM patients showed aberrant signalling, 

neutrophil degranulation, and gene repression as the over-represented pathways in CM (Karikari 

et al., 2021).  Moreover, gene expression profiling of microarray data from CM patients in 

Senegal identified pathways involved in immune cell activation, including NK cells.  

Specifically, pathways such as TLR, FcεRI, FcγR, and RIG-I-like receptor signalling, as well as 

the natural killer cell-mediated cytotoxicity pathway, were found to be enriched (Thiam et al., 

2019).  

Other previous transcriptomic studies conducted in cases of severe malaria defined as 

overlapping clinical manifestations i.e.,  respiratory distress, anaemia (Hb<5 g/dL), 

hypoglycaemia, and lactataemia (WHO, 2000), revealed overrepresentation of complement and 

TLR pathways with C1q, TLR-2, TLR-4, TLR-8, and CR1 genes being differentially expressed 

between children with severe and UM in Mali (Sobota et al., 2016).  Another study reported 

diminished NK cell immune response in severe malaria patients relative to those with UM.  

Functional network analysis showed that the top 10 pathways were primarily related to immune 

responses and pathogen recognition, with IFN signalling ranking as the top pathway (Ye et al., 

2018).  Toll-like receptors and the RIG-I-like receptor pathways emerged as the primary pattern-

recognition receptor pathways implicated in NK cell interactions with iRBCs (Ye et al., 2018).  

While transcriptome profiling has proven crucial in elucidating molecular mechanisms in P. 

falciparum malaria infections, the cellular networks and pathways explicitly associated with 

SMA as the primary manifestation of severe malaria remain unexplored.  Therefore, high-

throughput next-generation RNA sequencing of the entire expressed transcriptome in whole 

blood was employed to investigate the NK cell networks and other cellular pathways in immune-

naïve children presenting with SMA in a holoendemic malaria transmission region. 
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2.3.2 Parasite Transcriptome Analysis 

Previous studies have utilised transcriptomic analysis to investigate gene expression patterns 

during the complex life cycle of the P. falciparum parasite.  Notably, assessing P. falciparum 

gene expression in vivo is crucial to capturing variations that might not be observed under the 

standardised conditions utilised to culture the parasite in vitro (Lee et al., 2018a).  Gene 

expression analysis of whole blood samples from Malian children with UM enabled the 

identification of DEGs for P. falciparum phospholipase A2, Alba 2, and glyceraldehyde-3-

phosphate dehydrogenase, with no significant enrichment of parasite-related pathways revealed 

(Bradwell et al., 2020).  However, in a group of naïve (first-time infected) adult patients, the base 

excision repair pathway, which facilitates the maintenance of genome integrity by repairing small 

base lesions in DNA, was the most enriched (Wichers et al., 2021). 

Analysis of transcriptomes of P. falciparum isolates from patients with severe malaria (not 

including SMA) showed that up-regulated genes were enriched in glycolysis, histone 

methylation, folate metabolism and protein folding pathways.  In contrast, down-regulated genes 

were enriched in pathways associated with the tricarboxylic acid (TCA) cycle, nucleoside 

diphosphate (pyrimidine) metabolism and regulation of guanosine triphosphatase (GTPase) 

(Tonkin-Hill et al., 2018).  RNA-seq data analysis also found glycophorin binding protein 

(PF3D7_1016300) as the most highly expressed, while AP2 domain transcription factor AP2-G 

(PF3D7_1222600) was the most down-regulated in children with CM in Gambia(Lee et al., 

2018b).  Additionally, GO enrichment analysis identified terms including protein translation, 

RNA splicing and processing, protein deneddylation and regulation of nucleobase-containing 

compounds  (Lee et al., 2018b). 

Another study conducted on whole blood samples from children with CM in Benin identified 

dysregulated pathways related to DNA metabolic processes, protein metabolic processes, 

organelle organisation and entry into the host, as well as KEGG pathways involved in vitamin 

B6, pyruvate metabolism and glycolysis/gluconeogenesis (Guillochon et al., 2022).  Further 

analysis involving protein-protein interaction (PPI) network construction of DEGs uncovered 

sub-networks related to peptide biosynthetic process, host entry, biological adhesion and protein 

phosphorylation (Guillochon et al., 2022).  These studies highlight the utility of transcription 

profiling in examining gene expression patterns of P. falciparum asexual blood stages, 

uncovering key molecular mechanisms driving disease progression to severe malaria.  

Surprisingly, the profiling of the parasite transcriptome in SMA, one of the most prevalent 

manifestations of severe malaria in high P. falciparum transmission areas, remains to be 

determined. 
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Profiling the transcriptome of blood-stage P. falciparum has been of growing interest since 

clinical manifestations of malaria primarily arise from the P. falciparum’s asexual stages in blood 

(Bradwell et al., 2020; Cowman et al., 2012; Guillochon et al., 2022; Lee et al., 2018a; Miller et 

al., 2002; Painter et al., 2018; Tonkin-Hill et al., 2018).  These stages have been demonstrated to 

be highly transcriptionally active and tightly regulated (Bozdech et al., 2003; Painter et al., 

2007).  Therefore, understanding the gene expression dynamics of the parasite during this stage 

of infection can provide insights into the molecular basis of parasite factors, i.e., parasite 

virulence and host immune evasion in malaria.  Moreover, P. falciparum pre-erythrocytic 

antigens have been selected as vaccine candidates based on the analysis of transcriptome 

databases (Aguiar et al., 2015).  In addition, PPI networks have been utilised to predict potential 

drug targets for both pathogen- and host-directed malaria drug discoveries (Agamah et al., 2021).  

Taken together, to decipher the blood stage parasite‘s molecular mechanisms driving severe 

malaria and identify potential immune-related biomarkers for disease prognosis and therapeautic 

targets, the current study profiled the transcriptome of P. falciparum asexual blood stages in 

children with SMA. 
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CHAPTER THREE 

METHODOLOGY 

3.1 Study Area 

The study was conducted at Siaya County Referral Hospital (SCRH) in western Kenya (Figure 

3.1), a holoendemic P. falciparum malaria transmission region (Hollowell et al., 2023; Okoyo et 

al., 2021; Ong'echa et al., 2006).  Malaria is the primary cause for admission in western Kenya, 

accounting for 63.4% of admissions and 61 deaths for every 1,000 malaria admissions among 

children under 5 years old(Kapesa et al., 2018).  The common malaria vectors in this region are 

Anopheles gambiae s.s., A. arabiensis, and A. funestus (Minakawa et al., 2012).  The area is 

mainly inhabited by the Luo ethnic group (94.8%) (Wiesmann, 2016), providing a homogeneous 

population for a genetic-based study.  Since malaria is ubiquitous, all ages are at risk of exposure, 

but the paediatric population is especially susceptible to malaria as they are yet to develop a 

robust immunity to malaria(Hollowell et al., 2023; Stich et al., 2006).  Severe malaria is 

predominant in paediatrics and majorly manifests as SMA and/or HDP (Akech et al., 2019; 

Bloland et al., 1999; Obonyo et al., 2007).  Moreover, SMA is one of the major causes of 

paediatric mortality and morbidity in the study region (Perkins et al., 2011).  Siaya County has an 

equatorial climate, 1,140 to 1,430 m above sea level, with an annual rainfall between 800-2,000 

mm and average annual temperatures ranging from 15 ℃ to 30 ℃ (Ong'echa et al., 2006).  The 

population is 993,183 and children (0-14 years) are 403,845 (38.1%) (DNMP. & ICF., 2021) 
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3.2 Study Design  

3.2.1 NCR3 Variant Analysis 

3.2.1.1 Study Design and Participants 

A longitudinal study design was employed to investigate the relationship between NCR3 variants 

and susceptibility to malaria outcomes (Figure 3.2).  A pediatric cohort (n=1,640) of both sexes 

presenting at SCRH who either reported for their first documented hospital visit for febrile 

episodes or routine childhood vaccinations was enrolled in the study from March 2004 to 

December 2012 and followed for 36 months. (>19,000 visits) (Figure 3.2).  Parasitaemic (cases) 

and aparasitaemic (controls) children were enrolled at baseline (day 0) and followed 

prospectively over three years to capture longitudinal clinical outcomes, including malaria 

episodes, severe malarial anemia (SMA), and mortality. 

Figure 3.1: Location of Siaya County and the Siaya County Referral Hospital in Western 
Kenya 
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Figure 3.2: Study design: Objective one. 

3.2.1.2 Screening and Enrollment 

The recruitment process involved screening and enrollment (Figure 3.2).  Cases were defined as 

children with severe malarial anaemia (positive smear for asexual P. falciparum parasitaemia and 

haemoglobin <5.0 g/dL) based on the global WHO definition of SMA (WHO, 2014), whereas 

controls were children of similar age and gender with non-severe malarial anaemia (positive 

blood smear for asexual P. falciparum parasitaemia and haemoglobin ≥5.0 g/dL).  The following 

features determined the presence of parasitaemia: a positive blood smear showing asexual P. 

falciparum malaria and oral/axillary temperature >37.5 °C or two of the following: 

nausea/vomiting, diarrhoea, headache, myalgia, poor feeding, etc.  Asexual malaria parasites 

were counted against 300 leukocytes on thick blood smears, and parasite densities were estimated 

by assuming a standard leukocyte count of 8,000 white blood cells per microliter of blood, when 

actual WBC counts are not available.  

A comprehensive explanation of the study was given to the parent/legally authorised 

representative of a child before signing an informed consent form.  The informed consent in the 

language of choice (i.e., English, Kiswahili, or Dholuo) was obtained from the parents or legally 

authorised representatives of all children participating in the study.  Moreover, questionnaires 

were used to collect demographic information during enrollment.  
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Venous blood samples were collected before any treatment or supportive care as part of routine 

clinical evaluation for hematological measurements, HIV testing, and bacterial culture. These 

procedures were conducted per standard patient care practices.  Based on the HIV-1 status, 

malaria parasitemia, and hemoglobin levels, children meeting all inclusion criteria were 

subsequently enrolled in the study.  All participants received prompt antimalarial treatment and 

supportive therapy according to the Kenya Ministry of Health (MoH) guidelines. 

3.2.1.3 Inclusion and Exclusion Criteria 

Inclusion criteria included: malaria parasitaemia (any density, SMA and non-SMA) and 

aparasitaemic controls; age ≤ 5 years; parent/legally authorised representative willing to sign the 

consent form; parent/legally authorised representative able to keep schedule and study 

appointments; parent/legally authorised representative living ≤ 15 km to the hospital, and ability 

to provide two contacts who are familiar with the child‘s whereabouts during the study period 

according to previously established protocols (Ong'echa et al., 2006).  Exclusion criteria 

included: children with cerebral malaria; history of any HIV-1 related symptoms such as oral 

thrush; clinical evidence of acute respiratory infection; prior hospitalisation; intent to relocate 

during the study period; and unwillingness of the parent or guardian to enrol the child in the 

study. 

3.2.1.4 Longitudinal Follow-ups 

Enrolled children were stratified into 3 clinical groups based on parasitaemia and Hb levels: 

aparasitaemic [Malaria parasites (MPS) negative], non-SMA (Hb≥5.0 g/dL), and SMA (Hb<5.0 

g/dL).  Following enrollment, parents/guardians were requested to bring their child to the 

hospital quarterly (every three mos.) throughout the longitudinal follow-up period (36 months) 

and during any acute febrile episode (Figure 3.2).  A complete physical exam and clinical 

laboratory tests were performed at each quarterly and acute visit.  All-cause mortality data were 

collected throughout the follow-up period.  The geographic information coordinates of each 

child‘s address were recorded upon enrollment using a GIS/GPS surveillance system.  For the 

participants who did not report for a scheduled follow-up visit, the health status of the child, 

which included a verbal autopsy in cases of mortality, was determined by a visit to the child‘s 

residence. 

3.2.1.5 Sample Size Calculation 

The sample size was calculated using a web server: https://riskcalc.org/samplesize/.  A two-sided 

type I probability of 5%, with a power of 0.8, an attrition rate of 10%, and a 0.241 ratio of 

unexposed to exposed (Anyona et al., 2020) will require a minimum sample size of 1,505 

(Figure 3.3). 

https://riskcalc.org/samplesize/
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3.2.1.6 Collection of Blood Samples 

For children who met the inclusion criteria, blood samples (<100 μL) were obtained from heel or 

finger pricks and used to prepare thin and thick blood smears.  The blood smears were then 

stained using Giemsa reagent for microscopic diagnosis of P. falciparum parasitaemia and 

determining parasite density.  In addition, peripheral blood (<3.0 mL) was collected before anti-

malarial treatment into EDTA BD Vacutainer
®

 tubes (Becton, Dickinson and Co., Franklin 

Lakes, New Jersey, USA) for haematological measurements, HIV testing, bacterial culture, 

HbAS status, 


-thalassemia deletion, and G6PD deficiency.  About 100 μL of the blood 

sample was blotted onto FTA Classic
®

 cards (Whatman Inc., Clifton, New Jersey, USA), air 

dried, and stored with desiccants at room temperature for use in DNA extraction.  

3.2.1.7 Laboratory Measurements 

Hb levels and complete blood counts (CBCs) were determined using the Beckman Coulter ACT 

diff2™ (Beckman-Counter Corporation, Miami, Florida, USA).  To account for the common 

causes of severe anaemia in the study region, we evaluated anaemia-promoting conditions, 

including HIV-1 exposure/infection, bacteremia, sickle-cell trait (HbAS) status, glucose-6-

phosphate dehydrogenase (G6PD) deficiency, and 


-thalassemia deletion.  HIV-1 exposure 

Figure 3.3: Sample size calculation for objective one. 
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was determined through rapid serological testing using Uni-gold™ specific for HIV-1 and 

Determine™ specific for HIV-1/2.  Samples that yielded single or double positive results were 

subjected to confirmatory nested pro-viral DNA PCR testing as previously described (Otieno et 

al., 2006).  Pre- and post-test HIV counselling was provided to all parents/guardians of all the 

participants.  Bacteraemia was detected by inoculating ~1.0 mL of venous blood into an 

automated BACTEC 9050 culture system (Becton-Dickinson, Franklin Lakes, New Jersey, USA) 

to detect bacterial growth.  Positive alerts were then examined by Gram staining to classify the 

bacteria as Gram-positive or Gram-negative.  To isolate and identify causative bacteria, cultures 

were plated on blood agar, chocolate agar, or MacConkey agar, depending on expected growth 

characteristics.  Blood agar supports general bacterial growth and allows detection of hemolysis; 

chocolate agar is used for fastidious organisms; and MacConkey agar is selective for Gram-

negative enterics and differentiates lactose fermenters.  These culture methods enable accurate 

bacterial recovery and characterization, which is critical for confirming bacteraemia and 

informing clinical relevance (Were et al., 2011).  Bacteria grown from the cultures were then 

identified using API biochemical galleries (bioMérieux, Louvres, France), which apply a series 

of miniaturized biochemical tests to classify bacteria based on their metabolic characteristics.  

G6PD deficiency was assessed using a fluorescent spot test, a qualitative assay that measures the 

activity of the glucose-6-phosphate dehydrogenase enzyme.  Blood samples were processed and 

examined under ultraviolet light, where fluorescence indicates normal enzyme activity (Trinity 

Biotech Plc., Bray, Ireland).  The presence of the sickle cell trait (HbAS) was determined by 

cellulose acetate electrophoresis, a method that separates hemoglobin variants based on their 

charge and mobility, as per manufacturer‘s instructions (Helena Bio-Sciences, Oxford, United 

Kingdom).  


-Thalassaemia deletion was determined using a nested PCR method  (Dodé et al., 

1993).  This technique involves two successive rounds of PCR to enhance the specificity and 

sensitivity of detecting the 3.7-kilobase deletion in the alpha-globin gene cluster. The first round 

amplifies a broader region containing the target sequence, while the second round uses internal 

primers to selectively amplify the deletion-specific fragment, allowing precise identification of 

individuals carrying the 


-Thalassaemia mutation. 

3.2.1.8 Selection of NCR3 SNPs 

The NCR3 SNPs (rs2736191:C>G and rs11575837:C>T) were selected based on the following 

criteria: a) proximity to NCR3 transcription start site (TSS); b) likelihood of corresponding SNP 

to potentially create or ablate transcription factor binding sites (TFBS), which was predicted 

using TFBIND software (Tsunoda & Takagi, 1999) and c) strong linkage disequilibrium (88%) 

between the SNPs determined using Multiallelic Interallelic Disequilibrium Analysis (MIDAS) 

software version 1.0 (Gaunt et al., 2006) (Figure 3.4). 
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3.2.1.9 Genotyping of NCR3 rs2736191: C>G and rs11575837:C>T Variants 

Genomic DNA from each participant was extracted from blood spots on FTA Classic
®

 cards 

using the Gentra System protocol (Gentra System Inc., Minneapolis, MN, USA).  Primers 

specific to the human housekeeping gene encoding human glucose-3-phosphate dehydrogenase 

(GAPDH) were used in a conventional PCR reaction to confirm the presence of human DNA.  

The genomic DNA was then amplified using the GenomiPhi
®

 system (GE Healthcare, Midland 

Park, New Jersey, USA) to obtain sufficient quantities for genotyping.  The NCR3 rs2736191 and 

rs11575837 polymorphisms were genotyped using the TaqMan
®

 5' allelic discrimination Assay-

By-Design high-throughput method [Assay ID: C_16286876_10 for rs2736191 and 

C_27834902_10 for rs11575837] (Thermo Fisher Scientific Inc., Waltham, MA, USA) according 

to the manufacturer's instructions.  PCR was conducted in a total reaction volume of 10 μL with 

the following amplification cycles: initial denaturation (60 °C for 30 s and 95 °C for 10 min) 

followed by 40 cycles of (95 °C for 15 s and 60 °C for 1 min) and a final extension (60 °C for 30 

s) using allele-specific fluorescence on the StepOnePlus
™

 Real-Time PCR Systems.  StepOne
™

 

Software (Version 2.3) was used for allelic discrimination (Thermo Fisher Scientific). 

3.2.1.10 Data Analysis 

The SPSS
®

 statistical software package version 23.0 (IBM SPSS Inc., Chicago, Illinois, USA) 

was used to analyze data at enrollment.  Demographic and clinical data across study groups were 

compared using Pearson‘s Chi-square (χ2) test and the Kruskal-Wallis test.  Differences in 

parasitological variables between SMA and non-SMA were computed
 
using the Mann–Whitney 

U test.  NCR3 (rs2736191 and rs11575837) haplotypes were constructed using HPlus software 

version 2.5 (Fred Hutchinson Cancer Research Center, Seattle, Washington, USA).  Moreover, 

Figure 3.4: Selection of the NCR3 SNPs.  
A) Chromosome location of NCR3 and the variants under investigation.  B) Selection criteria for 
rs2736191:C>G and rs11575837:C>T variants.  C) Linkage disequilibrium. 



28 
 

the proportions of alleles, genotypes and haplotypes of the NCR3 variants were compared across 

the study groups using Chi-Square (χ
2
), and the Hardy–Weinberg Equilibrium (HWE) was 

evaluated using a χ
2
 goodness of fit test.  

The relationship between NCR3 genotypes/haplotypes and longitudinal malaria outcomes was 

analysed in R (version 3.6.1) by fitting a Poisson rate regression using a forward-backwards 

model selected using the Akaike Information Criterion (AIC).  The following covariates were 

subject to model selection: age, sex, co-infections (HIV-1 and bacteremia), G6PD deficiency, 

sickle-cell trait and 


-thalassemia since these covariates could influence malarial anaemia 

(Aidoo et al., 2002; Otieno et al., 2006; Preuss et al., 2012; Were et al., 2011).  Poisson 

regression was used to determine the incidence rate ratio (IRR).  The Poisson regression model 

accounted for the varying lengths of observation by including the logarithm of the follow-up 

period as an offset.  This offset was added to the model to adjust the logarithm of the expected 

number of events, ensuring that the model correctly estimated incidence rates (Poisson rate 

regression).  

The Poisson rate regression was also performed to determine the IRR for the 

genotypes/haplotypes under an additive genetic model, rather than treating genotypes/haplotypes 

as categorical variables.  In this model, the genotypes/haplotypes were coded metrically, 

representing the number of mutant alleles (0, 1, or 2 copies of the mutant allele or haplotype) 

carried by an individual.  This approach allowed for the assumption of a cumulative effect of the 

mutant allele or haplotype on the malaria outcomes, where each additional copy was expected to 

incrementally modify the incidence rate.  Survival analyses were performed by a non-parametric 

Cox proportional hazard model to determine the hazard ratio (HR) of all-cause mortality 

associated with NCR3 genotypes/haplotypes over 36-month follow-up period.  For each model, 

Holm-Bonferroni correction was applied to control familywise error rates in multiple 

comparisons. The statistical significance for all analyses was set at P≤0.050. 

3.2.2 Transcriptomic Analysis 

3.2.2.1 Study Design and Participants 

A cross-sectional study design was utilised for the human host and parasite transcriptome 

analysis (Figure 3.5).  The study participants were parasitaemic children (n=66, 1-59 mos.) 

presenting at SCRH for their first documented hospital visit due to febrile (>37.5 ℃) episodes, 

who were selected from 577 participants enrolled between 03/2017-09/2020 (Figure 3.5). 
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3.2.2.2 Screening and Enrolment 

The recruitment process followed a screening of malaria parasites and enrollment.  Routinely, 

SMA is defined by WHO as Hb<5 g/dL (WHO, 2014).  However, a previous study performed on 

a longitudinal cohort in Asembo Bay, western Kenya, recorded 14,317 repeated measurements, 

defined SMA as Hb<6.0 g/dL and non-SMA as Hb≥6.0 g/dL (McElroy et al., 1999).  To 

determine the local (Siaya, western Kenya) definition of SMA using a data-driven approach, data 

from a Siaya paediatric cohort (i.e., n=1,640 with >19,000 Hb measurements) was used to 

determine average Hb concentrations across 36 months of follow-up using a dynamic 

programming algorithm.  The modelling revealed three distinct Hb categories at p<0.001: ≤5.9 

g/dL, 5.91-8.098 g/dL, and >8.098 g/dL (Anyona et al., 2023).  Thus, study participants were 

stratified into non-SMA (Hb≥6.0 g/dL) and SMA (Hb<6.0 g/dL) groups based on the local 

Figure 3.5: Principal component analysis of P. falciparum transcriptomics data. 
The first two components of the principal component analysis of the TPM of differentially 
expressed genes in Kenyan children presenting with non-SMA and SMA.  A) PCA of all 3,155 
annotated P. falciparum genes.  B) PCA of 566 DEGs.  Each point represents a sample; red 
represents the non-SMA group, and green represents the SMA group.  Confidence ellipses show 
group distribution and overlap. 
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definition of SMA.  Female and male (sex at birth) febrile children (≥37.5°C axillary) presenting 

at SCRH were enrolled in the study.  At enrollment, demographic and clinical data were 

collected, and a physical examination was performed.  Before treatment with antimalarials or 

other medications, venipuncture blood samples (3 mL) were collected for laboratory measures.  

Pre- and post-HIV test counselling was provided to the parents/guardians of all participants.  All 

patients were treated as per the Ministry of Health-Kenya guidelines. 

3.2.2.3 Inclusion and Exclusion Criteria 

Inclusion criteria included: P. falciparum parasitemia (any density), febrile (≥37.5°C axillary), 

age <5 years, distance to hospital ≤25 km, written informed consent from parent/guardian and 

intention to attend a follow-up visit on day 14 (well-visit).  Exclusion criteria included: previous 

hospitalization (for any reason), an episode of malaria within the past month, positive cases of 

HIV-1 and bacteraemia or clinical signs consistent with cerebral malaria (rare in this setting).  

3.2.2.4 Sample Size Calculation 

The sample size for Specific Objectives 2 and 3, which involved RNA sequencing and 

downstream analyses (e.g., differential expression and network/pathway analysis), was estimated 

using the RnaSeqSampleSize package (Zhao et al., 2018) via a web interface 

https://cqsvumc.shinyapps.io/rnaseqsamplesizeweb/.  Assuming 20,000 genes tested, with 500 

prognostic genes, a minimum desired fold-change of 3, and 90% statistical power, the minimum 

required sample size was 44 total samples (22 per group) (Figure 3.6). 

https://cqs-vumc.shinyapps.io/rnaseqsamplesizeweb/


31 
 

 

 

3.2.2.5 Sample Collection and Laboratory Procedures 

Venipuncture peripheral blood (3-4 mL) was obtained from each study participant who met the 

inclusion criteria for laboratory tests on day 0, before antimalarial therapy.  Thick and thin 

Giemsa-stained blood smears were prepared and examined under 100x oil immersion microscopy 

to determine the presence/absence of Plasmodium parasites, and parasite density (Ong'echa et al., 

2006).  CBCs were assessed using the Beckman Coulter ACT diff2™.  To determine additional 

common causes of severe anaemia, HIV-1 infection, bacteraemia and HbAS status were 

determined as described above.  An aliquot of peripheral blood (500 L) was mixed with an 

equal volume of Trizol
®

 Reagent (Thermo Fisher Scientific) and stored at -80 °C.  

Figure 3.5: Sample size calculation for objective two. 
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3.2.2.6 RNA Isolation 

Peripheral blood from study participants, matched for age, sex, and peripheral malaria 

parasitemia, was used to isolate total RNA for RNA sequencing.  Total RNA was isolated using 

E.Z.N.A.
®

 Total RNA Kit I (Omega Bio-Tek Inc., Norcross, GA, USA) from the peripheral 

blood (500 µL) preserved in Trizol
® 

for the 66 children who were selected for RNA sequencing 

(RNA-Seq): non-SMA (n=41) and SMA (n=25).  Total RNA was then treated with RNase-free 

DNase I (New England Biolabs, Ipswich, MA, USA) to remove any contaminating DNA.  RNA 

quantity was measured using NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific), 

while the quantity and integrity of the RNA were evaluated using Agilent 2100 Bioanalyzer 

(Agilent Technologies, Santa Clara, CA, USA).  

3.2.2.7 RNA Sequencing 

3.2.2.7.1 Library Construction 

A total of 1 μg of RNA [RNA integrity number (RIN) >8], subjected to a post-globin mRNA 

depletion step to remove globin transcripts after RNA extraction, was used as the input for library 

construction.  The sequencing libraries were generated using NEBNext
®

 UltraTM RNA Library 

Prep Kit for Illumina
®

 (New England BioLabs Inc., Massachusetts, USA), following the 

manufacturer‘s recommendations.  Briefly, mRNA enrichment was performed using poly-T 

oligo-attached magnetic beads.  Fragmentation was carried out using divalent cations under 

elevated temperature in NEBNext First Strand Synthesis Reaction Buffer (5X).  First-strand 

cDNA was synthesised using a random hexamer primer and M-MuLV Reverse Transcriptase 

(RNase H-).  Second-strand cDNA synthesis was subsequently performed using DNA 

Polymerase I and RNase H.  Each cDNA was ligated to a NEBNext adaptor, followed by PCR 

enrichment of adaptor-ligated DNA.  The PCR products were then purified, and the sequencing 

library quality was assessed using Agilent 2100 Bioanalyzer. 

3.2.2.7.2 Clustering, Sequencing and Quality Control 

The clustering of the index-coded samples was performed on a cBot Cluster Generation System 

using PE Cluster Kit cBot-HS (Illumina Inc., San Diego, CA, USA), according to the 

manufacturer‘s instructions.  Paired-end sequencing of library preparations was performed using 

Illumina
®

 NovaSeq S4 platform (Illumina, California, USA) with a depth of >20 million high-

quality mappable reads.  Quality control and preprocessing of sequencing data (raw reads) in the 

FASTQ format were conducted using fastp (Chen et al., 2018).  Clean reads were obtained by 

trimming adapters, poly-N sequences, and low-quality bases from the raw data, resulting in high-

quality sequences used for all downstream analyses.  All the subsequent analyses were based on 

clean reads. 
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3.2.2.7.3 Mapping to Reference Genomes and Quantification 

3.2.2.7.3.1 Mapping to the Human Reference Genome 

Reference genome and gene model annotation files were downloaded from the genome browser 

websites (NCBI/UCSC/Ensembl).  Paired-end clean reads were mapped to the reference genome 

(GRCh38.p13) using the Spliced Transcripts Alignment to a Reference (STAR) software version 

2.5 (Dobin et al., 2013).  HTSeq v0.6.1 was used to count the read numbers mapped to each gene 

(Anders et al., 2015).  The read counts were converted to Fragments Per Kilobase of transcript 

per Million mapped reads (FPKM) based on the length of the gene.  Differential gene expression 

analysis was then performed using the R package edgeR (3.16.5) (Robinson et al., 2010).  Each 

false discovery rate (FDR) adjusted P-value (Padj) was calculated using the Benjamini & 

Hochberg method (Benjamini & Hochberg, 1995) and Padj of 0.050 was set as the threshold for 

significance.  

3.2.2.7.3.2 Mapping to the pfKE01 Reference Genome 

A P. falciparum Kenyan isolate (pfKE01) reference genome (Otto et al., 2018), downloaded 

from PlasmoDB, was used for read mapping.  Transcriptome data were mapped to the pfKE01 

references using Bowtie 2 (Langmead & Salzberg, 2012).  There were 6 samples excluded from 

downstream analyses since they did not meet the quality threshold and/or read counts required for 

robust interpretation (1 non-SMA and 5 SMA).  This yielded 60 samples for downstream 

analyses: non-SMA (Hb≥6.0 g/dL, n=40) and SMA (n=20).  Mapped reads were assigned to 

genes with HTSeq v0.6.1 to count read numbers mapped to each gene (Anders et al., 2015).  The 

read counts were converted to Transcript per Million mapped reads (TPM) to account for gene 

length and sequencing depth.  Differential gene expression between the SMA and non-SMA 

groups was then performed using the Welch t-test to account for unequal variances and differing 

sample sizes in the two groups.  The threshold for significance was set at P≤0.050. 

3.2.2.8 Data Analysis  

3.2.2.8.1 Host Transcriptomics 

Demographic, clinical and laboratory characteristics of the study participants at enrolment were 

analyzed using SPSS
®

 version 23.0 (IBM SPSS Inc., Chicago, IL, USA).  Data across the study 

groups were compared using Pearson‘s Chi-square (χ
2
) test and the Mann-Whitney U test.  

Statistical significance was set at P≤0.050.  A volcano plot was used to visualize the distribution 

of DEGs in GraphPad Prism version 9.0 (GraphPad Software, Inc., Boston, Massachusetts, 

USA).  The relative percentage of different immune cell types/subtypes in peripheral blood was 

determined using deconvolution analysis with CIBERSORTx (Newman et al., 2019; Steen et al., 

2020), an R package that processes gene expression data from a bulk admixture of various cell 
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types to estimate the abundance of each immune cell type in the sample (Steen et al., 2020).  

Briefly, a curated signature matrix file, LM22, was used as a reference to deconvolute the relative 

fraction of different immune cell types in whole blood, identifying 22 types/subtypes of 

leukocytes.  Cell type-specific gene expression levels were imputed at the sample level, with the 

output presented as the fractional proportions in whole blood for each study participant.  A two-

sample t-test with Welch‘s correction was used to determine whether the relative proportions (%) 

of immune cell types, presented as mean (SEM), differed between the non-SMA (n=41) and 

SMA (n=25) groups.  GraphPad Prism version 9.0 (GraphPad Software) was employed to 

generate a heatmap, as well as the relative proportions (%) of the 22 leukocyte cell 

types/subtypes at the individual patient level for both the non-SMA and SMA groups. 

Gene identifier, log2fold change and FDR-adjusted P-values ≤0.050 of significantly differentially 

expressed genes (DEGs) were incorporated into GeneGO (MetaCore
TM

), a web-based knowledge 

database and software suite for pathway and network analysis (Thomson Reuters, New York, 

USA).  To visualise the gene expression patterns, next-generation clustered heatmaps (NG-

CHMs) of DEGs were generated using hierarchical clustering with Euclidean and Ward 

clustering distance, respectively (Ryan et al., 2019).  The BioRender web server 

https://app.biorender.com/ was utilised to construct a model to illustrate molecules involved in 

the transport and synthesis/catabolism of GLN in leukocytes, categorised as DEGs in SMA vs. 

non-SMA. 

3.2.2.8.2 Parasite Transcriptomics 

The demographic, clinical and laboratory characteristics of the study participants were analysed 

using SPSS
®

 version 23.0 (IBM SPSS Inc., Chicago, IL, USA) at enrolment.  The distribution of 

DEGs was visualised using a volcano plot in GraphPad Prism version 9.0 (GraphPad Software).  

Since there is no PfKE01 reference database, the KE01 gene identifiers of DEGs were converted 

to those of Pf3D7 to isolate homologs for downstream analysis. 

P. falciparum gene expression deconvolution analysis was conducted using CIBERSORTx 

(Newman et al., 2019).  Briefly, reference transcriptome profiles for the different P. falciparum 

developmental stages were obtained from a single-cell RNA-seq study (Tebben et al., 2022) and 

were uploaded into CIBERSORTx.  These include a signature matrix (i.e., a unique gene 

expression profile corresponding to each parasite developmental stage) and a single-cell RNA 

expression matrix reference file for batch correction.  The signature matrix was used to impute 

the proportions of each parasite developmental stage in the bulk RNA-seq data of 566 DEGs in 

the 60 samples.  Batch correction was performed in S-mode using the single-cell RNA reference 

file with 500 permutations to determine significance, correcting for sequencing differences 

https://app.biorender.com/
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between single-cell and bulk datasets (Tebben et al., 2022).  The proportions of each parasite 

developmental stage in a sample were plotted using GraphPad Prism version 9.0 (GraphPad 

Software).  The relative proportions of P. falciparum developmental stages in the non-SMA 

(n=40) and SMA (n=20) groups, as well as relative proportions of P. falciparum male and female 

gametocytes across all samples (n=60), were compared using a Mann-Whitney U test using 

SPSS
®

 version 23.0. 

Principal component analysis was conducted in R software version 4.4.1 using the ‗prcomp()‘ 

function to reduce the high dimensionality of gene expression data, visualize patterns and 

identify clusters within the data.  Weighted Gene Co-expression Network Analysis (WGCNA) of 

DEGs was performed using integrated Differential Expression and Pathway analysis (iDEP) 

version 2.0 (Ge et al., 2018) with a soft threshold of 5 and a minimum module size of 20.  The 

network files of the top 10 genes in the WGCNA entire network and sub-networks (modules) 

were generated with an edge threshold of 0.4 and exported to Cytoscape software (Szklarczyk et 

al., 2019) for visualization and further analysis.  Molecular Complex Detection (MCODE) 

version 2.0.3 (Bader & Hogue, 2003), a Cytoscape plug-in, was used to analyze the module 

networks to identify the highest scoring node in each module (seed node), i.e., most 

interconnected, based on the local neighbourhood density.  Functional enrichment analysis was 

then performed for each WGCNA module using Cytoscape stringApp version 2.1.1(Doncheva et 

al., 2019). 

The protein-protein interaction (PPI) network of P. falciparum DEGs was generated using 

STRING Version 12 database by mapping parasite DEGs to PPI networks, setting the minimum 

required interaction score at 0.700 (high confidence) with the network viewed in Cytoscape 

software (Szklarczyk et al., 2019).  MCODE version 2.0.3 (Bader & Hogue, 2003), a Cytoscape 

plugin, was used to analyse the PPI network to identify highly interconnected regions (clusters) 

with a node size score cut-off standard of >4.  The identified clusters were ranked based on the 

cluster‘s computed MCODE score.  To explore the role of the generated clusters, a STRING 

functional enrichment analysis was performed and the results were plotted using the Scientific 

and Research plot (SRplot) tool (Tang et al., 2023). 

In addition, the hub gene of the entire PPI network, as well as that of each cluster, was selected 

using the CytoHubba plugin in Cytoscape which ranked nodes in the cluster networks through 11 

topological analysis methods including Degree, Edge Percolated Component, Maximum 

Neighborhood Component, Density of Maximum Neighborhood Component, Maximal Clique 

Centrality and six centralities (Bottleneck, EcCentricity, Closeness, Radiality, Betweenness, and 

Stress) based on shortest paths.  Briefly, scores from all 11 methods for a node were computed 
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and assigned to each node in the clusters.  Next, the nodes were ranked considering their scores 

from all the scoring methods.  The sub-graph of the hub nodes was extended to include nodes 

that directly interacted with these top-ranked nodes (Chin et al., 2014).  To analyse the 

associations between the identified hub genes and severity of disease (non-SMA vs. SMA), a 

logistic regression analysis was performed with several covariates: age, sex and sickle-cell 

genotypes in the model in SPSS
®

 (version 23.0). 

3.3 Ethical Considerations 

The study was performed with ethical approval from the Maseno University Scientific and Ethics 

Review Committee (MSU/DRPI/MUERC/00510/18) and the Institutional Review Board of the 

University of New Mexico (17-445) (Appendix 1).  Parents or legal guardians of all participants 

provided written informed consent prior to enrollment (Appendix 2). 

3.3.1 Inclusion of Children as a Vulnerable Group 

Children under 5 years of age were recruited for this study due to their disproportionate risk of 

developing severe malarial anemia (SMA), which warranted focused investigation. Including this 

vulnerable group was ethically justified as the research directly addressed a major cause of 

morbidity and mortality in this age range, intending to understand the effect of genetic variations 

and gene expression patterns on the pathogenesis of SMA and improve clinical outcomes. 

3.3.2 Ethical Handling of Samples and Clinical Follow-up 

To minimize risk and ensure dignity, blood collection (~3–4 mL per timepoint) was conducted by 

trained clinicians using sterile, single-use equipment.  The volume of blood drawn was kept 

within pediatric safety limits based on age, weight, and anemia status.  Children were followed 

clinically for up to 36 months.  Those requiring hospitalization were managed by Ministry of 

Health staff, while non-hospitalized cases were monitored through scheduled and unscheduled 

follow-ups to track recovery and allow timely intervention.  Strict confidentiality protocols were 

implemented. Each participant was assigned a unique study ID, with all clinical and laboratory 

data coded accordingly, complying with data security standards.  Clinical and laboratory 

information was entered into the computers in real-time and verified by a combined system of 

dual entry and manual checking.  HIV test results were password-protected and accessible only 

to authorized personnel who maintained a high degree of confidentiality when handling this data.  

All laboratory samples were bar-coded to add to the confidentiality and sample tracking integrity.   

3.3.3 Consent Process and Counselling Protocols 

Enrollment involved comprehensive consent procedures.  Parents/guardians received detailed 

study information in English or their preferred local language (Kiswahili or Dholuo).  They were 
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informed of their rights, potential risks and benefits, and that participation was voluntary, with no 

effect on access to care.  HIV counseling and testing were offered per national guidelines, 

delivered by trained counselors in a confidential setting. 

3.3.4 Protections against Risk 

All venipunctures were performed by trained, qualified clinicians and laboratory technicians to 

minimize discomfort during blood drawing.  Only sterile disposable lancets, syringes, and 

needles were used, and all sharps were stored in the appropriate biohazard sharps containers 

before disposal.  The amount of blood drawn by venipuncture from all children was in the safe 

range based on age, weight, gender, and anemia status.  In addition, all children in the study were 

given vitamins supplemented with iron to prevent the initiation and/or exacerbation of anaemia 

due to vitamin and/or iron deficiency. 

3.3.5 Potential Benefits to the Participants and the Community 

Study participants had standard intensive clinical management.  The potential long-term benefits 

of the study are improved understanding of the host and parasite genetic contribution to SMA, as 

well as improved clinical outcomes for children with SMA.  The risk to participants was minimal 

since the study adhered to all measures to minimise risks.  Appropriate antimalarial treatment 

plus appropriate patient care was provided at no cost to the study participants.  Per the Ministry 

of Health (MOH), Kenya guidelines, all children with a clinical diagnosis of malaria received 

appropriate antimalarial therapy.  The study participants also had access to high-quality HIV 

testing and counselling.  In addition, children were screened for bacteremia, mycobacterium 

tuberculosis, and diarrheal diseases, hookworm, and if a disease was detected, they were referred 

to the MOH staff for appropriate medical treatment.  Children residing in this area would not 

normally be investigated extensively when they present to the hospital. 

3.3.6 Compensation for Research-Related Injury 

This study did not involve greater than minimal risk.  However, if any adverse events were 

identified, the study participants were immediately referred to the Ministry of Health Staff to 

receive appropriate treatment according to the Kenya Ministry of Health Standards.  The costs 

incurred for any referral case management were covered by the project funds. 

3.3.7 Economic Burden to Subjects 

No cost was incurred by the study participants for participation in the study.  The cost of 

transport for coming to the hospital was reimbursed according to the geographic location of the 

study participants‘ residences.  Since the study radius was predetermined as 25 km from the study 

site (SCRH), a transport reimbursement to and from hospital visits ranged from US$2 – US$8 

(KES 258 – KES 1,033). 



38 
 

CHAPTER FOUR 

RESULTS 

4.1 Objective One 

4.1.1 Demographic, Clinical and Laboratory Characteristics of Study Participants 

The enrollment characteristics of the cohort, stratified according to the presence of malaria 

parasitaemia and anaemia status [aparasitaemic (n=289, any level of Hb), non-SMA (n=962, 

Hb≥6.0 g/dL) and SMA (n=264, Hb<60 g/dL)], are presented in Table 4.1.  The ratio of females 

and males was comparable among the three groups (P=0.752), while age differed across the 

groups (P=0.003), with SMA patients being the youngest.  Children with SMA exhibited the 

lowest hematocrit levels as well as RBC counts (P=8.075E-144 and P=3.178E-134, 

respectively).  White blood cell counts progressively increased across the groups (P=3.676E-09) 

and were highest in children with SMA.  The non-SMA group presented with a higher parasite 

density than the SMA group (P=0.043). 

HIV-1 status and bacteraemia were assessed in the cohort since it can enhance the risk of SMA 

(Otieno et al., 2006; Were et al., 2011).  The distribution of HIV-1 was comparable across the 

groups (P=0.116), whereas bacteraemia significantly differed (P=0.036) and was highest in the 

aparasitemic group.  Examination of genetic factors known to influence the development of 

severe malaria (Richer & Chudley, 2005; Taylor et al., 2012; Weatherall, 2018) revealed that the 

distribution of α
3.7

-thalassaemia variants and sickle cell trait (HbAS) differed across the groups 

(P=0.014 and P=7.072E-05, respectively).  Children with SMA had the highest carriage of 

heterozygous and homozygous a
3.7

-thalassemia variants, the lowest inheritance of HbAS, and the 

highest proportion of HbSS.  The distribution of glucose-6-phosphate dehydrogenase (G6PD) 

deficiency was comparable across the groups (P=0.387). 
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Table 4.1: Admission demographic, clinical and laboratory characteristics of study 

participants 

Characteristics Total 
Aparasitemic 
(MPS Negative) 

Non-SMA 
(Hb≥5.0 g/dL) 

SMA 
(Hb<5.0 g/dL) 

P-value 

No. of participants 1,515 289 962 264   

Sex [n, (%)]: Male 760 145 (50.2) 488 (50.7) 137 (51.9) 
0.752

a

                       Female 755 144 (49.8) 474 (49.3) 127 (48.1) 

Age, months 1,515 11.0 (13.4) 12.7 (10.4) 10.1 (10.7) 0.003
b

 

Axillary temperature, °C 1,503 37.0 (1.5) 38.0 (1.5) 38.0 (1.1) 4.135E-15
b

 

Haematological parameters 
Hemoglobin, g/dL 1,508 10.3 (2.8) 7.7 (2.8) 4.3 (1.1) N/A 

Hematocrit, % 1,507 32.9 (8.2) 25.2 (9.1) 14.1 (3.8) 8.075E-144
b

 

Red Blood Cells, × 10
6

/µL 1,504 4.7 (1.1) 3.8 (1.4) 1.9 (0.6) 3.178E-134
b

 

White Blood Cells, × 10
3

/µL 1,503 11.0 (7.3) 11.7 (6.5) 14.9 (9.8) 3.676E-09
b

 

Parasitological Indices 

Parasite density, MPS/µL 1,226 0.0 (0.0) 28,595 (79,256) 24,831 (66,014) 0.043
c

 

Co-infections 
HIV-1: Negative [n, (%)] 1,457 275 (95.8) 933 (97.2) 249 (94.7) 

0.116
a

             Positive [n, (%)] 53 12 (4.2) 27 (2.8) 14 (5.3) 
Bacteraemia: Negative [n, (%)] 1,402 257 (89.9) 902 (94.2) 243 (92.0) 

0.036
a

                     Positive [n, (%)] 106 29 (10.1) 56 (5.8) 21 (8.0) 

Genetics Variants 

α-thalassaemia:  
            αα/αα [n, (%)] 

554 105 (42.9) 355 (42.4) 94 (39.7) 

0.014
a

              -α/αα [n, (%)] 505 75 (30.6) 329 (39.3) 101 (42.6) 
             -α/-α [n, (%)] 261 65 (26.5) 154 (18.4) 42 (17.7) 
G6PD:  
            Normal [n, (%)] 

 
1,078 

 
194 (75.8) 

 
678 (75.8) 

 
206 (80.5) 

0.387
a

             Intermediate [n, (%)] 266 51 (19.9) 178 (19.9) 37 (14.5) 
            Deficiency [n, (%)] 63 11 (4.3) 39 (4.4) 13 (5.1) 
Sickle cell trait:  
            HbAA [n, (%)] 

 
1,241 

 
223 (79.1) 

 
785 (82.5) 

 
233 (90.7) 

7.072E-05
a

             HbAS [n, (%)] 239 55 (19.5) 164 (17.2) 20 (7.8) 
            HbSS [n, (%)] 10 4 (1.4) 2 (0.2) 4 (1.6) 

Data are presented as median (interquartile range, IQR) and [n (%)] unless stated otherwise.  
Children (n=1,515) were categorised into aparasitemic controls (n=289; no parasitemia), and 
either non-SMA (n=962; Hb≥5.0 g/dL) or SMA (n=264; Hb<5.0 g/dL).  Non-SMA and SMA 
patients are collectively categorised as parasitaemia (n=1,226). Abbreviations: MPS- malaria 
parasites; HIV, human immunodeficiency virus; G6PD, glucose-6-phosphate dehydrogenase 
deficiency; HbAA-hemoglobin AA, HbAS- haemoglobin AS, HbSS- haemoglobin SS.  
a
Statistical significance was determined by Chi-square analysis.  

b
Statistical significance 

determined by the Kruskal-Wallis test.  
c
Statistical significance determined by Mann-Whitney U 

test.  P-values ≤0.050 were considered significant and are indicated in bold.  

4.1.2 Characteristics of the NCR3 Variants in the Study Population 

The NCR3 is located on chromosome 6p21.33 (GRCh38.p12) (Figure 4.1A).  Genotyping of the 

two SNPs in the population revealed a minor allele frequency (MAF) for rs2736191 at 0.30 and 

rs11575837 at 0.03 (Figure 4.1B).  Transcription Factor Binding Sites (TFBS) analysis showed 

that the conversion of C to G in rs2736191 caused ablation of the binding site for AP-2 alpha 

(i.e., TFAP2A or AP2) and creation of binding sites for transcription factor 3 (i.e., TCF3 or E47) 
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and zinc finger and BTB domain containing 6 (i.e., ZBTB6 or ZID, Figure 4.1B).  TFBS 

analysis of rs11575837 revealed that conversion of C to T results in the loss of the TFAP2A 

binding site and the gain of a hepatocyte nuclear factor 4 (HNF4A) binding site (Figure 4.1B).  

LD analysis between the selected SNPs yielded D′ of 0.882, LOD score of 6.61, and r
2
 of 0.011 

(Figure 4.1C). 

Figure 4.1: NCR3 variants investigated.  
A) Chromosome location of NCR3 and the variants under investigation.  B) Selection criteria for 
rs2736191:C>G and rs11575837:C>T variants.  C) Linkage disequilibrium. 

The distribution of genotypes and haplotypes for rs2736191 and rs11575837 is shown in Table 

4.2.  The observed frequencies of the rs2736191 genotypes in the overall population were 0.503 

for CC, 0.386 for CG, and 0.111 for GG, displaying a significant departure from HWE 

(χ
2
=11.58, P<0.001).  The observed frequencies of the rs11575837 genotypes in the overall 

population were 0.941 for CC, 0.054 for CT, and 0.005 for TT, displaying a significant departure 

from HWE (χ
2
=28.57, P<0.001).  The distribution of the genotypes and the four haplotypes was 

comparable across the three clinical groups.  
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Table 4.2: Distribution of rs2736191: C>G and rs11575837:C>T genotypes and haplotypes 

Genotype/haplotype Total Aparasitemic 
Non-SMA 
(Hb≥5.0g/dL) 

SMA 
(Hb<5.0g/dL) 

P-value 

No. of participants 1,515 289 962 264   

rs2736191 

 CC, n (%) 762 (50.3) 153 (52.9) 490 (50.9) 119 (45.1) 
0.280  CG, n (%) 585 (38.6) 101 (35.0) 372 (38.7) 112 (42.4) 

 GG, n (%) 168 (11.1) 35 (12.1) 100 (10.4) 33 (12.5) 
HWE (2, P) 11.58, <0.001*      

rs11575837 

 CC, n (%) 1,426 (94.1) 272 (94.1) 908 (94.4) 246 (93.2) 
0.169  CT, n (%) 81 (5.4) 17 (5.9) 46 (4.8) 18 (6.8) 

 TT, n (%) 8 (0.5) 0 (0.0) 8 (0.8) 0 (0.0) 

HWE (2, P) 28.57, <0.001*      

rs2736191/rs11575837 

Non-CC, n (%) 196 (12.9) 38 (13.1) 121 (12.6) 37 (14.0) 
0.821 

CC, n (%) 1,319 (87.1) 251 (86.9) 841 (87.4) 227 (86.0) 

Non-CT, n (%)  1,426 (94.1) 272 (94.1) 908 (94.4) 246 (93.2) 
0.762 

CT, n (%) 89 (5.9) 17 (5.9) 54 (5.6) 18 (6.8) 
Non-GC, n (%) 764 (50.4) 153 (52.9) 492 (51.1) 119 (45.1) 

0.139 
GC, n (%) 751 (49.6) 136 (47.1) 470 (48.9) 145 (54.9) 
Non-GT, n (%) 1,513 (99.9) 289 (100.0) 960 (99.8) 264 (100.0) 

0.562 
GT, n (%) 2 (0.1) 0 (0.0) 2 (0.2) 0 (0.0) 

Data are presented as proportions [n, (%)] unless otherwise stated for NCR3 variants. Children were 
categorised into aparasitemic (n=289), non-SMA (Hb≥5.0g/dL, n=962) and SMA (Hb<5.0g/dL, n=264).  
Non-SMA and SMA patients are collectively categorised as parasitaemia (n=1,226).  Statistical 
significance was determined by Chi-square analysis across groups.  P-values ≤0.050 were considered 
significant and are indicated in bold.  HWE, Hardy-Weinberg Equilibrium.  

2
 - Hardy-Weinberg 

Equilibrium Chi-square.  * represents a significant P-value after the exact test for HWE.  

4.1.3 Longitudinal Risk of Malaria and SMA Episodes for the NCR3 Genotypes/Haplotypes 

The impact of the genotypes and haplotypes on malaria and SMA episodes across the 36-mos. 

follow-up period was determined by fitting a Poisson regression model selecting for covariates 

[i.e., age, sex, co-infections (HIV-1 and bacteremia), G6PD deficiency, sickle-cell trait and 

alpha-thalassemia] known to influence susceptibility to malaria and SMA.  The results of the 

regression modelling and the occurrence of events are shown in Table 4.3.  There were 7,228 

malaria episodes, for which 406 SMA events occurred during the cohort observational period.  

Significant effects on susceptibility to malaria were observed for rs11575837, in which carriage 

of the homozygous recessive genotype (TT) increased the risk of malaria (IRR=1.540, 95% 

CI=1.114–2.129, P=0.009, significant after Holm-Bonferroni correction).  Neither rs2736191 nor 

any haplotypes derived from the two SNPs significantly impacted the longitudinal susceptibility 

to malaria. 

A similar Poisson regression selecting for the same covariates revealed an increased risk of SMA 

over 36-mos. in carriers of rs2736191 genotypes CG (IRR=1.269, 95% CI=1.009-1.597, 

P=0.041), and in the additive model (IRR=1.198, 95% CI=1.030-1.393, P=0.019).  There was a 
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trend of increased risk of SMA in carriers of genotype GG without significance (IRR=1.378, 

95% CI=0.991-1.915, P=0.057).  However, none of the results remained significant after 

correction for multiple comparisons.  Carriage of CT or TT genotypes for rs11575837 showed a 

non-significant increased risk of developing SMA [(IRR=1.294, 95% CI=0.828-2.020, P=0.258) 

and (IRR=1.911, 95% CI=0.609-6.000, P=0.267), respectively].  Analysis of the impact of the 

haplotypes on susceptibility to SMA revealed an additive protective effect for individuals who 

inherited the CC haplotype (IRR=0.823, 95% CI=0.711-0.952, P=0.009, significant after Holm-

Bonferroni adjustment).  Conversely, there was an enhanced risk of SMA in individuals who 

inherited the GC haplotype (IRR=1.276, 95% CI=1.030-1.581, P=0.026), and in the additive 

model (IRR=1.182, 95% CI=1.018-1.372, P=0.029), but neither retained significance after 

Holm-Bonferroni adjustment.  There was no association between an altered risk profile of SMA 

for either the CT or GT haplotypes (Table 4.3). 

Table 4.3: Susceptibility to malaria and SMA over 36 mos. of follow-up 

Genotype/ 
haplotype 

Malaria episodes SMA episodes 

 n  IRR  95% CI  P-value  n  IRR  95% CI P-value 

rs
2
7
3
6
1
9
1

 

CC  3,575  Ref 184  Ref     
CG  2,832 1.011 0.957-1.067 0.700 170  1.269 1.009-1.597 0.041 
GG 821 1.014 0.936-1.100 0.731  52 1.378 0.991-1.915 0.057 

Additive 7,228 1.010 0.974-1.048 0.590  406 1.198 1.030-1.393 0.019 

rs
1
1
5
7
5
8

3
7
 

CC 6,809  Ref 379  Ref     
CT 370 0.957 0.853-1.074 0.454 24 1.294 0.828-2.020 0.258 
TT 49 1.540 1.114-2.129 0.009

* 3 1.911 0.609-6.000 0.267 
Additive  7,228 1.031 0.935-1.136 0.540 406 1.330 0.929-1.904 0.119 

rs2736191/rs11575837 

CC 
Non-CC 978  Ref     61 Ref     
CC 2,971 0.976 0.908-1.048 0.503 181 0.850 0.637-1.135 0.271 
Additive 6,250 0.990 0.955-1.026 0.571 345 0.823 0.711-0.952 0.009* 

CT 

Non-CT 6,809  Ref     379  Ref     

CT 385 0.995 0.893-1.108 0.920 25 1.271 0.839-1.925 0.257 
Additive 419 1.015 0.918-1.123 0.769 27 1.295 0.886-1.894 0.182 

  
GC 

Non-GC 3,590  Ref     185  Ref     
GC 2,817 1.009 0.960-1.061 0.726 169 1.276 1.030-1.581 0.026 
Additive 3,638 1.007 0.971-1.044 0.709  221 1.182 1.018-1.372 0.029 

GT 
Non-GT 
GT 

7,213 
15 

 Ref 
1.574 

  
 0.947-2.619 

  
 0.080 

 405 
 1 

 Ref 
 1.196 

  
 0.166-8.627 

  
0.859 

Additive 15 1.574 0.947-2.619 0.080  1 1.196 0.166-8.627 0.859 

Data are presented as an incidence rate ratio (IRR) with 95% confidence intervals (CI) using log-linear 
regression with the following covariates in the models: age at enrollment, sex, HIV-1, bacteraemia, sickle 
cell trait, a

3.7
-thalassaemia and G6PD deficiency.  The longitudinal relationship between the genetic 

variants and susceptibility to malaria and SMA (Hb<5.0g/dL) was determined throughout the 36 mos. 
follow-up period.  P-values ≤0.050 were considered significant and are indicated in bold.  *P-value 
remained significant after Holm-Bonferroni correction for multiple comparisons.  

A Cox proportional hazard model was fitted to examine the relationship between the NCR3 

genotypes/haplotypes and the total number of deaths from any cause within the study participants 

over the follow-up period (all-cause mortality).  No significant relationships with all-cause 

mortality were observed for either rs2736191, rs11575837, or their haplotypes (Table 4.4). 
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Table 4.4:  Survival analysis for all-cause mortality 

Genotype/Haplotype Mortality 

n HR 95% CI P-value 

rs
2
7
3
6
1
9

1
 

CC 46 Ref     
CG 35 1.480 0.865-2.520 0.153 
GG 7 0.934 0.354-2.460 0.890 
Additive 88 1.140 0.783-1.650 0.502 

rs
1
1
5
7
5
8

3
7
 

CC 83 Ref     
CT 3 1.130 0.348-3.650 0.842 
TT 2 2.860 0.371-22.10 0.313 
Additive 88 1.430 0.630-3.260 0.390 

rs2736191/rs11575837 

CC 
Non-CC 9 Ref     
CC 37 1.410 0.604-3.280 0.428 
Additive 79 0.871 0.608-1.250 0.452 

CT 
Non-CT 83 Ref     
CT 4 1.310 0.472-3.630 0.605 
Additive 5 1.240 0.467-3.310 0.664 

GC 
Non-GC 47 Ref     
GC 34 1.300 0.778-2.170 0.318 
Additive 41 1.090 0.753-1.590 0.641 

GT 

Non-GT 88       
GT 1 5.430  0.688-42.80  0.108 

Additive 1 5.430 0.688-42.80 0.108 

Data are presented as hazard ratios (HR) with 95% confidence intervals (CI).  Analysis was performed 
using Cox regression modelling with the following covariates: age at enrollment, sex, HIV-1 and 
bacteraemia status, sickle cell trait status, a

3.7
-thalassaemia, and G6PD deficiency.  Homozygous wild-

type genotypes and non-carriers of haplotypes were used as reference groups in the analyses.  Statistical 
significance was set at P≤0.050.  *Significant after Holm-Bonferroni correction for multiple 
comparisons. 

4.2 Objective Two 

4.2.1 Admission Demographic, Clinical and Laboratory Characteristics of Study 

Participants 

Age- and sex-matched children without coinfections (i.e., HIV-1 and bacteremia) with peripheral 

P. falciparum parasitemia (any density) were stratified into two groups based on Hb levels: 

Hb≥6.0 g/dL (non-SMA, n=41) and Hb<6.0 g/dL (SMA, n=25).  The demographic, clinical, and 

laboratory characteristics of these study participants are shown in Table 4.5.  Children with SMA 

presented at the hospital with comparable glucose levels (P=0.967) and marginally lower axillary 

temperatures (P=0.051).  Consistent with the a priori classification based on Hb concentrations, 

children with SMA had lower levels of hematocrit (P=1.242E-11) and RBCs (P=1.790E-11).  

Conversely, SMA was characterised by elevated red blood cell distribution width (P=4.050E-04), 

mean corpuscular volume (P=0.002), and mean corpuscular haemoglobin concentrations 

(P=0.022).  Elevations in the SMA group were also witnessed for white blood cells (P=1.393E-

04), lymphocytes (P=5.509E-06) and monocytes (P=0.022).  Comparable levels for additional 

haematological variables were observed: platelets (P=0.615), neutrophil (P=0.438) and 

granulocyte (P=0.373) counts.  Parasitological indices (i.e., parasite density and stratification 
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based on levels) did not significantly vary across the two groups (P=0.155 and P=0.134, 

respectively).  However, the distribution of sickle-cell trait status differed between the groups, 

with SMA characterised by a lower proportion of HbAA and HbAS and a higher proportion of 

HbSS (P=0.029). 

Table 4.5: Admission demographic, clinical and laboratory characteristics of study 

participants 

Characteristics  
Non-SMA 
(Hb≥6.0g/dL) 

SMA (Hb<6.0g/dL) P-value 

No. of participants (n=66) 41 25  
Sex, n (%)    
     Male 20 (48.8) 13 (52.0) 0.800a 
     Female 21 (51.2) 12 (48.0)  
Age, months  24.0 (22.0) 25.0 (28.5) 0.797b 
    0 - 12.9 7 (17.1) 5 (20.0) 

0.461a 
    13 - 24.9 14 (34.1) 7 (28.0) 
    25 - 35.9 9 (22.0) 5 (20.0) 
    36 - 48.9 11 (26.8) 6 (24.0) 
    >49 0 (0.0) 2 (8.0) 
Blood glucose, mmol/L 5.0 (2.3) 5.0 (1.7) 0.967b 
Body temperature °C 38.0 (1.2) 37.7 (0.8) 0.051b 
Hematological Parameters 
Hemoglobin, g/dL  9.9 (1.4) 4.6 (1.2) NA 
Hematocrit, % 29.8 (5.9) 14.4 (2.9) 1.242E-11

b
 

Red blood cells, × 106/µL 4.3 (1.0) 1.9 (0.9) 1.790E-11
b
 

Red blood cell distribution width, % 18.7 (3.4) 22.3 (8.9) 4.050E-04
b
 

Mean corpuscular volume, fL  69.5 (9.2) 78.6 (29.9) 0.002b 
Mean corpuscular haemoglobin, pg  22.9 (4.8) 26.7 (9.4) 0.022b 
Platelets, ×103/µL 124.4 (85.7) 134.0 (139.7) 0.615b 
Platelet distribution width, % 16.5 (1.3) 17.3 (0.9) 0.370b 
Mean platelet volume, fL  8.5 (1.6) 8.9 (1.9) 0.124b 
WBCs, ×103/µL 11.3 (6.9) 19.8 (11.5) 1.393E-04

b
 

Lymphocytes, ×103/µL 3.7 (1.9) 10.0 (9.2) 5.509E-06
b
 

Monocytes, ×103/µL 1.2 (1.3) 1.7 (1.4) 0.022
b
 

Neutrophils, ×103/µL 5.3 (4.2) 6.0 (6.9) 0.438b 
Granulocytes, ×103/µL 6.7 (3.0) 9.1 (5.8) 0.373b 
Parasitological Indices 
Parasite density, MPS/µL 57,915 (81,568) 14,191 (68,728) 0.155b 
    Low (1 – 5,000) 6 (14.6) 8 (32.0) 

0.134a 
    Moderate (5001 – 50,000) 13 (31.7) 10 (40.0) 
    High (50,001 – 100,000) 14 (34.1) 3 (12.0) 
    Hyper (>100,001) 8 (19.5) 4 (16.0) 
Genetic Variants 
Sickle-cell genotypes, n (%)    
    HbAA 35 (85.3) 16 (64.0)  
    HbAS 4 (9.8) 2 (8.0) 0.029

a
 

    HbSS 2 (4.9) 7 (28.0)  
Data are the median (interquartile range; IQR) unless otherwise noted.  Children (n=66) presenting with 
malaria at SCRH were recruited.  Based on haemoglobin (Hb) levels, children were categorised into 
either non-severe malaria anaemia (non-SMA; Hb≥6.0 g/dL, n=41) or severe malarial anaemia (SMA; 
Hb<6.0 g/dL, n=25).  

a
Fisher‘s exact test with exact P-values for homogeneity and 

b
Mann-Whitney U test 

were used to compare the non-SMA and SMA groups.  Statistical significance was set at P≤0.050, and 
significant P-values were indicated in bold.  Abbreviations: MPS - malaria parasites.  HbAA-
haemoglobin AA, HbAS-haemoglobin AS, HbSS-haemoglobin SS. 
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4.2.2 Distribution of Differential Gene Expression in SMA Relative to Non-SMA 

RNA-seq of the entire expressed transcriptome in whole blood revealed 6,862 differentially 

expressed genes (DEGs) in SMA relative to non-SMA after applying a false discovery rate 

(FDR) correction (Padj<0.050).  Of these DEGs, 3,420 exhibited up-regulation, while 3,442 

displayed downregulation (Figure 4.2A). 

4.2.3 Leukocytic Immune Cell Profiling 

Gene expression deconvolution in the CIBERSORTx platform was used to determine the 

proportions of the different white blood cell subsets inferred from the RNA-seq data (Figure 

4.2B).  10 out of 22 leukocytic cell types in whole blood differed significantly between SMA and 

non-SMA individuals (Figure 4.2C).  Children with SMA had increased naïve B cells 

(P=9.741E-05), CD8 T cells (P=0.009), CD4 memory resting T cells (P=0.001), resting NK cells 

(P=0.002), monocytes (P=0.039 and M2 macrophages (P=0.002) (Figure 4.2C).  In contrast, the 

SMA group had a lower proportion of activated dendritic cells (P=0.001), activated mast cells 

(P=0.014) and neutrophils (P=4.826E-04), along with marginally reduced naïve CD4 T cells 

(P=0.053) (Figure 4.2C). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 
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B 

C 

Figure 4.2:  Differential gene expression analysis and leukocytic immune profiling in children 
with severe malarial anaemia  
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A) The volcano plot shows 3,420 up-regulated (red) and 3,442 down-regulated (turquoise) genes 

in children with SMA.  The horizontal axis shows the Log2fold change, while the vertical axis 

shows the -log10 Padj values.  The horizontal dotted line corresponds to 1.301 (i.e., –log10 Padj 

significance threshold at 0.050).  B) The composition of different blood cell types was analysed 

using CIBERSORTx for deconvolution. The LM22 signature matrix file was used to estimate 

cellular frequencies. A heatmap illustrates the expression levels of 22 leukocyte cell 

types/subtypes at the individual patient level for both non-SMA (Hb≥6.0 g/dL, n=41) and SMA 

(Hb<6.0 g/dL, n=25) groups. Significant differences in immune cell proportions between the 

groups are marked with an asterisk (*), determined by two-sided, two-sample t-tests with Welch 

correction (P<0.050).  C) The relative proportions (%) of immune cell types that differ between 

the non-SMA (n=41) and SMA (n=25) groups are shown as mean (SEM), based on bivariate 

analysis using two-sided, two-sample t-tests with Welch correction. 

 

4.2.4 Process Network Enrichment Analysis in SMA 

Process network enrichment analysis, performed to determine if NK cell networks were enriched 

in SMA patients, revealed perturbation in the Inflammation_NK cell cytotoxicity process 

network (FDR= 3.628E-04, 69/164 network objects) (Figure 4.3).  The significantly 

differentially expressed active hubs in the network, localised in the NK cell membrane, 

cytoplasm and nucleus, were identified.  NK cell membrane: DAP12 (log2FC= -0.49, FDR= 

0.022), CD3 zeta (CD 247) (log2FC= 0.36, FDR= 0.049) and CD244 (log2FC= 0.50, FDR= 

0.003); NK cell cytoplasm:  Caspase-3 (log2FC= -0.21, FDR= 0.012), ERK2 (MAPK1) (log2FC= 

0.60, FDR= 2.30E-06),  Slp76 (LCP2) (log2FC= -0.66, FDR= 4.97E-10), Caspase-8 (log2FC= -

0.23, FDR= 0.023), PAK1 (log2FC= -0.44, FDR= 0.002) and SHP-1 (PTPN6) (log2FC= -0.29, 

FDR= 0.027), GRB2 (log2FC= -0.26, FDR=0.019), and NK cell nucleus: STAT1 (log2FC= -

0.33, FDR= 0.003), NF-B [(NFKB1, log2FC= -0.40, FDR= 5.575E-05) and (NFKB2, log2FC= -

0.66, FDR= 5.057E-05)] and NF-AT1(NFATC2) (log2FC= 0.67, FDR= 1.426E-07). 
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Figure 4.3:  Inflammation- NK cell cytotoxicity process network. 
Enrichment analysis of significant DEGs on MetaCore

TM
 to determine the NK cell networks 

enriched in SMA identified the Inflammation_NK cell cytotoxicity process network.  The details 
of symbols used in these figures are available at: 
https://portal.genego.com/legends/MetaCoreQuickReferenceGuide.pdf. 

 

4.2.5 Immune Response Canonical Signalling Pathways in Children with SMA  

To identify biological networks associated with the pathogenesis of SMA, canonical pathway 

maps were generated with Metacore
TM

.  The top 10 emergent pathways for the DEGs included a 

signalling network enriched for HSPs and TLRs, i.e., HSP60-HSP70-TLR2/4 signalling pathway 

(Padj=5.483E-09, 3
rd

 ranked according to Padj, Figure 4.4A).  The DEGs from the RNA-seq 

represented 32 out of 54 protein nodes for the HSP60-HSP70-TLR2/4 signalling pathway 

(Figure 4.4B). 

The 32 proteins (nodes) in the pathway map correspond to 47 human genes, of which 17 were 

up-regulated and 30 were down-regulated.  Below is the description of known signalling actions 

of the proteins in the pathway in the context of observed changes for each of the 47 genes (+/-) in 

children with SMA (Figure 4.4B).  For example, while the known action of a signalling 

molecule can be the activation of its downstream target, some targets may have reduced 

transcript expression. The pathogenesis of SMA can be unravelled by interpreting the known 

action in the setting of transcript expression profiles in the pathway. 

 

 

A 

https://portal.genego.com/legends/MetaCoreQuickReferenceGuide.pdf
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C 

B 
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The Log2foldchange (log2FC) and Padj for each of the genes are shown in Table 4.6.  Of 

relevance for the role of HSPs in human malaria pathogenesis, transcripts for HSP60 (HSPD1) 

were down-regulated in SMA (log2FC= -0.81), as were HSP70 family members: HSPA1A (-

1.31), HSPA1B (-0.99), HSPA4 (-0.33), HSPA4L (-0.68), HSPA5 (-0.51), and HSPA6 (-0.81).  

Although endogenous HSP60 and HSP70, which were reduced, can up-regulate the surface 

expression of MHC class II, the following were up-regulated: HLA-DMA (+0.38), HLA-DOA 

(+0.70), HLA-DOB (+0.42), HLA-DPB1(+0.56), and HLA-DPB2 (+0.75).  Consistently, 

downregulation in HSP70, known to up-regulate MHC class I, had observed reductions for B2M 

(-0.37), HLA-B (-0.33), HLA-C (-0.54), and HLA-E (-0.39) (Table 4.6).  

Downregulation was also observed for TLR2 (-0.53) and TLR4 (-0.83).  HSP60 and HSP70 can 

bind to TLR2 and TLR4 to form a complex with CD14 (-0.60).  MD-2 (-0.89) is required for 

TLR4-mediated responses to HSP60 and HSP70.  TLR2 and TLR4 then bind to TIRAP (Mal) for 

recruitment of MyD88 (-0.32), which binds to IRAK4 (-0.36), subsequently 

phosphorylating/activating IRAK1 (+0.23) and IRAK2 (-0.81) (Table 4.6).  

UEV1A (+0.45) undergoes autoactivation, as well as activation of TAB2 (+0.57) and TAB3 

(+1.82) by ubiquitination [Ubiquitin B (UBB), +0.94].  TAB2/3 can form a complex with 

TAK1(MAP3K7, +0.18) for activation of IKK-alpha (-0.49), which once phosphorylated in the 

IKK complex, can degrade I-kB (-0.91), resulting in translocation of NF-kB1 (-0.40) for 

subsequent signalling in the nucleus of IL-6 (-0.60) IL-1b (-1.51), ICAM1 (-1.04), CD69 (-0.29), 

CD80 (+1.54), and CD86 (+0.54).  The latter two are increased despite their upstream signalling 

molecules being down-regulated (Table 4.6).  

Degradation of NF-kB1 (-0.40) liberates TPL2(MAP3K8) for activation of MEK1/2 (+0.55), 

which phosphorylates ERK1/2 (+0.60) and subsequently phosphorylates c-Jun, which then forms 

a heterodimer with c-Fos for activation of AP-1[(JUNB, -0.57) and (JUND, +1.95)], a process 

that induces IL-6 (-0.60). Convergent signalling for activation of AP-1[(JUNB, -0.57) and 

(JUND, +1.95)] also occurs by signalling through TAK1(MAP3K7, +0.18), which 

phosphorylates MEK3(MAP2K3, +1.44) and MEK6(MAP2K6, -0.68), which then phosphorylate 

p38 MAPK (-0.78) (Table 4.6).  Overall, the pathway analysis revealed significant dysregulation 

in the HSP60-HSP70-TLR2/4 signalling pathway, characterised by both up- and down-regulation 

of key genes and proteins involved in the immune response and immune signalling.  
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Table 4.6: Differentially expressed transcripts in the HSP60-HSP70-TLR2/4 signalling 

pathway in children with SMA 

Gene Log2foldchange Padj 
HSP60 
   HSPD1 

 
-0.81 

 
1.37E-05 

HSP70 
   HSPA1A 
   HSPA1B 
   HSPA4 
   HSPA4L 
   HSPA5 
   HSPA6 

 
-1.31 
-0.99 
-0.33 
-0.68 
-0.51 
-0.81 

 
1.99E-04 
9.23E-03 
2.27E-02 
3.49E-02 
1.33E-03 
1.88E-03 

TLR2 -0.53 1.94E-02 
TLR4 -0.83 1.29E-04 
CD14 -0.60 1.07E-02 
MD-2 (LY96) -0.89 1.13E-05 
TIRAP(Mal) 0.06 0.670 
MYD88 -0.32 4.60E-02 
IRAK1 0.23 2.31E-02 
IRAK2 -0.81 1.08E-04 
IRAK4 -0.36 1.66E-05 
TRAF6 -0.05 0.581 
E2N (UBC13, UBE2N) -0.10 0.257 
UEV1A (UBE2V1) 0.45 7.99E-03 
TAB1 0.20 0.122 
TAB2 0.57 1.51E-05 
TAB3 1.82 3.70E-17 
Ubiquitin B (UBB) 0.94 1.29E-03 
UBE1 (UBA1) -0.16 0.156 
TAK1(MAP3K7) 0.18 4.97E-02 
MEK1 (MAP2K1) -0.21 0.057 
MEK2 (MAP2K2) 0.55 1.36E-05 
MEK3 (MAP2K3) 1.44 7.36E-09 
MEK4 (MAP2K4) 0.11 0.360 
MEK6 (MAP2K6) -0.68 3.08E-03 
TPL2 (MAP3K8) -0.13 0.322 
NF-kB1 (p105) [NFKB1] -0.40 6.97E-04 
IKK-alpha (CHUK) -0.49 1.24E-06 
IKK-beta (IKBKB) -0.08 0.230 
IKK-gamma (IKBKG) 0.18 0.211 
JNK (MAPK8) -0.01 0.980 
p38 MAPK (MAPK14) -0.78 7.52E-05 
ERK1 (MAPK3) -0.16 0.426 
ERK2 (MAPK1) 0.60 2.30E-06 
AP-1 
   JUNB 
   JUND 

 
-0.57 
1.95 

 
6.93E-03 
2.31E-19 

c-Jun (JUN) -0.12 0.677 
c-Fos (FOS) -0.19 0.537 
NFKB2 
RELB 

-0.66 
-0.32 

6.40E-04 
4.98E-02 

I-B (NFKBIA) -0.91 1.08E-04 
IL-1β -1.51 4.54E-11 
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IL-6 -0.60 3.56E-02 
IL-8 (CXCL8) -0.55 0.262 
IL-10 -0.23 0.513 
IL-12 alpha chain (IL12A) -0.15 0.535 
IL-12 beta chain (IL12B) -0.26 0.621 
TNF-alpha (TNF) -0.35 0.100 
iNOS (NOS2) -0.48 0.485 
CD40 -0.08 0.702 
CD69 -0.29 3.78E-02 
CD80 1.54 1.88E-13 
CD83 -0.32 0.084 
CD86 0.54 6.41E-03 
ICAM1 -1.04 6.68E-07 
MHC Class I 
   HLA-B 
   HLA-C 
   HLA-E 
   B2M 

 
-0.33 
-0.54 
-0.39 
-0.37 

 
2.34E-02 
7.71E-04 
2.43E-03 
6.93E-03 

MHC Class II 
   HLA-DMA 
   HLA-DOA 
   HLA-DOB 
   HLA-DPB1 
   HLA-DPB2 

 
0.38 
0.70 
0.42 
0.56 
0.75 

 
2.94E-03 
1.11E-04 
2.06E-02 
2.00E-03 
2.03E-02 

Student‘s t-test was used to compare the mean gene expression level between non-SMA (Hb≥6.0 
g/dL, n=41) and SMA (Hb<6.0 g/dL, n=25).  The Log2foldchange was defined as the ratio of the 
mean gene expression level in SMA to that of non-SMA.  Bold indicates statistical significance 
at Padj≤0.050.  
 
 

4.2.6 Unsupervised Hierarchical Clustering Analysis of Gene Expression Profiles in the 

HSP60-HSP70-TLR Signaling Pathway 

An unsupervised hierarchical clustering heatmap was generated to visualize individual gene 

expression patterns in the HSP60-HSP70-TLR signalling pathway in children with non-SMA and 

SMA, along with age and sickle-cell genotype for each participant (Figure 4.5A).  This analysis 

revealed two distinct (major) clusters, with cluster 1 composed of 30 down-regulated genes in 

SMA and cluster 2 containing 17 up-regulated genes.  To further explore the biological functions 

of the DEGs in clusters 1 and 2, MetaCore
TM

 was used to generate the top 10 ranked process 

networks.  The top-ranked process networks for cluster 1 (down-regulated) included 

Inflammation_Amphoterin Signaling (Padj=1.192E-25) and Inflammation-Innate Inflammatory 

Response (Padj=3.163E-25, Figure 4.5B). 

The top-ranked process networks for cluster 2 (up-regulated) contained Immune Response-T 

Helper Cell Differentiation (Padj=1.061E-10) and Immune Response-TCR signalling 

(Padj=3.163E-25, Figure 4.5C).  
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Common genes in multiple pathways were TLR4 and TLR2, MyD88, IRAK1/2, IKK-alpha (I-

kappa-B kinase alpha), NF-kB (various forms including p100, p105, p52, and p50), NFKBIA (I-

kappa-B alpha), AP-1 (Activator Protein 1), ICAM1, and IL-1 beta (Table 4.7), suggesting that 

children with SMA have an impaired immune response, weakened TLR-signaling, and a 

dysregulated inflammatory balance. 

An overrepresentation of up-regulation of CD86, ERK1/2 (MAPK1), MEK1/2 (MAP2K1/2), 

TAK1 (MAP3K7), IRAK1/2, and MHC class II (Table 4.7), indicating an enhanced response to 

specific immune and inflammatory pathways associated with differentiation and activation of T 

helper cells and pathways associated with T cell receptors.  
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Figure 4.4: Unsupervised hierarchical clustering of RNA-seq data showing differentially 
expressed genes in the HSP60-HSP70-TLR2/4 pathway. 
A) Heatmap showing expression values for each of the 47 DEGs selected based on Padj≤0.050 
(rows) were normalised across all samples (columns).  Dendrogram of hierarchical clustering of 
genes based on Euclidean distance of z-score data.  Age distributions and sickle cell trait status are 
shown, along with the data matrix indicating the magnitude of up-regulated (red) and down-regulated 
(green) genes. Top 10-ranked process networks generated in MetaCore

TM
 for (B) cluster 1 (down-

regulated) DEGs and (C) cluster 2 (up-regulated) DEGs.  Process networks are represented on the 
left Y-axis.  The number of DEGs in the dataset is shown relative to the total number in the process 
network.  The right Y-axis indicates the Padj value, and the X-axis shows the -log10(Padj)] values.   
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Table 4.7: Top process networks of DEGs in clusters 1 and 2 of the heatmap 

Rank Networks Total 
In 

Data 
Padj Network Objects from Active Data 

C
lu

st
er

 1
 (

d
o
w

n
-r

eg
u

la
te

d
) 

1 Inflammation-
Amphoterin 
Signalling 

118 21 1.192E-25 IL-1 beta, TLR2, NF-kB2 (p100), IRAK2, 
I-kB, NF-kB, NF-kB1 (p105), NFKBIA, 
IL-6, IRAK1/2, IKK-alpha, TLR4, NF-
kB2 (p52), ICAM1, AP-1, p38alpha 
(MAPK14), p38 MAPK, NF-kB1 (p50), 
NF-kB p50/p50, MyD88, NF-kB 
p52/RelB 

2 Inflammation-
Innate 
Inflammatory 
Response 

181 23 3.163E-25 IL-1 beta, TLR2, sCD14, NF-kB2 (p100), 
IRAK2, I-kB, NF-kB, IRAK4, NFKBIA, 
IL-6, IRAK1/2, IKK-alpha, TLR4, NF-
kB2 (p52), p38alpha (MAPK14), p38 
MAPK, NF-kB1 (p50), NF-kB p50/p50, 
MyD88, NF-kB p52/RelB, CD14, MD-2, 
HSPA1A 

3 Inflammation-
IL-10 anti-
Inflammatory 
Response 

87 17 2.124E-21 IL-1 beta, NF-kB2 (p100), I-kB, NF-kB, 
NFKBIA, IL-6, IRAK1/2, IKK-alpha, 
TLR4, NF-kB2 (p52), p38alpha 
(MAPK14), MEK6(MAP2K6), p38 
MAPK, NF-kB1 (p50), NF-kB p50/p50, 
MyD88, NF-kB p52/RelB 

4 Immune 
Response-
Antigen 
Presentation 

193 19 2.308E-18 NF-kB2 (p100), HLA-E, I-kB, Beta-2-
microglobulin, NF-kB, NF-kB1 (p105), 
NFKBIA, IKK-alpha, GRP78, NF-kB2 
(p52), HLAB, ICAM1, HSP70, NF-kB1 
(p50), RelB (NF-kB subunit), NF-kB 
p50/p50, NF-kB p52/RelB, HLAC, MHC 
class I 

5 Immune 
Response-
Phagosome in 
Antigen 
Presentation 

241 20 4.655E-18 NF-kB2 (p100), I-kB, Beta-2-
microglobulin, NF-kB, NF-kB1 (p105), 
NFKBIA, IKK-alpha, GRP78, TLR4, NF-
kB2 (p52), HLAB, p38alpha (MAPK14), 
p38 MAPK, HSP70, NF-kB1 (p50), NF-
kB p50/p50, NF-kB p52/RelB, HLAC, 
MHC class I, CD14 

6 Inflammation-
MIF Signalling 

141 17 6.385E-18 IL-1 beta, NF-kB2 (p100), IRAK2, I-kB, 
NF-kB, NFKBIA, IL-6, IRAK1/2, IKK-
alpha, TLR4, NF-kB2 (p52), ICAM1, NF-
kB1 (p50), NF-kB p50/p50, MyD88, NF-
kB p52/RelB, CD14 

7 Inflammation-
Protein C 
Signalling 

108 15 1.133E-16 IL-1 beta, NF-kB2 (p100), IRAK2, I-kB, 
NF-kB, NFKBIA, IL-6, IRAK1/2, IKK-
alpha, TLR4, NF-kB2 (p52), NF-kB1 
(p50), NF-kB p50/p50, MyD88, NF-kB 
p52/RelB 

8 Inflammation-
TREM1 
Signalling 

145 16 2.872E-16 IL-1 beta, TLR2, IRAK2, I-kB, NF-kB, 
NFKBIA, IL-6, IRAK1/2, IKK-alpha, 
TLR4, ICAM1, p38alpha (MAPK14), p38 
MAPK, MyD88, CD14, MD-2 

9 Cell Cycle-G1-S 
Interleukin 
Regulation 

128 15 1.240E-15 IL-1 beta, NF-kB2 (p100), I-kB, NF-kB, 
NFKBIA, IRAK1/2, IKK-alpha, NF-kB2 
(p52), AP-1, p38alpha (MAPK14), NF-
kB1 (p50), RelB (NF-kB subunit), NF-kB 
p50/p50, NF-kB p52/RelB, JunB 
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Rank Networks Total 
In 

Data 
Padj Network Objects from Active Data 

10 Immune 
Response-TCR 
Signalling 

174 16 4.464E-15 NF-kB2 (p100), I-kB, NF-kB, NF-kB1 
(p105), NFKBIA, IKK-alpha, NF-kB2 
(p52), ICAM1, AP-1, p38alpha 
(MAPK14), MEK6(MAP2K6), p38 
MAPK, NF-kB1 (p50), NF-kB p50/p50, 
NF-kB p52/RelB, MHC class I 

C
lu

st
er

 2
 (

u
p

-r
eg

u
la

te
d

) 

1 Immune 
Response-T 
Helper Cell 
Differentiation 

140 10 1.061E-10 CD86, MEK3(MAP2K3), ERK1/2, 
MEK2(MAP2K2), TAB2, 
TAK1(MAP3K7), CD80, IRAK1/2, 
IRAK1, MHC class II 

2 Immune 
Response-TCR 
Signalling 

174 10 4.764E-10 AP-1, CD86, MEK3(MAP2K3), ERK1/2, 
MEK2(MAP2K2), ERK2 (MAPK1), 
CD80, MEK1/2, Ubiquitin, MHC class II 

3 Inflammation-
IL-4 Signalling 

115 8 1.294E-08 CD86, ERK1/2, MEK2(MAP2K2), HLA-
DPB1, ERK2 (MAPK1), CD80, MEK1/2, 
MHC class II 

4 Inflammation-
Amphoterin 
Signalling 

118 8 1.294E-08 AP-1, ERK1/2, MEK2(MAP2K2), ERK2 
(MAPK1), TAK1(MAP3K7), IRAK1/2, 
IRAK1, MEK1/2 

5 Inflammation-
TREM1 
Signalling 

145 8 5.407E-08 CD86, ERK1/2, MEK2(MAP2K2), ERK2 
(MAPK1), TAK1(MAP3K7), IRAK1/2, 
IRAK1, MEK1/2 

6 Inflammation-
Inflammasome 

120 7 3.772E-07 AP-1, MEK3(MAP2K3), ERK1/2, TAB2, 
ERK2 (MAPK1), TAK1(MAP3K7), 
IRAK1 

7 Signal 
Transduction-
TGF-beta, GDF 
and Activin 
Signalling 

154 7 1.826E-06 AP-1, MEK3(MAP2K3), ERK1/2, TAB2, 
ERK2 (MAPK1), TAK1(MAP3K7), JunD 

8 Signal 
Transduction-
CREM Pathway 

98 6 2.607E-06 AP-1, ERK1/2, MEK2(MAP2K2), ERK2 
(MAPK1), MEK1/2, Ubiquitin 

9 Immune 
Response-
Antigen 
Presentation 

193 7 6.656E-06 CD86, MHC class II beta chain, HLA-
DPB1, CD80, HLA-DOA, HLA-DMA, 
MHC class II 

10 Translation-
Regulation of 
Initiation 

127 6 9.282E-06 MEK3(MAP2K3), ERK1/2, 
MEK2(MAP2K2), ERK2 (MAPK1), 
TAK1(MAP3K7), MEK1/2 

Top 10-ranked process networks generated in MetaCore
TM

 for cluster 1 (down-regulated) and cluster 2 
(up-regulated) DEGs.  Process networks are represented, along with the total number of genes in the 
network (total), DEGs in the dataset for SMA (in data), the rank of the network (Padj), and actual genes 
in the network (network objects from active data). 

4.2.7 Differential Expression of Glutamine Transporters and Glutamine Synthetase in 

SMA 

Since GLN is a critical regulator of HSP responses and must be actively taken up by cells to 

counter the stress response induced by conditions such as SMA, GLN transporters were 

explored.  Of the 18 characterised human GLN transporter genes, 7 were differentially regulated 

between the non-SMA and SMA groups.  SMA was characterised by up-regulation of 5 

transporter genes: SLC6A19 (log2FC=4.17), SLC7A5 (2.54), SLC1A5 (2.49), SLC7A8 (0.69) 
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and SLC38A1 (0.35), and downregulation of two transporter genes: SLC38A2 (-0.28) and 

SLC38A3 (-1.38) (Figure 4.6). 

It is known that GLN levels in leukocytes are also impacted by the levels and cellular activities of 

the glutamine synthetase (i.e., the glutamate-ammonia ligase, encoded by GLUL) and 

glutaminase 1 (GLS1) and GLS2.  GLUL was significantly up-regulated in children with SMA 

(log2FC=1.26, Padj=1.82E-10).  However, differing gene expression profiles were not witnessed 

for either GLS1 (log2FC=-0.23, Padj=0.062) or GSL2 (log2FC=0.14, Padj=0.778) (Figure 4.6).  

Differential expressions of all glutamine transporter genes are shown in Table 4.8. 

Collectively, the findings indicate that children with SMA exhibit upregulation of GLN 

transporters to boost cellular GLN absorption and increased transcripts for a critical enzyme 

(GLUL) that increases GLN production. 

 

 

Figure 4.5 Model showing significantly dysregulated glutamine transporters and glutamine 
synthetase. 
The RNA-seq analyses from 66 children [non-SMA (n=41) and SMA (n=25)] containing Padj genes at 
<0.05 revealed dysregulation in seven human GLN transporters in children with SMA, five up-regulated 
(red) and two down-regulated (green).  Functionality of both SLC7A5 and SLC7A8 relies on the 
formation of a complex with a chaperone, SLC3A2 (orange).  Directionality of the arrows indicates flux 
of GLN (black), Na

+
 (gray), neutral amino acids (orange), and H

+
 (purple).  Conversion of GLU to GLN 

is catalysed by GLUL (dotted red arrow indicating up-regulation), whereas conversion of GLN to GLU is 
catalysed by GLS1/2 (not significantly altered).  The Log2FC (for Log2FoldChange) and Padj are shown 
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for the significant DEGs.  Abbreviations and symbols: GLN: glutamine; AA
0
:
 
neutral amino acids; Na

+
: 

sodium ion; H
+
: hydrogen ion; Glu: glutamate; GLUL: glutamate-ammonia ligase (i.e., glutamine 

synthetase); GLS1/2: Glutaminase1/2. Created in BioRender.com. 

Table 4.8:  Differential expression of transcripts of glutamine transporters and glutamine-

metabolizing enzymes in children with SMA 
 Gene Log2foldchange Padj 

G
L

N
 

T
ra

n
sp

o
rt

er
s 

SLC6A19  4.17 3.96E-29 
SLC7A5  2.54 9.92E-20 
SLC1A5  2.49 3.19E-19 
SLC7A8  0.69 1.31E-02 
SLC38A1  0.35 3.68E-03 
SLC38A2  -0.28 6.95E-03 
SLC38A3  -1.38 1.41E-02 
SLC6A14 -0.86 0.197 
SLC7A6 0.21 0.068 
SLC7A7 0.11 0.665 
SLC7A9 -0.44 0.320 
SLC38A4 -0.25 0.656 
SLC38A5  -0.14 0.729 
SLC38A6 0.19 0.391 
SLC38A7  0.06 0.699 
SLC38A8 -0.79 0.202 
SLC38A9 -0.15 0.175 
SLC38A10 -0.09 0.513 

G
L

N
 

E
n

z GLUL  1.26 1.82E-10 
GLS (GLS1) -0.23 0.062 
GLS2  0.14 0.778 

Student‘s t-test was used to compare the mean gene expression level between non-SMA (Hb≥6.0 g/dL, 
n=41) and SMA (Hb<6.0 g/dL, n=25).  The Log2foldchange was defined as the ratio of the mean gene 
expression level in SMA to that in non-SMA.  Bold indicates statistical significance at Padj≤0.050.  

4.3 Objective Three 

4.3.1 Demographic, Clinical and Laboratory Characteristics of Study Participants at 

Enrollment  

Age- and sex-matched children without HIV-1 and bacteremia co-infections, presenting with 

peripheral P. falciparum parasitemia (any density) were categorised into two groups based on 

their Hb levels: Hb≥6.0 g/dL (non-SMA, n=40) and Hb<6.0 g/dL (SMA, n=20).  The 

demographic, clinical and laboratory characteristics of these study participants are shown in 

Table 4.9.  Children with SMA presented at the hospital with lower axillary temperature 

(P=0.030) and comparable glucose levels (P=0.516).  As expected, based on Hb concentrations, 

children with SMA had lower levels of haematocrit (P=3.539E-10) and RBCs (P=4.330E-10).  

Additionally, SMA patients presented with elevated red blood cell distribution width (P=0.003) 

and mean corpuscular volume (P=0.003).  Similarly, white blood cells (P=0.002) and 

lymphocytes (P=1.137E-04) were elevated in SMA.  Comparable levels for the other 

haematological variables were observed: mean corpuscular haemoglobin concentrations 

(P=0.051), platelets (P=0.981), monocytes (P=0.063), neutrophil (P=0.780) and granulocyte 

(P=0.540) counts. Parasitological indices (i.e., parasite density and stratification based on levels) 

did not show significant variation across the two study groups (P=0.520 and P=0.377, 

https://biorender.com/
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respectively).  Moreover, the distribution of sickle-cell trait status was also comparable between 

the groups (P=0.079).  

 
Table 4.9: Admission demographic, clinical and laboratory characteristics of study 

participants 

Characteristics 
Non-SMA 

(Hb≥6.0g/dL) 
SMA 

(Hb<6.0g/dL) 
p-value 

No. of participants (n=60) 40 20   

Gender, n (%)       

     Male 19 (47.5) 13 (52.0) 
1.000

a

 
     Female 21 (52.5) 12 (48.0) 

Age, months  23.5 (22.3) 22.5 (27.5) 0.724
b

 

Glucose, mmol/L 5.0 (2.0) 5.0 (2.0) 0.516
b

 

Admission temperature °C 38.0 (1.2) 37.7 (0.8) 0.030
b

 

Hematological Parameters 

Haemoglobin, g/dL 9.9 (1.4) 4.6 (1.0) NA 

Haematocrit, % 30.0 (5.4) 14.7 (2.7) 3.539E-10
b

 

Red blood cells, × 10
6

/µL 4.3 (0.9) 1.9 (0.8) 4.330E-10
b

 

Red cell distribution width, % 18.5 (2.8) 21.6 (7.9) 0.003
b

 

Mean corpuscular volume, fL 69.5 (8.4) 80.0 (28.8) 0.003
b

 

Mean corpuscular haemoglobin, pg 22.7 (4.2) 25.9 (9.2) 0.051
b

 

Platelets, ×10
3

/µL 144.0 (99.3) 100.0 (241.0) 0.981
b

 

Platelet distribution width, % 16.5 (1.2) 17.2 (1.0) 0.441
b

 

Mean platelet volume, fL 8.3 (2.5) 8.0 (2.4) 0.190
b

 

WBCs, ×10
3

/µL 11.0 (7.0) 21.0 (10.0) 0.002
b

 

Lymphocytes, ×10
3

/µL 3.6 (2.4) 11.5 (14.3) 1.137E-04
b

 

Monocytes, ×10
3

/µL 0.7 (0.8) 1.4 (1.3) 0.063
b

 

Neutrophils, ×10
3

/µL 5.3 (3.4) 5.2 (8.1) 0.780
b

 

Granulocytes, ×10
3

/µL 6.7 (3.0) 8.6 (5.1) 0.540
b

 

Parasitological Indices 

Parasite density, MPS/µL 59,417 (81,968) 22,570 (72,190) 0.520
b

 
Low (1 – 5,000), n (%) 6 (15.0) 5 (25.0) 

0.377
a

 
Moderate (5001 – 50,000), n (%) 12 (30.0) 8 (40.0) 
High (50,001 – 100,000), n (%) 14 (35.0) 3 (15.0) 

Hyper (>100,001), n (%) 8 (20.0) 4 (20.0) 

Genetic Variants 

Sickle cell genotypes, n (%)       

    HbAA 35 (87.5) 14 (70.0) 

0.079
a

     HbAS 4 (10.0) 2 (10.0) 

    HbSS 1(2.5) 4 (20.0) 

Data are the median (interquartile range; IQR) unless otherwise noted.  Children (n=60) presenting with 
malaria at SCRH were stratified based on haemoglobin (Hb) levels: non-severe malaria anaemia (non-
SMA; Hb≥6.0 g/dL, n=40) or severe malarial anaemia (SMA; Hb<6.0 g/dL, n=20).  

a
Fisher‘s exact test 

with exact P-values for homogeneity and 
b
Mann-Whitney-U test were used to compare the non-SMA and 

SMA groups.  Statistical significance was set at P≤0.050, and significant P-values were indicated in bold.  
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Abbreviations: MPS - malaria parasites.  HbAA-hemoglobin AA, HbAS- haemoglobin AS, HbSS- 
haemoglobin SS. 

4.3.2 Distribution of Differentially Expressed P. falciparum Genes in SMA Relative to Non-

SMA  

The distribution of 3,155 annotated P. falciparum genes was illustrated using a volcano plot 

(Figure 4.7).  Among them, 566 genes were DEGs, with 499 up-regulated and 67 down-

regulated.  

 

 
Figure 4.6 Volcano plot showing the magnitude and significance of differentially expressed 
P. falciparum genes in patients with SMA relative to non-SMA. 
499 and 67 P. falciparum genes were significantly up- and down-regulated, respectively, while 
2,589 genes were not significantly differentially expressed in Kenyan children presenting with 
non-SMA and SMA.  Each dot represents a gene, grey dots indicate no significant difference in 
genes, red dots indicate up-regulated DEGs and turquoise dots indicate down-regulated DEGs. 

The top 3 down-regulated genes include PfKE01_040008500 (surface-associated interspersed 

protein 4.1), PfKE01_080024800 (perforin-like protein 5) and PfKE01_140017300 (p1/s1 

nuclease, putative).  In contrast, the most up-regulated genes include PfKE01_120041000 

(conserved Plasmodium protein, unknown function), PfKE01_130026100 (type I signal 
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peptidase) and PfKE01_050018000 (deoxyribodipyrimidine photo-lyase, putative). The rest of 

the 10 most up- or down-regulated genes are listed in Table 4.10. 

Table 4.10 10 Most down-regulated and up-regulated P. falciparum genes in SMA vs. non-

SMA 

Down-regulated  Gene description Log2FC 

PfKE01_040008500 surface-associated interspersed protein 4.1 -2.464396963 

PfKE01_080024800 perforin-like protein 5 -1.769091813 

PfKE01_140017300 p1/s1 nuclease, putative -1.590093646 

PfKE01_080020200 conserved Plasmodium protein, unknown function -1.21357049 

PfKE01_030005700 acyl-CoA synthetase -1.171816811 

PfKE01_070034000 erythrocyte binding antigen-175 -1.119215846 

PfKE01_130062600 protein kinase 5 -1.079821323 

PfKE01_050029600 structural maintenance of chromosomes protein 6, putative -1.066974281 

PfKE01_140010000 conserved Plasmodium protein, unknown function -1.015948874 

PfKE01_140006200 acidic terminal segments, variant surface antigen of PfEMP1, putative -0.997865734 

Up-regulated Gene description Log2FC 

PfKE01_120041000 conserved Plasmodium protein, unknown function 3.057391101 

PfKE01_130026100 type I signal peptidase 2.861766756 

PfKE01_050018000 deoxyribodipyrimidine photo-lyase, putative 2.710313939 

PfKE01_100027300 conserved Plasmodium protein (10b antigen), unknown function 2.417452231 

PfKE01_080022200 chaperone protein ClpB1 2.36053819 

PfKE01_140040600 ataxin-2-like protein, putative 2.268725128 

PfKE01_070024100 conserved Plasmodium protein, unknown function 2.235476994 

PfKE01_050014600 conserved Plasmodium protein, unknown function 2.221898286 

PfKE01_040023000 glutamyl-tRNA (Gln) amidotransferase subunit A 2.221063246 

PfKE01_080026300 2-oxoglutarate dehydrogenase E1 component 2.166511279 

The 10 most down-regulated and up-regulated genes in SMA relative to non-SMA and their 
log2FC. 
 

4.3.3 Principal Component Analysis (PCA) of DEGs 

A PCA was performed on the transcriptional profiles of the annotated P. falciparum genes 

(n=3,155) to explore the global structure and variability in the dataset and on DEGs to capture 

the variance associated with differential expression in the blood of children with SMA and non-

SMA (Figure 4.8).  The PCA revealed distinct clustering patterns between SMA and non-SMA 

and overlapping confidence ellipses of the two groups in the plot, indicating some similarity 

between the groups' gene expression profiles.  The first two principal components of the PCA of 

all annotated P. falciparum genes and 566 DEGs explained 48.89% and 63.74% of the total 

variance in the dataset, respectively. 

4.3.4 P. falciparum Gene Expression Deconvolution Analysis 

Gene expression deconvolution revealed relative proportions of parasite developmental stages in 

peripheral blood from the children in the study (Figure 4.8A).  The relative proportion of P. 

falciparum trophozoite stage genes was marginally higher in the SMA group (P=0.052), while 
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that of the ring stage was lower in SMA (P=0.008).  Schizont, male and female gametocyte 

stages did not significantly differ between the study groups (Figure 4.8B).  However, further 

analysis to compare the relative proportions between male and female gametocytes across all the 

parasitaemic patients showed a higher proportion of male gametocytes in the study participants 

(P=2.170E-6) (Figure 4.8C). 

 

 

Figure 4.8: P. falciparum gene expression deconvolution analysis and relative proportions 
of P. falciparum developmental stages in non-SMA and SMA. 
A) The figure shows the relative proportions of the different P. falciparum developmental stages, imputed 
using the expression of significant DEGs.  B)  Relative proportions of P. falciparum developmental stages 
in non-SMA and SMA.  Relative proportions of P. falciparum developmental stages in non-SMA (n=40) 
and SMA (n=20) presented as median (interquartile range, IQR).  

a
Mann-Whitney U test.  P-values 

<0.050 were considered significant and are indicated in bold.  C)  Relative proportions of P. falciparum 
gametocytes across all samples (n=60) presented as median (interquartile range, IQR). P-values <0.050 
were considered significant and are indicated in bold. 

 

A 

B 
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4.3.5 Weighted gene co-expression network analysis (WGCNA) of P. falciparum DEGs 

4.3.5.1 Co-expression Analysis of P. falciparum DEGs 

WGCNA of the P. falciparum DEGs with a soft threshold of 5 and a minimum module size of 20 

revealed a WGCNA network of 559 co-expressed genes in 5 modules: Brown (112 DEGs), 

Yellow (82 DEGs), Blue (125 DEGs), Turquoise (160 DEGs) and Green (80 DEGs) (Figure 

4.10A).  The entire network consisting of the 5 modules was then enriched for molecular 

functions, biological processes, cellular components and KEGG pathways (Figure 4.10B-E). 

The top 10 significant (FDR ≤0.050) P. falciparum molecular function pathways include: 

GO:0004298 threonine-type endopeptidase activity (FDR=3.78E-05, 11/15 genes), GO:0070003 

threonine-type peptidase activity (FDR=3.78E-05, 11/15 genes), GO:0046983 protein 

dimerisation activity (FDR=2.25E-02, 16/46 genes), GO:0004175 endopeptidase activity 

(FDR=2.59E-02, 27/103 genes), GO:0004812 aminoacyl-tRNA ligase activity (FDR=2.80E-02, 

14/40 genes), GO:0016875 ligase activity forming carbon-oxygen bonds (FDR=2.80E-02, 14/40 

genes), GO:0008233 peptidase activity (FDR=2.85E-02, 36/158 genes), GO:0016787 hydrolase 

activity (FDR=4.21E-02, 116/695 genes), GO:0016887 ATP hydrolysis activity (FDR=4.21E-02, 

30/128 genes) and GO:0042802 identical protein binding (FDR=4.21E-02, 9/21 genes) (Figure 

4.10B). 

Moreover, the top 10 significant P. falciparum biological processes include: GO:0010499 

proteasomal ubiquitin-independent protein catabolic process (FDR=4.78E-06, 12/15 genes), 

GO:0006511 ubiquitin-dependent protein catabolic process (FDR=2.24E-05, 37/121 genes), 

GO:0010498 proteasomal protein catabolic process (FDR=2.24E-05, 30/86 genes), GO:0019941 

modification-dependent protein catabolic process (FDR=3.44E-05, 37/124 genes), GO:0009987 

cellular process (FDR=4.02E-05, 356/2670 genes), GO:0043161 proteasome-mediated ubiquitin-

dependent protein catabolic process (FDR=4.02E-05, 28/82 genes), GO:0043632 modification-

dependent macromolecule catabolic process (FDR=6.08E-05, 37/129 genes), GO:0044257 

cellular protein catabolic process (FDR=7.20E-05, 40/147 genes), GO:0051603 proteolysis 

involved in cellular protein catabolic process (FDR=7.20E-05, 40/147 genes) and GO:0030163 

protein catabolic process (FDR=1.15E-05, 42/161 genes) (Figure 4.10C). 

Enriched P. falciparum cellular components included: GO:0000502 proteasome complex 

(FDR=1.71E-12, 26/43 genes), GO:1905369 endopeptidase complex (FDR=3.28E-11, 26/48 

genes), GO:1905368 peptidase complex (FDR=1.69E-10, 27/55 genes), GO:0005622 

intracellular anatomical structure (FDR=3.26E-08, 339/2,587 genes), GO:0005737 cytoplasm 

(FDR=1.41E-06, 261/1,888 genes), GO:0005829 cytosol (FDR=1.41E-06, 73/355 genes), 

GO:0005839 proteasome core complex (FDR=1.41E-06, 11/15 genes), GO:0032991 protein-
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containing complex (FDR=1.04E-05, 170/1,125 genes), GO:0140535 intracellular protein-

containing complex (FDR=1.04E-05, 46/195 genes) and GO:0022624 proteasome accessory 

complex (FDR=3.47E-04, 10/19 genes) (Figure 4.10D). 

Additional enrichment analyses for the DEGs revealed three significant KEGG pathways: 

pfa03050 Proteasome (FDR=6.06E-08, 19/34 genes), pfa00970 Aminoacyl-tRNA biosynthesis 

(FDR=1.39E-03, 14/36 genes) and pfa00564 Glycerophospholipid metabolism (FDR=6.32E-03, 

9/20 genes) (Figure 4.10E). 

 

 

 

 

A 
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Figure 4.9: Identification of co-expression modules using WGCNA and enrichment 
analysis of WGCNA networks. 
A) Gene cluster dendrogram obtained by hierarchical clustering of co-expressed genes.  
WGCNA of DEGs yielded 5 gene co-expression network modules represented by colours: 
brown, yellow, blue, turquoise and green.  The branches refer to clusters of genes that are highly 
connected, and each vertical line represents a single gene. The horizontal bar represents the co-
expression modules determined by the Dynamic Tree Cut algorithm, which contains a group of 
highly correlated genes.  B) Molecular functions, C) Biological processes, D) Cellular 
components and E) KEGG pathways. 
 

4.3.5.2 WGCNA Module Analysis 

To gain further insight into the gene co-expression networks of each module in the WGCNA 

network, the network files containing the weight of interaction between genes in a module were 

imported into CytoScape.  Module network construction in Cytoscape showed the interconnected 

genes (nodes) in the WGCNA modules: 8 nodes and 56 edges for the brown module (Figure 

4.11A) and 10 nodes and 90 edges for each of the yellow (Figure 4.12A), blue (Figure 4.13A), 

turquoise (Figure 4.14A) and green modules (Figure 4.15A).  In addition, the most 

interconnected node (seed node) in each module was identified: brown (PF3D7_1239800- 

Conserved Plasmodium protein, unknown function, Figure 4.11C), yellow (PF3D7_1208900- 

Protein phosphatase PPM11, putative, Figure 4.12C), blue (PF3D7_0322900- 40S ribosomal 

protein S3A, putative, Figure 4.13C), turquoise (PF3D7_0205900- 26S proteasome regulatory 
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subunit RPN1, putative, Figure 4.14C) and green (PF3D7_1332900- Isoleucine--tRNA ligase, 

putative, Figure 4.15C). 

Further analysis revealed that the brown module was enriched for pathways/processes associated 

with cell cycle/division, microtubule function and nuclear processes (Figure 4.10B); the yellow 

module was enriched for histidine kinase-like ATPases and HSP90 protein pathways (Figure 

4.11B); the blue module was enriched in pathways involved in ribosomal subunit (40S and 60S) 

formation and assembly, translational regulation, co-translational protein targeting to the 

membrane and ribosomal RNA (rRNA) processing (Figure 4.12B); the turquoise module was 

enriched in the parasite proteasome complex (Figure 4.13B); and the green module was enriched 

in pathways associated with energy metabolism, immune evasion and protein synthesis (Figure 

4.14B). 

 

 
 
 
 

 
Figure 4.10: Brown module 
A) Network showing the 8 nodes and 56 edges of the brown WGCNA module.  B) Functional enrichment 
analysis of the co-expressed genes in the brown module performed in CytoScape using STRING.  The x-
axis represents the -log10 of the FDR-adjusted p-value, while the y-axis shows the enriched terms.  C) 
Module node description based on PlasmoDB and their differential expression in SMA relative to non-
SMA.  * Indicates the most interconnected node in the module (seed node). Enrichment identifiers: GO- 
gene ontology, GOCC- gene ontology compartments and CL- STRING clusters databases. 
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Figure 4.11: Yellow module 
A) Network showing the yellow WGCNA module consisting of 10 nodes and 90 edges.  B) Functional 
enrichment analysis of the co-expressed genes in the yellow module was performed in CytoScape using 
STRING.  The x-axis represents the -log10 of the FDR-adjusted p-value, while the y-axis shows the 
enriched terms.  C) Module node description based on PlasmoDB and their differential expression in 
SMA relative to non-SMA.  * Indicates the most interconnected node in the module (seed node).  
Enrichment identifiers: SM- Simple Modular Architecture Research Tool (SMART) and PF- Protein 
FAMilies databases. 
 



69 
 

 

Figure 4.12: Blue module 
A) Network showing the 10 nodes and 90 edges of the blue WGCNA module.  B) Functional 
enrichment analysis depicting biological pathways and processes associated with the co-
expressed genes in the brown module performed in CytoScape using STRING.  The x-axis 
represents the -log10 of the FDR-adjusted p-value, while the y-axis shows the enriched terms.  C) 
Module node description based on PlasmoDB and their differential expression in SMA relative 
to non-SMA.  * Indicates the most interconnected node in the module (seed node). Enrichment 
identifiers: pfa- KEGG and PFA- Reactome databases. 
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Figure 4.13: Turquoise module 
A) Network showing 10 nodes and 90 edges of the turquoise WGCNA module.  B) Functional 
enrichment analysis of the coexpressed genes in the turquoise module performed in Cytoscape 
using STRING.  The x-axis represents the -log10 of the FDR-adjusted p-value, while the y-axis 
shows the enriched terms.  C) Module node description based on PlasmoDB and their differential 
expression in SMA relative to non-SMA.  * Indicates the most interconnected node in the 
module (seed node).  Enrichment identifiers: GOCC- gene ontology compartments, pfa- KEGG, 
KW- UniProt Keywords and CL- STRING cluster databases. 
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Figure 4.14: Green module 
A) Network showing the green WGCNA module with 10 nodes and 90 edges.  B) Functional 
enrichment analysis of the co-expressed genes in the yellow module was performed in CytoScape 
using STRING.  The x-axis represents the -log10 of the FDR-adjusted p-value, while the y-axis 
shows the enriched terms.  C) Module node description based on PlasmoDB and their differential 
expression in SMA relative to non-SMA.  * Indicates the most interconnected node in the 
module (seed node).  Enrichment identifiers: KW- UniProt Keywords, PFA- Reactome and PF- 
Protein FAMilies databases. 

4.3.6 Protein-Protein Interaction (PPI) Network Analysis 

4.3.6.1 PPI Network of P. falciparum DEGs 

The P. falciparum DEGs were uploaded onto the STRING platform, revealing a PPI network of 

542 nodes and 1,122 edges (PPI enrichment P-value=4.06E-10), reflecting biologically 

connected proteins (Figure 4.15).  Additionally, protein clusters in the PPI network that are 

highly connected (coordinately regulated), as well as the hub node in each cluster, were 

identified.  A total of 17 protein clusters (i.e., sub-networks) emerged from the network analysis, 

with clusters 1-3 shown in Figure 4.15. 
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Figure 4.15:  Visualization of PPI network of P. falciparum DEGs. 
A dense PPI network of the P. falciparum DEGs with 3 out of 17 network clusters highlighted. 
The network consists of 542 nodes and 1,122 edges (PPI enrichment P-value=4.06E-10). 
Coloured circles represent nodes, while their interactions represent the edges.  Yellow nodes in 
the cluster show the PPI network nodes that form the clusters. The description of the clusters is 
based on the enrichment terms associated with the PPI network cluster. 
 
The MCODE scores, nodes, edges and hub node for each cluster are shown in Table 4.11. The 

top 5 out of 17 sub-networks included: cluster 1 (MCODE score at 24.80, with 26 nodes and 310 

edges.  The hub node is PF3D7_0322900- 40S ribosomal protein S3A, putative), cluster 2 

(MCODE score at 19.00, 19 nodes and 171 edges and the hub node is PF3D7_1353800- 

Proteasome subunit alpha type-4, putative), cluster 3 (MCODE score at 6.86, harboring 8 nodes 

and 24 edges, and PF3D7_1441400- FACT complex subunit SSRP1, putative acts as the hub 

node), cluster 4 (MCODE score at 5.60, containing 6 nodes and 14 edges, and the hub node is 

PF3D7_0618700- Trafficking protein particle complex subunit 6A, putative) and cluster 5 

(MCODE score at 5.00, with 5 nodes and 10 edges, and the hub node is PF3D7_1352700- 

Intron-binding protein aquarius, putative).  Moreover, the hub node for the entire PPI network 

was also identified: PF3D7_1331700- Glutamine--tRNA ligase, putative (Table 4.11). 
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Table 4.11: List of PPI network clusters identified in the PPI analysis of P. falciparum 

DEGs 
Cluster MCODE 

Score
 

Nodes Edges Hub Node PlasmoDB Description 

Cluster 1 24.80 26 310 PF3D7_0322900 40S ribosomal protein S3A, putative 
Cluster 2 19.00 19 171 PF3D7_1353800 Proteasome subunit alpha type-4, putative 
Cluster 3 6.86 8 24 PF3D7_1441400 FACT complex subunit SSRP1, putative 
Cluster 4 5.60 6 14 PF3D7_0618700 Trafficking protein particle complex subunit 

6A, putative 
Cluster 5 5.00 5 10 PF3D7_1352700 Intron-binding protein aquarius, putative 
Cluster 6 5.00 7 15 PF3D7_1213800 Proline--tRNA ligase 
Cluster 7 5.00 9 20 PF3D7_1134000 Heat shock protein 70 
Cluster 8 4.67 10 21 PF3D7_0406100 V-type proton ATPase subunit B 
Cluster 9 4.50 5 9 PF3D7_1455300 Conserved protein, unknown function 
Cluster 10 4.00 4 6 PF3D7_0409200 Protein SOF1, putative 
Cluster 11 4.00 8 14 PF3D7_0710400 DNA repair protein RAD14, putative 
Cluster 12 3.33 4 5 PF3D7_0303200 Lipin, putative 
Cluster 13 3.00 3 3 PF3D7_1015600 Heat shock protein 60 
Cluster 14 3.00 3 3 PF3D7_1110500 Vacuolar protein sorting-associated protein 

35, putative 
Cluster 15 3.00 3 3 PF3D7_1025300 Conserved protein, unknown function 
Cluster 16 3.00 3 3 PF3D7_0820700 2-oxoglutarate dehydrogenase E1 component 
Cluster 17 2.67 4 4 PF3D7_1363400 Polyubiquitin binding protein, putative 
Entire 
network 

 542 1,122 PF3D7_1331700 Glutamine--tRNA ligase, putative 

The table shows a list of PPI network clusters consisting of highly connected DEGs. Clusters are 
ranked based on their MCODE-assigned scores.  Cluster membership (nodes) and node 
interactions are also shown.  The Hub genes of these densely connected regions and the entire 
PPI network identified using CytoHubba through 11 topological analysis methods are shown. 
The differential expression of all the hub node genes is shown in Table 4.12. 

Table 4.12: Differential expression of genes encoding the hub nodes of the PPI network 

clusters 
Network Gene  PlasmoDB Description Log2FC P-value 
Cluster 1 PF3D7_0322900 40S ribosomal protein S3A, putative 0.312 0.013 
Cluster 2 PF3D7_1353800 Proteasome subunit alpha type-4, putative 0.487 0.027 
Cluster 3 PF3D7_1441400 FACT complex subunit SSRP1, putative 0.868 0.008 
Cluster 4 PF3D7_0618700 Trafficking protein particle complex subunit 6A, putative 0.814 0.039 
Cluster 5 PF3D7_1352700 Intron-binding protein aquarius, putative 0.412 0.022 
Cluster 6 PF3D7_1213800 Proline--tRNA ligase 0.371 0.009 
Cluster 7 PF3D7_1134000 Heat shock protein 70 1.023 0.022 
Cluster 8 PF3D7_0406100 V-type proton ATPase subunit B 0.625 0.026 
Cluster 9 PF3D7_1455300 Conserved protein, unknown function 1.229 0.036 
Cluster 10 PF3D7_0409200 Protein SOF1, putative -0.224 0.045 
Cluster 11 PF3D7_0710400 DNA repair protein RAD14, putative 0.771 0.048 
Cluster 12 PF3D7_0303200 Lipin, putative 1.668 0.020 
Cluster 13 PF3D7_1015600 Heat shock protein 60 2.063 0.032 
Cluster 14 PF3D7_1110500 Vacuolar protein sorting-associated protein 35, putative 1.228 0.045 
Cluster 15 PF3D7_1025300 Conserved protein, unknown function 1.650 0.048 
Cluster 16 PF3D7_0820700 2-oxoglutarate dehydrogenase E1 component 2.167 0.035 
Cluster 17 PF3D7_1363400 Polyubiquitin binding protein, putative 0.911 0.041 
Entire network PF3D7_1331700 Glutamine--tRNA ligase, putative 0.612 0.016 

Data represents the differential expression values of genes encoding identified hubs.  Welch‘s t-
test compared the mean expression levels of genes encoding identified hubs between SMA and 
non-SMA.  The fold change was defined as the mean gene expression level ratio in SMA to that 
in non-SMA.  Statistical significance was set at P-value≤0.050 and indicated in bold. 
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4.3.6.2 Functional Enrichment Analysis of PPI Network Clusters 

Functional enrichment analyses were performed to explore the potential biological roles of the 

PPI network clusters.  The top 10 significantly enriched terms in clusters 1-5 are presented in 

Figure 4.16.  The central encompassing enrichment term for biological functions in each of the 5 

clusters was as follows: cluster 1- ribosome function and translation process; cluster 2- 

proteasome function, immune evasion, regulation of DNA replication and antioxidant response; 

cluster 3- DNA transcription, chromatin structure and function, and protein dimerisation; cluster 

4- vesicle transport from the endoplasmic reticulum to the Golgi apparatus, and cluster 5- RNA 

splicing and spliceosomal. 

Furthermore, the top 10 significantly enriched terms in clusters 6-10 are presented in Figure 

4.17.  Enrichment terms related to the following biological functions in clusters 6-10 were cluster 

6- the biosynthesis of aminoacyl-tRNAs and protein translation; cluster 7- heat stress and HSP90 

function; cluster 8- glycolysis, ribose phosphate metabolism, ATP metabolism, vacuole function 

and vacuolar proton transport; cluster 9- mRNA splicing and Spliceosome-snRNP complex and 

cluster 10- processing and maturation of small subunit ribosomal RNA (rRNA). 

The top 10 significantly enriched terms in clusters 11-17 are presented in Figure 4.18. Central 

themes for each of the clusters included: cluster 11- DNA repair processes and components; 

cluster 12- metabolism and biosynthesis of lipids (glycerophospholipids, glycerolipids, and 

phosphatidic acid); cluster 13- molecular chaperones especially ATP-dependent chaperones; 

cluster 14- endocytosis and retrograde transport (movement of protein and membrane from 

endosomes back to the Golgi apparatus); cluster 15- TCA cycle, carbon metabolism and 

Oxidoreductase activity; cluster 16- protein sumoylation (a post-translational modification 

process involving the covalent attachment of small ubiquitin-like modifier (SUMO) proteins to 

target proteins) and cluster17- ubiquitin binding process and the ubiquitin-proteasome system.  
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Figure 4.16: Functional enrichment terms of clusters 1-5 in the P. falciparum PPI network. 
The x-axis represents the -log10 of the FDR-adjusted P-value, while the y-axis shows the 
enriched terms.  The top 10 significant enrichment terms for each cluster are shown.  Enrichment 
identifiers: GO- gene ontology, GOCC- gene ontology compartments and CL- STRING clusters 
databases. 
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Figure 4.17: Functional enrichment terms of clusters 6-10 in the P. falciparum PPI 
network. 
The x-axis represents the -log10 of the FDR-adjusted P-value, while the y-axis shows the 
enriched terms. The top 10 significant terms for each cluster are shown, unless 10 failed to 
emerge.  Enrichment identifiers: GO- gene ontology, GOCC- gene ontology compartments and 
CL- STRING clusters databases. 
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Figure 4.18: Functional enrichment terms of clusters 11-17 in the P. falciparum PPI 
network. 
The x-axis represents the -log10 of the FDR-adjusted P-value, while the y-axis shows the 
enriched terms. The top 10 significant terms for each cluster are shown, or any top significant 
terms.  Enrichment identifiers: GO- gene ontology, GOCC- gene ontology compartments and 
CL- STRING clusters databases. 
 

4.3.6.3 Relationship between transcript levels of hub genes of blood-stage P. falciparum and 

malaria severity 

Since the hub/seed proteins could act as key regulators of signalling in a sub-network, the 

relationship between transcript levels of hub genes central to the identified clusters/modules and 
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the risk of SMA was investigated using logistic regression modelling, controlling for the effect of 

age, sex and sickle-cell genotypes.  There was an increased risk of SMA for cluster 1 

[PF3D7_0322900-40S ribosomal protein S3A, putative (OR=1.001, P-value=0.042)], cluster 2 

[PF3D7_1353800-Proteasome subunit alpha type-4, putative (OR=1.009, P-value=0.049)], 

cluster 3 [PF3D7_1441400-FACT complex subunit SSRP1, putative (OR=1.014, P-

value=0.025)], cluster 4 [PF3D7_0618700-Trafficking protein particle complex subunit 6A, 

putative (OR=1.046, P-value=0.048)], cluster 6 [PF3D7_1213800-Proline--tRNA ligase 

(OR=1.018, P-value=0.005)] and the entire network [PF3D7_1331700- Glutamine--tRNA ligase, 

putative (OR=1.006, P-value=0.041)] (Table 4.13). There was also enhanced susceptibility to 

developing SMA associated with the brown module [PF3D7_1239800-Conserved Plasmodium 

protein, unknown function (OR=1.208, P-value=0.041)], blue module [PF3D7_0322900-40S 

ribosomal protein S3A, putative (OR=1.001, P-value=0.042)] and turquoise module 

[PF3D7_0205900- 26S proteasome regulatory subunit RPN1, putative (OR=1.013, P-

value=0.039)] (Table 4.13). 

Table 4.13 Relationship between transcript levels of P. falciparum hub genes and malaria 

severity 

Network Hub OR 95% CI P-value 
Cluster 1 PF3D7_0322900 1.001 1.000-1.002 0.042 
Cluster 2 PF3D7_1353800 1.009 1.000-1.019 0.049 
Cluster 3 PF3D7_1441400 1.014 1.002-1.027 0.025 
Cluster 4 PF3D7_0618700 1.046 1.000-1.094 0.048 
Cluster 5 PF3D7_1352700 1.029 0.998-1.060 0.070 
Cluster 6 PF3D7_1213800 1.018 1.005-1.030 0.005 
Cluster 7 PF3D7_1134000 1.002 0.999-1.005 0.117 
Cluster 8 PF3D7_0406100 1.003 0.999-1.007 0.060 
Cluster 9 PF3D7_1455300 1.022 0.995-1.050 0.117 
Cluster 10 PF3D7_0409200 0.994 0.987-1.002 0.146 
Cluster 11 PF3D7_0710400 1.022 0.996-1.050 0.098 
Cluster 12 PF3D7_0303200 1.028 0.993-1.065 0.121 
Cluster 13 PF3D7_1015600 1.031 0.999-1.063 0.058 
Cluster 14 PF3D7_1110500 1.027 0.976-1.080 0.306 
Cluster 15 PF3D7_1025300 1.059 0.992-1.131 0.083 
Cluster 16 PF3D7_0820700 1.033 0.992-1.076 0.118 
Cluster 17 PF3D7_1363400 1.040 0.998-1.083 0.061 
Entire PPI network PF3D7_1331700 1.006 1.000-1.011 0.041 
Brown PF3D7_1239800 1.208 1.008-1.447 0.041 
Yellow PF3D7_1208900 1.021 0.999-1.044 0.074 
Blue PF3D7_0322900* 1.001 1.000-1.002 0.042 
Turquoise PF3D7_0205900 1.013 1.001-1.025 0.039 
Green PF3D7_1332900 1.005 0.999-1.011 0.069 
Data are presented as an odds ratio (OR) with 95% confidence intervals (CI) using logistic 
regression with the following covariates in the models: age at enrollment, sex and sickle-cell 
genotypes.  P-values ≤0.050 were considered significant and are indicated in bold.  
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CHAPTER FIVE 

DISCUSSION 

5.1 Relationship between Genetic Polymorphisms in NCR3 and Longitudinal Susceptibility 

to Childhood SMA 

Nearly every child living in the holoendemic P. falciparum transmission areas, such as western 

Kenya, experiences repeated episodes of malaria (Hollowell et al., 2023; Okoyo et al., 2021).  

However, only a subset of individuals develop SMA, typically within the first year of life 

(Hollowell et al., 2023).  Young children under five years old are especially susceptible to severe 

malaria as maternal immunity wanes and adaptive immunity begins to develop through repeated 

malaria episodes (CDC, 2021).  Since childhood, immunity to malaria gradually develops over 

successive episodes (Griffin et al., 2015), the impact of host genetic variants on the development 

of malaria and SMA is best captured through longitudinal studies during the development of 

naturally acquired malarial immunity (Kwiatkowski, 2005).  This study reports, for the first time, 

the longitudinal risk of clinical malaria and SMA in carriers of mutant alleles of rs2736191 and 

rs11575837.  

The SNPs, rs2736191 and rs11575837, have been linked to functional changes in gene 

expression (Auton et al., 2015; Baaklini et al., 2017; Delahaye et al., 2007; Rusakiewicz et al., 

2013).  Notably, substitution of C to G in rs2736191 creates TFBSs for TCF3 and ZBTB6, while 

ablating a binding site for TFAP2A (AP2).  Previous studies show that TFAP2A (AP2) regulates 

the transcription of IFN-γ Receptor 1, and that elevated IFN-γ production is protective against 

malaria infections (Ahmed & Johnson, 2006; Chen et al., 2012; King & Lamb, 2015).  In 

addition, TCF3 was shown to promote the development of γδ T cells, differentiation of memory 

CD8 T cells, and increase γδ T cells and CD8+ T cell responses in children with SMA (Hviid et 

al., 1996; Roels et al., 2022; Safeukui et al., 2015; Schauder et al., 2021).  Although not studied 

in the context of malaria, human ZBTB6 was one of the most differentially expressed genes in the 

whole blood of patients with Crohn‘s disease (Mamoor, 2020).  Conversion of C to T in 

rs11575837 results in the loss of a TFAP2A (AP2) binding site and the creation of an HNF4A 

binding site.  Although HNF4A was shown to promote erythropoiesis during embryonic 

development in a murine model, it remains to be determined if children carrying the T-allele 

exhibit HNF4A binding and subsequent alterations in erythropoiesis (Makita et al., 2001).  

Functionally, these TFBS changes could influence SMA outcome through immune or 

hematopoietic pathways. The loss of TFAP2A binding may reduce IFN-γ receptor transcription, 

weakening Th1 responses important for parasite clearance.  Conversely, gain of TCF3 binding 

could enhance γδ T cell and CD8+ T cell responses, potentially improving immunity in SMA.  
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The gain of HNF4A binding in rs11575837 could alter erythropoiesis and contribute to anaemia 

severity.  Collectively, these transcription factor interactions suggest possible mechanistic roles 

in shaping susceptibility or resilience to SMA. 

The MAFs of the variants under investigation were higher in the study participants than in the 

LWK ethnic group from the 1000 Genome Project (Auton et al., 2015).  Additionally, the overall 

distribution of rs2736191 and rs11575837 genotypes in the current study population significantly 

deviated from HWE, indicative of an influence of evolutionary forces on the human genome in 

the study population.  There is increasing evidence that natural selection affects the frequencies 

of disease-associated genetic variants in different populations (Gorlov et al., 2015).  For instance, 

malaria exerts a strong evolutionary force on risk-associated alleles (Kwiatkowski, 2005; 

Tishkoff & Williams, 2002) and may, at least in part, underlie the observed allelic distribution.  

LD analysis revealed that the two SNPs are co-inherited (D′=0.882) because they are rarely 

separated during recombination.  Since D′ values tend to be inflated when there is a low allele 

frequency (as is the case with rs11575837), additional metrics like the D′ confidence intervals 

and r
2
 value (Mueller, 2004) were also examined.  D′ measures the non-random association of 

alleles at two loci, indicating the likelihood of their co-inheritance, while r
2
 is a statistical 

measure of the correlation in allele frequencies and the predictive power between the SNPs 

(Bush & Moore, 2012).  Despite the D′ being high, the r
2
 value was notably low (r

2
=0.011), 

suggesting that while the SNPs are rarely separated by recombination.  Importantly, the LOD 

score, used to assess the strength of evidence of linkage, was 6.61, which supports non-random 

linkage between the SNPs.  Thus, the combination of high D′, strong LOD, and low r² indicates 

that while the SNPs are physically linked and co-inherited, they do not predict each other well.  

This can occur when one allele is rare, reducing the statistical correlation despite physical 

linkage. 

Previous studies found an association between carriage of the mutant G allele for rs2736191 and 

increased susceptibility to mild malaria (Baaklini et al., 2017; Delahaye et al., 2007).  In a former 

investigation in Congolese children, Baaklini and colleagues revealed that the relationship 

between the mutant allele and mild malaria was only significant in children greater than five 

years of age but not in younger children (Baaklini et al., 2017).  Moreover, in the parent-sib study 

conducted in Burkina Faso, the mean age of the sibs was 12.1±6.2 years (Delahaye et al., 2007).  

Collectively, these studies suggest an age-specific relationship between carriage of the mutant 

allele and susceptibility to malaria, which may not be detectable in the current study since the 

population was considerably younger (primarily <5 years).  Although this hypothesis remains to 

be tested, a significant relationship was observed between carriage of the G-allele and increased 
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susceptibility to SMA in individuals with the GG genotype, and in the additive model.  However, 

this relationship did not remain significant after correcting for multiple comparisons. 

Although the previous family-based association study in Burkina Faso did not include 

rs11575837 in the analyses due to a low MAF (<0.01) in the study population, the current study 

investigated this SNP based on its association with functional properties and susceptibility to pSS 

(Auton et al., 2015; Rusakiewicz et al., 2013).  The MAF in the current study for rs11575837 

was 0.03, with carriers of the TT genotype exhibiting a significantly increased susceptibility to 

acute malaria throughout the follow-up period.  The mutant allele T has been associated with 

lowered NCR3 expression (Rusakiewicz et al., 2013).  Since NCR3 can activate NK cells to clear 

malaria parasites by directly recognizing pRBCs (Baratin et al., 2007; Mavoungou et al., 2007; 

Wang et al., 2012b), decreased NCR3 expression in TT carriers could reduce antiparasitic effects 

and result in increased susceptibility to malaria.  Thus, even though there was a low MAF for 

rs11575837 in the study cohort, carriage of homozygous T-alleles did impact susceptibility to 

malaria, consistent with results found for other diseases in European populations in which the 

MAF was also low (0.02) (Auton et al., 2015; Rusakiewicz et al., 2013). 

While there was also an increased risk for SMA (RR=1.911) in children who inherited TT for 

rs11575837, the results were non-significant (P=0.267), likely due to the low number of events 

for the rare variant.  Although further evidence is required, it is possible that the rarity of the TT 

genotype maintained in the study population could be explained by increased susceptibility to 

malaria, SMA and subsequent mortality.  There was a progressive increase in the risk of 

mortality associated with the carriage of the T-allele, but the low carriage rate in the context of a 

low mortality rate cannot confirm this hypothesis.  In the study region, childhood mortality from 

malaria has historically been very high (Akech et al., 2019).  As such, failure to reach 

reproductive age has strongly impacted selection.  

Investigations on the impact of the co-inheritance of the two SNPs did not elucidate any 

significant findings for altered susceptibility to longitudinal malaria episodes.  However, the 

additive model revealed that a progressive carriage rate of the CC genotype significantly reduced 

the risk of SMA.  This finding is consistent with selective effects for the variants in the 

population, particularly for the rarer rs11575837 mutant allele.  Additional modelling efforts 

revealed that inheritance of the CG genotype increased the risk of SMA in carriers versus non-

carriers, in the additive model, but the results were not significant after correction for multiple 

comparisons.  Nonetheless, in the context of the significant risk found for carriage of G-allele for 

rs2736191 in the genotypic model, it appears that carriage of the G-allele in the GC haplotype 

certainly influences the longitudinal development of SMA. 
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Secondary analyses were performed to determine if the SNPs (or their haplotypes) predicted all-

cause mortality. Inheritance of either of the two SNPs, individually or in combination, was not 

significantly associated with all-cause mortality.  This lack of statistical significance may reflect 

the overall low number of deaths in the cohort and the reduced frequency of some genotypes, 

which limited statistical power to detect modest genetic effects.  Biologically, it is also possible 

that the impact of NCR3 variation on malaria susceptibility and SMA pathogenesis does not 

extend to influencing overall survival, particularly in a setting where mortality can result from 

multiple competing causes beyond malaria.  Thus, while these findings do not support a major 

role for the selected NCR3 variants in determining childhood mortality, they underscore the need 

for larger, multi-site studies with sufficient mortality events to fully explore potential genetic 

contributions to survival outcomes.  Collectively, this longitudinal investigation in a holoendemic 

malaria region reveals that genetic factors, such as the SNPs rs2736191 and rs11575837, 

modulate disease susceptibility. Specifically, the TT genotype of rs11575837 increased the risk 

of malaria episodes while the CC haplotype was protective against SMA, likely through 

mechanisms involving dysregulated innate immune responses, including NK cell function.  

However, while innate immunity plays a critical early role in parasite control, these findings do 

not exclude the contribution of other immune mechanisms.  In malaria-exposed children, since 

acquired immunity develops progressively with age and repeated exposure, susceptibility to 

disease outcomes likely reflects a complex interplay between genetic variation and both innate 

and acquired immunity, with the timing of acquired immunity shaped by both age and repeated 

exposure to infection. 

5.2 NK Cell Networks, and Other Immune signalling Pathways in Children with SMA 

NK cells are activated in malaria-naïve patients experimentally infected with P. falciparum (3D7 

strain) (Walk & Sauerwein, 2019).  Activation of NK cells was attributed, in part, to NCR3 

expression, which was elevated in the experimentally infected volunteers, leading to the 

increased production of IFN-γ and granzyme B (Walk & Sauerwein, 2019).  NK cells induce 

eryptosis (programmed cell death) of iRBCs in falciparum malaria (Wolf et al., 2017).  

Overproduction of pro-inflammatory mediators by NK has been linked to an exacerbated innate 

immune response, leading to immunopathology (Hviid et al., 1996; Wolf et al., 2017).  In the 

current study, although parasitaemia was comparable between the groups, NCR3 mRNA 

expression was up-regulated in pediatric patients with SMA relative to those with non-SMA, but 

the difference did not reach statistical significance (i.e., Log2FC=0.285, FDR=0.112).  However, 

gene expression deconvolution analysis showed that the proportion of NK cell transcripts was 

significantly higher in SMA, pointing to an increased immune response that could contribute to 

the pathogenesis of SMA (Walk & Sauerwein, 2019).  Actived nodes within Inflammation_NK 



83 
 

cell cytotoxicity process network were differentially expressed in SMA, with reduced 

transcription of the nuclear factors NF-κB and STAT1, and increased expression of NFATC2 in 

SMA.  NF-B upregulates the expression of inflammatory cytokines (Liu et al., 2017), while 

NFATC2 is a negative regulator of NK cell function (Rothfelder et al., 2016).  Persistent 

activation of STAT1 due to a STAT1 gain-of-function mutation causes reduced cytotoxicity and 

IFN-γ production (Tabellini et al., 2017). 

Gene transcripts for NK cell membrane proteins DAP12, CD3δ, and CD244 were differentially 

expressed (DAP12 downregulated while CD3ζ and CD244 upregulated).  Adaptor protein 

DAP12 is used by NK activating receptors lacking intrinsic signalling domains for signal 

transduction.  CD3δ also promotes downstream signalling as the activating receptor component 

with tyrosine-based activation motifs (Barrow et al., 2019; Koch et al., 2013).  Analysis of NK 

cell signaling in SMA revealed altered inflammatory and cytotoxic pathways.  The CD244 

receptor, which can either amplify NK cell activation or deliver inhibitory signals in the absence 

of strong activating cues (Agresta et al., 2018), showed expression patterns consistent with a 

mixed activation state.  Among cytoplasmic enzymes, the kinase ERK2 mRNA was upregulated, 

which is known to promote perforin and granzyme B production, whereas PAK1 mRNA was 

downregulated, a change associated with suppressed NK cytotoxicity (Chen et al., 2007; Jiang et 

al., 2000).  Transcripts for caspase 3 and 8, key mediators of target-cell apoptosis, and the pro-

apoptotic ligand Apo-2L were also reduced (Prager et al., 2019; Sordo-Bahamonde et al., 2020), 

suggesting an impaired ability to induce programmed cell death.  In addition, tyrosine 

phosphatase SHP-1, which normally terminates activating signals, was downregulated (Lanier, 

1997), as were transcripts for adaptor proteins Slp76 and GRB2, both required for propagating 

activation signals.  Taken together, these patterns point to a dysregulated NK cell response in 

SMA: signaling components that initiate or sustain activation (e.g., ERK2) are elevated, yet key 

downstream cytotoxic and apoptotic machinery (e.g., PAK1, caspases, Apo-2L) are suppressed.  

This imbalance could sustain pro-inflammatory signaling while limiting effective killing of 

infected cells, potentially prolonging parasite survival and amplifying immune-mediated damage 

to uninfected erythrocytes.  Such a scenario would be consistent with a hyperinflammatory yet 

functionally impaired NK cell state that contributes to SMA pathogenesis. 

Previous studies in the Siaya community have shown that children with SMA have imbalances in 

circulating cytokines and chemokines that are associated with inefficient erythropoiesis and 

severe anaemia [e.g., IFN-γ, IL-6, IL-10, IL-12, IL-13, IL-21, IL-23, MIF, MIP-1α, MIP-1β, 

RANTES (CCL5), TGF-β1 and TNF-α] (Awandare et al., 2007; Keller et al., 2006; Ong'echa et 

al., 2011; Ong'echa et al., 2008; Ouma et al., 2008a; Ouma et al., 2008b; Were et al., 2009).  
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Heat shock proteins (HSP) are immunomodulators that regulate the production of cytokines 

(Lancaster & Febbraio, 2005; Vega et al., 2008), including those that are dysregulated in children 

with SMA.  Previous investigations by our study team showed that HSP70 transcripts were 

down-regulated in SMA children (Kempaiah et al., 2016).  Additionally, an important up-

regulator of HSP70 expression and the heat shock response, GLN, was significantly reduced in 

children with SMA (Kempaiah et al., 2016; Leite et al., 2016).  Host HSP70 was present on the 

surface of infected and uninfected senescent RBCs and contact with membrane HSP70 on RBCs 

promotes production of granzyme B in NK cells (Banumathy et al., 2002; Böttger et al., 2012).  

Extracellular HSPs act as danger-associated molecular patterns, activating signalling cascades 

upon release into circulation by both necrotic and stressed cells (Asea et al., 2000; Zininga et al., 

2018). 

Enrichment for canonical pathways in the cohort identified dysregulation of the HSP60-HSP70-

TLR2/4 signalling pathway in SMA.  Specifically, genes for multiple components of the HSP60-

HSP70-TLR2/4 signaling pathway were down-regulated in children with SMA such as HSP70 

family members, HSP60, TLR2, TLR4, CD14, MD-2/LY96, MyD88, IRAK4, IRAK2, 

MEK6/MAP2K6, MAPK14, NF-kB1, NFKB2, IKKa/CHUK, I-B/NFKBIA, JUNB, IL-6, NF-

B1/NFKB1, IL-1β, CD69, ICAM1 and MHC class I molecules.  Conversely, other genes within 

the pathway were up-regulated including IRAK1, TAB2, TAB3, ubiquitin B/UBB, 

UEV1A/UBE2V1, TAK1/MAP3K7, MEK2/MAP2K2, MEK3/MAP2K3, ERK2/MAPK1, 

JUND, CD86, CD80 and MHC class II molecules.  The pattern of downregulation of genes in the 

HSP60-HSP70-TLR2/4 signalling pathway (e.g., HSP70 family members, TLR2, TLR4, CD14, 

and NF-κB1) suggests that children with SMA may have reduced pattern recognition and 

inflammatory responses, while up-regulation of other components (e.g., IRAK1, CD86, and 

MHC class II molecules) indicates an attempt to compensate through alternative immune 

activation and antigen presentation mechanisms (Hodgson et al., 2019; Sobota et al., 2016).  The 

current results differ from those obtained in adults, both in malaria-naïve volunteers 

experimentally infected with P. falciparum and in naturally infected Cameroonian individuals 

with clinically apparent falciparum malaria, where GeneChip analysis (Affymetrix U133A) of 

PBMCs showed up-regulation of genes such as HSP60, HSPA1A, HSPA1B, HSPA4, HSPA5, 

HSPA9B, TLR2, TLR4, CD14, MYD88, IRAK1, IKKα, NF-κB1, IL-1β and ICAM1 

(Ockenhouse et al., 2006).  The differences between gene expression patterns in children with 

SMA and adults with malaria may be due to variations in immune system maturity, disease 

severity, experimental conditions, pathogen strain differences and methodological approaches. 
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Leukocytic HSP70 (HSPA1A and HSPA1B) transcript levels were significantly positively 

correlated with both the reticulocyte production index and Hb concentrations in children with 

SMA (Kempaiah et al., 2016).  The current study extends these findings by linking the 

suppression of HSP70 family members with TLR 2 and 4, as well as HSP60 and associated 

signalling cascades in malaria-infected children with severe anaemia.  HSP70 plays an essential 

role in erythropoiesis by protecting an erythroid transcription factor, GATA-1, from caspase-3-

mediated proteolysis at later stages of erythroblast maturation (Ribeil et al., 2007).  Moreover, 

HSP70 may play a role in the severe anaemia witnessed in individuals with β-Thalassemia (β-

TM) since HSP70 directly interacts with free -globin chains in human β-TM erythroblasts, 

resulting in sequestration of HSP70 in the cytoplasm, a process that promotes GATA-1 

degradation (Arlet et al., 2014).  HSP70, as well as HSP60, are also essential for appropriate 

erythropoietic responses by aiding in protein folding, protecting erythroid precursors from stress-

induced apoptosis during hypoxia and iron deficiency, supporting mitochondrial function, and 

regulating the differentiation and proliferation of the erythroid lineage (Echeverria & Picard, 

2010; Kampinga & Craig, 2010; Quintana & Cohen, 2005).  Thus, the previous and current 

findings offer novel insight into how dysregulation in the HSP60-HSP70-TLR2/4 signalling 

pathway may contribute to inefficient erythropoiesis and the profound, life-threatening anaemia 

witnessed in children with SMA.  It has been shown that HbSS individuals experience elevated 

stress in red blood cells, potentially contributing to increased expression of modulators of cellular 

stress like the HSPs (Olayanju et al., 2022; Umapathy et al., 2013).  However, in our study, the 

vast majority of children in both the SMA and non-SMA groups were HbAA (ranging from 

79.1% to 91% across the genotyping and transcriptomics cohorts).  Children with HbSS 

represented a small proportion—1.6% in the genotyping cohort and 20–28% in the 

transcriptomics cohorts.  Thus, while it is plausible that sickling may contribute to stress 

responses in a subset of individuals, the increased expression of HSP60/70 observed in the SMA 

group is more likely to reflect general pathophysiological processes associated with SMA, 

including hemolysis, immune activation, and oxidative stress, rather than sickling alone.   

Moreover, the current study uncovered the overall upregulation of transcripts for GLN 

transporters and glutamine synthetase in SMA.  Although GLN has been demonstrated as an 

important molecule capable of overcoming the parasite pigment, haemozoin (PfHz)-induced 

suppression of HSP70 in human PBMCs from malaria-naïve donors, and reduced circulating 

GLN levels are a significant predictor of SMA, the aetiology of reduced GLN levels remains 

undetermined (Kempaiah et al., 2016).  Multiple functions have been documented for GLN in 

mammalian cells, including leukocytes, through the following: 1) immune signalling by 

activating heat shock factor 1 (HSF1) and suppressing NF-B activity, 2) a crucial energy source 
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through its involvement in the TCA cycle, 3) synthesis of biomolecules including nucleotides, 

non-essential amino acids (NEAA) such as glutamate, asparagine, aspartate, and alanine, as well 

as proteins and uridine diphosphate N-acetylglucosamine (UDP-GlcNAc), which is important for 

protein post-translational modifications (Cruzat et al., 2018; Hensen et al., 2012; Pacifico et al., 

2023; Xue et al., 2012; Yoo et al., 2020).  Furthermore, GLN has been shown to facilitate 

erythropoiesis by providing succinyl-CoA for heme synthesis (Burch et al., 2018).  Potential 

reasons for reduced GLN in children with SMA, inferred from findings in other non-malarial 

studies, include increased metabolic demands, where GLN is rapidly consumed via the TCA 

cycle, and overactivation of the immune response, which significantly consumes GLN for the 

proliferation and function of immune cells (Cruzat et al., 2018).  Children with SMA also 

experience enhanced oxidative stress, necessitating the utilization of GLN for the synthesis of 

glutathione (GSH) and NADPH, which are essential for maintaining cellular redox balance 

(Cruzat et al., 2018).  Lastly, children with SMA often suffer from acute kidney injury, which 

impairs glutamine (GLN) metabolism, leading to increased oxidative stress and apoptosis in 

tubular epithelial cells (Conroy et al., 2019; Thomas et al., 2022).  

The uptake of GLN into immune cells, including NK cells, to facilitate its increased demand, 

requires transporters on the cell surface (Song et al., 2020).  The primary difference in GLN 

transporters lies in their specific functions, substrate specificities, and tissue distributions 

(Newsholme, 2021; Pochini et al., 2014; Scalise et al., 2018).  The significant up-regulation of 

SLC1A19, SLC7A5, SLC1A5, and SLC7A8 may be related to an increased metabolic demand 

by immune cells, in the high-stress state of SMA in which enhanced energy metabolism and 

synthesis of nucleotides are required (Cruzat et al., 2018; Hensen et al., 2012; Pacifico et al., 

2023; Xue et al., 2012; Yoo et al., 2020).  The increase in these specific transporters in SMA is 

also likely related to an increased need for GLN to support the proliferation and activity of 

immune cells, and an enhanced requirement for cellular repair, antioxidant defence and cellular 

survival mechanisms (Cruzat et al., 2018; Pérez-Escuredo et al., 2016; Pochini et al., 2014; 

Scalise et al., 2018).  Consistent with the current findings, a previous study in Gabonese children 

revealed that SLC6A19 transcripts were highly up-regulated in SMA relative to those with 

uncomplicated malaria (Boldt et al., 2019).  In addition to the up-regulation of specific GLN 

transporters, two transporters were significantly down-regulated: SLC38A2 and SLC38A3.  It is 

expected that down-regulation of these GLN transporters, in the context of decreased GLN levels 

in children with SMA, would compromise GLN uptake into cells, impairing immune cell 

function, antioxidant defence, energy metabolism and nitrogen balance (Cruzat et al., 2018; 

Pochini et al., 2014; Scalise et al., 2018).  Collectively, this could weaken the ability to respond 

to and recover from the malarial infection.  Apart from GLN uptake through transporters, 
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intracellular GLN levels are also controlled by the combined actions of GLUL and GLS/GLS2 

(Katt et al., 2017; Kim et al., 2021; Masisi et al., 2020).  While GLUL was significantly up-

regulated in SMA, GLS1/2 did not differ between the groups.  Up-regulation of GLUL 

transcription likely indicates a compensatory mechanism to enhance leukocytic GLN levels in 

SMA. 

In summary, children with SMA have alterations in NK cell activation and up-regulation of a key 

NK cell receptor that aids in fighting pathogens, NCR3, suggesting a heightened immune 

response. Dysregulation in the HSP60-HSP70-TLR2/4 signalling pathway and decreased GLN 

levels, coupled with shifts in GLN transporter expression, indicate further exacerbation of 

immune dysfunction, inefficient erythropoiesis and oxidative stress, a milieu that likely drives 

severe anemia in these patients. 

5.3 Transcriptome Profile of Blood-Stage P. falciparum in Children with SMA 

RNA-seq offers insight into the transcriptomic landscape of P. falciparum during blood-stage 

disease.  For instance, seven-fold more parasite DEGs were up-regulated in SMA patients 

compared to down-regulated genes, indicative of active gene expression.  This observation 

agrees with previous studies that blood-stage P. falciparum exhibits elevated and tightly 

regulated gene expression (Bozdech et al., 2003; Painter et al., 2018).  Six of the ten most up-

regulated genes have been characterised as encoding type I signal peptidase (which cleaves 

signal peptides from nascent proteins to allow protein processing in the ER) (Sharma et al., 

2005); deoxyribodipyrimidine photo-lyase, putative (which repairs pyrimidine dimers in the 

DNA) (Kavakli et al., 2019); chaperone protein ClpB1 (present in the apicoplast and involved in 

proteostasis) (AhYoung et al., 2015); ataxin-2 like protein, putative (probably involved in stress 

granule formation and RNA metabolism) (Kaehler et al., 2012); glutamyl-tRNA(Gln) 

amidotransferase subunit A (localised in the apicoplast, that is critical for proper acylation of 

GLN-tRNA) (Mailu et al., 2015) and 2-oxoglutarate dehydrogenase E1 component (which is key 

to the parasite‘s energy metabolism through the TCA cycle) (Chang et al., 2022), while the rest 

encode conserved Plasmodium proteins of unknown function.  Collectively, over-expression of 

these genes could enhance the parasite‘s response to stress, enhance proteostasis, efficient energy 

production and accurate protein synthesis during the asexual blood stage. 

Contrastingly, eight of the top 10 down-regulated genes have been characterised to encode: 

surface-associated interspersed protein 4.1 (SURFIN 4.1), a schizont-merozoite-associated 

protein (Moseley, 1998); perforin-like protein 5 facilitating parasite egress (Sassmannshausen et 

al., 2020); p1/s1 nuclease, putative which could be involved in nucleic acid degradation (Koval 

& Dohnálek, 2018); acyl-CoA synthetase facilitating lipid metabolism (Bopp et al., 2023); 
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erythrocyte binding antigen-175, a ligand mediating RBC invasion (Koch et al., 2017); a 

serine/threonine kinase, protein kinase 5 (Le Roch et al., 2000); structural maintenance of 

chromosomes protein 6, putative involved in maintaining chromosome structure and stability 

(Jeppsson et al., 2014) and acidic terminal segments, variant surface antigen of PfEMP1, putative 

located at the carboxyl terminus of all PfEMP1 proteins (Wahlgren et al., 2017).  Collectively, 

reduced expression of these genes could likely be a regulatory mechanism of down-regulating 

genes for metabolic efficiency (Machado et al., 2021).  Additionally, some genes could be critical 

during other stages of the parasites‘ life cycle.  For instance, perforin-like 5 has been reported to 

be crucial during the Plasmodium ookinete stage (Sassmannshausen et al., 2020).  The majority 

of the annotated parasite genes, such as the genes for histidine-rich protein II 

(PfKE01_080037300), histidine-rich protein III (PfKE01_130077300) and skeleton-binding 

protein 1 (PfKE01_050006000), displayed no significant difference in transcript levels between 

the SMA and non-SMA groups, potentially owing to their essential cellular functions through the 

life cycles of blood-stage P. falciparum within the human host. 

The PCA analysis revealed that the parasite gene expression in SMA and non-SMA patients 

displays distinct and overlapping clustering patterns.  This suggests that while unique P. 

falciparum transcriptome profiles are associated with SMA, there are also shared parasite gene 

expression patterns, regardless of disease severity—for instance, those facilitating core parasite 

biological processes such as survival and replication, e.g., genes encoding histidine-rich proteins 

II and III, apical membrane antigen 1 and chloroquine resistance transporter.  The estimation of 

the developmental stages of P. falciparum in natural infections is challenging since the ring 

stages will be commonly observed in peripheral blood, but iRBCs with trophozoite and schizont 

stages tend to be sequestered in the vascular endothelium, rendering them less likely to be 

detected in circulation (Meibalan & Marti, 2017).  In addition, the early stages of gametocytes 

(stages 1-4) get sequestered in the bone marrow, while mature gametocytes (stage 5) circulate in 

the peripheral blood (Chawla et al., 2021).  Despite these biological constraints, the study was 

able to identify different developmental stages of P. falciparum using expression data of parasite 

DEGs obtained from peripheral blood.  The results showed a lower proportion of ring stages but 

an elevated proportion of trophozoites in SMA, suggesting an accelerated transition from the ring 

stage to the trophozoite stage.  The trophozoite stage is the primary phase where the parasite 

metabolizes Hb, producing toxic heme, which the parasite then detoxifies to haemozoin (Moore 

et al., 2006).  Enhanced levels of PfHz in leukocytes have been implicated in the pathogenesis of 

SMA (Perkins et al., 2011).  Consistently, a trend toward a higher fraction of schizont-stage 

parasites in SMA individuals was observed, indicating increased iRBC rupture and subsequent 
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invasion of new RBCs by P. falciparum parasites, one of the pathophysiological processes 

contributing to SMA (Perkins et al., 2011). 

The observation that there was no difference in gametocyte proportions between the study groups 

indicates that gametocyte development may not be impacted by malarial severity.  However, 

analysis of the proportion of male and female gametocytes across all parasitaemic patients (both 

SMA and non-SMA) found significantly more male gametocytes than female gametocytes.  The 

sex ratio (the proportion of male gametocytes) is typically low (female-biased) in natural P. 

falciparum infection and has been shown to increase (male-biased) in stress conditions, i.e., 

severe disease, host immune response, and antimalarial therapy (Carter et al., 2013).  Previously, 

children in a malaria-endemic region, with P. falciparum malaria-associated anaemia at 

enrollment were associated with a high sex ratio relative to non-anaemic children (Gbotosho et 

al., 2011).  A male gametocyte develops into 8 gametes, while a female gametocyte develops into 

a single gamete (Paul et al., 2000); therefore, a high sex ratio could be an effort by the parasite to 

promote enhanced transmission efficiency by maximizing reproductive success under adverse 

conditions (Henry et al., 2019). 

Erythrocytic schizogony is marked by rapid growth and replication, driven by increased specific 

cellular activities (Cowman et al., 2012; Miller et al., 2002).  Enrichment for WGCNA modules 

and PPI clusters identified key parasite cellular processes that could facilitate exponential 

multiplication, particularly in SMA.  Terms (attributes to represent genes) for parasite ribosomal 

assembly and protein synthesis were enriched in the WGCNA modules (blue and green), and PPI 

clusters (1, 6 and 10).  Essential events such as rRNA processing and ribosome assembly are 

critical for ribosome biosynthesis to meet the high demand for protein synthesis (Jackson et al., 

2011).  In P. falciparum, the formation of free 40S subunits is essential for the initiation of 

translation, while GTP hydrolysis and joining of the 60S subunit are critical for the assembly of 

the functional 80S ribosome (Sheridan et al., 2018).  The involvement of ATP-binding and 

tRNA-associated enzymes indicated increased energy and protein synthesis demands (Bhatt et 

al., 2009).  Aminoacyl-tRNA synthetases (aaRSs) catalyze the binding of ATP to an amino acid 

and then combine the resulting aminoacyl-AMP to a cognate tRNA molecule, ensuring fidelity in 

protein translation, offering therapeautic opportunities to disrupt protein synthesis (Bhatt et al., 

2009; Khan, 2016).  Additionally, regulatory mechanisms such as L13a-mediated translational 

silencing for selective inhibition of proteins to be translated (Mazumder et al., 2003) and Signal 

Recognition Particles for sorting and trafficking nascent proteins (Kellogg et al., 2021) are 

crucial.  The nonsense-mediated decay (NMD) surveillance pathway also facilitates the 

degradation of mRNAs and nascent peptides when the ribosome encounters a premature 

termination codon, preventing their translation (Arthur & Djuranovic, 2018).  Although the 
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NMD pathway is non-essential for the parasites‘ growth ex vivo (McHugh et al., 2023), up-

regulation of genes encoding core components of the NMD pathway, i.e., PfUPF1 

(PF3D7_1005500 or PfKE01_100010900) and PfUPF2 (PF3D7_0925800 or 

PfKE01_090030100) in the current study may be involved in post-translational regulation, albeit 

not crucial in degrading truncated transcripts.  These gene attributes collectively emphasize the 

significance of protein synthesis during the parasite's asexual blood stages. 

Transcript levels of three out of four hub nodes in the networks were associated with increased 

risk for SMA: PF3D7_1331700 (Glutamine--tRNA ligase, entire PPI network), PF3D7_1213800 

(Proline--tRNA ligase, cluster 6), and PF3D7_0322900 (40S ribosomal protein S3A, cluster 1 

and blue module).  PF3D7_0409200 (Protein SOF1, cluster 10) and PF3D7_1332900 

(Isoleucine--tRNA ligase) did not significantly change in SMA.  Previous studies have shown 

that glutamine, proline and isoleucine, essential amino acids, are obtained exogenously from the 

host serum by increasing the permeability of the erythrocyte membrane (Counihan et al., 2021; 

Liu et al., 2006).  PF3D7_0322900 (40S ribosomal protein S3A, putative) is a small ribosomal 

subunit protein vital for mRNA decoding (Wong et al., 2014).  These findings highlight the 

regulatory roles of these parasite tRNA ligases and ribosomal proteins in children with SMA. 

The spliceosome complex, RNA splicing and post-translation modifications (SUMOylation) 

were also enriched in clusters 5, 9 and 16.  More than half of P. falciparum 3D7 genes contain 

introns (Gardner et al., 2002), and splicing events occur in the parasite's transcripts of these 

genes (Sorber et al., 2011).  Furthermore, alternative splice sites were also identified, but the 

biological relevance of alternative splicing in the parasite is still being debated (Otto et al., 2010; 

Sorber et al., 2011; Yeoh et al., 2019).  The P. falciparum spliceosome complex is responsible 

for splicing pre-mRNA.  Its core complex consists of small nuclear ribonucleoprotein (snRNP) 

U1, U2, U4, U5 and U6 that recognize splice sites, assemble the splicing machinery, and catalyse 

the splicing reaction (Hossain et al., 2013).  Although the function of Intron-binding protein 

Aquarius, putative (encoded by cluster 5‘s hub gene PF3D7_1352700 or its homolog 

PfKE01_130058300) is unclear, studies in eukaryotes show that it is a spliceosome RNA 

helicase that binds introns in pre-mRNA (De et al., 2015).  Although RNA interference of 

Aquarius moderately inhibited splicing in human spliceosomes, it could play a more significant 

regulatory role in splicing the parasite's pre-mRNA. 

Protein SUMOylation is a post-translational modification process involving the covalent 

attachment of small ubiquitin-like modifier (SUMO) proteins to target proteins (Sumam de 

Oliveira et al., 2021).  The SUMO enzyme complex has been reported to modify blood-stage 

parasite proteins in the nucleus, cytoplasm and Maurer‘s clefts (Issar et al., 2008).  In P. 
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falciparum trophozoites and schizonts, SUMOylation is involved in pathways related to 

transcriptional regulation, oxidative stress responses induced by haemoglobin degradation, 

ubiquitination and proteasome (Reiter et al., 2013; Sumam de Oliveira et al., 2021).  

Additionally, inhibition of  SUMOylation alters schizont morphology, preventing the rupture of 

iRBCs (Sumam de Oliveira et al., 2021), highlighting its role in the progression of the parasite 

life cycle.  In cluster 16, the hub node was identified as PF3D7_0820700: 2-oxoglutarate 

dehydrogenase E1 component (OGDC), also known as α-ketoglutarate dehydrogenase.  OGDC is 

a crucial enzyme in the Krebs cycle that catalyzes the conversion of 2-oxoglutarate to succinyl-

CoA, fundamental for energy metabolism and amino acid degradation (Günther et al., 2005).  

This enzyme is located in the mitochondria and is expressed during the erythrocytic stages of the 

parasites, with increased expression levels in gametocytes compared to asexual erythrocytic 

stages (McMillan et al., 2005).  The observation that metabolic pathway proteins can be targets 

of SUMOylation suggests that the activity of the E1 component of the 2-oxoglutarate 

dehydrogenase complex could be regulated by this mechanism (Issar et al., 2008). 

Moreover, the brown module showed enrichment for biological pathways and processes 

associated with the mitotic cell cycle, microtubule function and nuclear processes.  In the 

parasite‘s life cycle, a single merozoite develops into a trophozoite, which undergoes multiple 

cycles of DNA synthesis, mitosis and nuclear division, ultimately forming a multi-nucleated 

parasite (schizont) (Gerald et al., 2011).  Microtubules play a vital role in this process, forming 

the mitotic spindle, which is necessary for chromosome segregation and distribution during the 

rapid replication and multiplication of the parasite within the human host (Gerald et al., 2011; 

Morrissette et al., 2023).  Microtubules are also crucial components of the cytoskeleton of P. 

falciparum, providing structural support for its distinct shapes and facilitating parasite motility 

(Ferreira et al., 2022).  Although the specific function of the most interconnected node in the 

brown module remains undetermined, it could facilitate important parasite biological processes 

during the blood stage. 

The PF3D7_1441400 (FACT complex subunit SSRP1, putative) emerged as a cluster 3 hub 

node.  Structure-Specific Recognition Protein 1 (SSRP1) is a small subunit of histone chaperone 

complex, Facilitates Chromatin Transcription (FACT), which is involved in the assembly and 

reassembly of nucleosomes, which is critical for DNA transcription, replication and repair 

(Laurentino et al., 2011; Winkler & Luger, 2011).  The histone chaperone FACT is abundant in 

male gametocytes during the rapid generation of eight haploid gametes by a single male 

gametocyte (Laurentino et al., 2011), suggesting that this hub node could regulate other nodes 

associated with nucleosome remodelling to mediate the rapid multiplication of the parasite during 

the blood stage.  Repair of DNA damage is crucial for genomic integrity during DNA replication 
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and under stress conditions (Lee et al., 2014).  Enrichment of DNA repair terms in the dataset 

highlights the up-regulation of genes associated with DNA repair processes as a strategy for 

ensuring the parasite's genomic stability and survival within the human host.  Specifically, cluster 

13 hub node PF3D7_0710400 (DNA repair protein RAD14, putative) is anticipated to play an 

important role in nucleotide excision repair and DNA damage recognition to guard the stability 

of the P. falciparum genome for optimal growth of asexual blood-stage parasites (Zhang et al., 

2020).  Further, a missense mutation in PF3D7_0710400 was found to be associated with 

mutations in the Kelch propeller domain (K13 mutations), which underlies the establishment and 

transmission of artemisinin resistance in the human population (Xiong et al., 2020). 

Stress response and molecular chaperones associated terms were enriched in the yellow module 

and clusters 7 and 13.  P. falciparum expresses molecular chaperones, including HSPs, 

constitutively as well as during stress, with 2% of the genome encoding these molecules.  

Parasite HSPs facilitate protein homeostasis and trafficking to the erythrocyte surface (Blatch, 

2022; Shonhai, 2010).  Terms relating to the parasite HSP90 family and their N- and C- terminals 

were enriched in both the blue module and cluster 7.  The P. falciparum genome contains four 

HSP90 genes encoding cytosolic, mitochondrial, endoplasmic reticulum and apicoplast 

PfHSP90s (Dutta et al., 2022; Elnatan & Agard, 2018).  These PfHsp90s have N-terminal ATP-

binding domains essential for ATPase activity (Barth et al., 2022) and a C-terminal Domain 

(CTD)  crucial for binding client proteins, dimerization and interaction with co-chaperones 

(Singh et al., 2024).  Inhibition of parasite HSP90 disrupted the 26S proteasome and arrested 

intraerythrocytic parasite growth in vitro (Banumathy et al., 2003; Dutta et al., 2022; Mansfield 

et al., 2024; Pallavi et al., 2010).  Among the yellow module nodes was mitochondrial PfHSP90 

(PF3D7_1118200), crucial for mitochondrial proteostasis and maintaining its antioxidant activity 

against reactive oxygen species (Stofberg et al., 2021).  Similarly, cluster 7 hub node 

PF3D7_1134000 encodes one of the PfHSP70 family members, i.e., PfHSP70-3, which was 

shown to play roles in the import of pre-proteins into the mitochondria, just as other eukaryotic 

Hsp70 proteins (Shonhai, 2010).  Moreover, a PfHSP60 encoded by the cluster 13 hub node 

PF3D7_1015600 is also localised to the parasite mitochondria (Sato et al., 2003).  Recently, the 

interplay between PfHSP70 family members (including PfHSP70-3) and co-chaperones, as well 

as the functions of these parasite protein complexes in mediating proteolysis and antioxidant 

defence in the mitochondria, were summarised in a review paper (Barth et al., 2022).  

The cluster seed in the yellow module was a putative protein phosphatase PPM11 (encoded by 

PF3D7_1208900).  PPM11 belongs to the Mn
2+

 or Mg
2+

-dependent serine/threonine 

phosphatases family (PPM1-13) in P. falciparum (Fréville et al., 2022).  These holoenzymes are 

associated with modulating stress responses in various species (Wilkes & Doerig, 2008).  
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Saturation mutagenesis in the coding sequence of P. falciparum NF54 isolate genes showed that, 

unlike some of the PPM family members (PfPPM2, 6, 8, and 9), PfPPM11 was not essential for 

the parasite blood development stage in vitro (Zhang et al., 2018).  This difference might be due 

to varying in vitro and in vivo stress conditions that may prompt the up-regulation of the cluster 

node.  Notably, PF3D7_1401400 (encoding ETRAMP14.1) was the only down-regulated gene in 

the yellow module.  ETRAMP14.1 is a developmentally regulated membrane protein, i.e., it is 

expressed through the early ring stage until the late ring stage starts (18 hours postinfection) 

(Spielmann et al., 2003), suggesting prioritizing the expression of proteins involved in protein 

folding and ATP-dependent processes under certain stress conditions to optimize adaptation, 

growth and survival of the parasites in host. 

The genes in the turquoise module, clusters 2 and 17, were enriched for terms relating to the 

proteasome complex, ubiquitin-proteasome system (UPS) and UPS-dependent pathways.  The P. 

falciparum proteasome is a multi-subunit enzyme complex that recognizes and degrades 

ubiquitinated cellular proteins (Li et al., 2016).  Various protease complexes of the Plasmodium 

parasite have been identified, including a eukaryotic proteasome (26S) in the cytoplasm and 

nucleus, a prokaryotic proteasome homolog (ClpQ) in the mitochondria and a caseinolytic 

protease complex (ClpP) in the apicoplast (Krishnan & Williamson, 2018).  The α- and β-

proteasome subunits are expressed in all blood stages, highlighting the need for protein 

degradation during development (Aminake et al., 2011).  The turquoise module seed node, 26S 

proteasome regulatory subunit RPN1, putative (encoded by PF3D7_0205900), is part of the 26S 

proteasome.  The RPN1 subunit forms the base of the 19S regulatory particle of the 26S 

proteasome and is responsible for the ATP-dependent translocation of deubiquitinated proteins 

into the core particle of the proteasome for degradation (Aminake et al., 2012).  Increased 

PF3D7_0205900 transcript levels were associated with a higher risk of SMA, indicating a greater 

need for proteolysis and protein turnover in these patients.  Similarly, increased transcript levels 

of cluster 2 hub node PF3D7_1353800 (encoding putative proteasome subunit alpha type-4) were 

significantly associated with a higher risk of SMA, and increased expression of PF3D7_1353800 

in SMA may reflect the parasite‘s response to high protein turnover during its growth in iRBCs.  

The putative proteasome subunit alpha type-4 is a component of the 20S core particle of the 

proteasome involved in protein degradation (Aminake et al., 2012), and targeting the proteolytic 

core 20S proteasome with antimalarials was proposed to be capable of inhibiting parasite growth 

at all stages (Krishnan & Williamson, 2018).  Moreover, PF3D7_1363400 (Polyubiquitin binding 

protein, putative) emerged as the hub node of cluster 17.  Polyubiquitin protein was identified in 

ring, trophozoite and schizont stages, with its abundance peaking in trophozoites (Ponts et al., 

2011), and polyubiquitination targets protein substrates for degradation by the proteasome 
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(Hamilton et al., 2014).  Although less studied, polyubiquitin-binding proteins could recognize 

and bind polyubiquitinated chains attached to substrate proteins, targeting proteins for 

degradation (Hamilton et al., 2014).  Overall, the parasite UPS is essential for protein quality 

control and regulation of cellular protein levels during rapid growth and replication. 

Enriched terms in cluster 4 were involved in vesicle transport from the endoplasmic reticulum 

(ER) to the Golgi apparatus, while cluster 14 terms were related to endocytosis and retrograde 

transport.  Parasite proteins are co-translationally transported into the ER, where they are 

modified to become functional or partially functional (Cooke et al., 2004).  Newly synthesised 

molecules in the ER are packaged into ER-derived transport vehicles and sent to the Golgi 

apparatus to be modified further and sorted before being trafficked to their final locations within 

the cell or beyond the cell membrane, such as the parasitophorous vacuole, host RBC cytoplasm 

and RBC plasma membrane (Cooke et al., 2004; Deponte et al., 2012; Krai et al., 2014).  The 

Transport Protein Particle (TRAPP) complex, identified in multiple enriched terms, aids in 

tethering the ER-derived vesicles, facilitating their docking and fusion to the Golgi and plasma 

membrane (Mayer, 2021; Whyte & Munro, 2002).  Cluster 4‘s hub node, PF3D7_0618700, 

encodes a putative TRAPP complex subunit 6A (TRAPPC6A) protein (Kümmel et al., 2005).  

While TRAPPC6A‘s specific role in P. falciparum is unclear, it likely plays a significant role in 

TRAPP-mediated vesicle tethering in the secretory pathway.  On the other hand, malaria 

parasites rely on endocytosis to take up host cell cytosol components as nutrients into their 

digestive vacuoles during intra-erythrocytic development (Spielmann et al., 2020).  It was shown 

that protein translocation from the endosome to the Golgi body in yeast cells relies on a 

retrograde transport process mediated by the retromer complex, composed of three core sub-

units: vacuolar protein sorting-associated protein (VPS) 26, 29, and 35 (Burd & Cullen, 2014).  

In the current study, transcript levels of three parasite retromer complex components, PfVPS26 

(encoded by PF3D7_1250300), PfVPS35 (encoded by PF3D7_1110500), and PfVPS52 (encoded 

by PF3D7_1323800) were all significantly up-regulated in children with SMA.  Interestingly, 

PF3D7_1110500 is the hub node of cluster 14.  

Cluster 8 was enriched for metabolic pathways, i.e., glycolysis, ribose phosphate metabolism, 

ATP metabolism, vacuole function and vacuolar proton transport.  Erythrocyte stage P. 

falciparum lacks a fully functional TCA cycle and primarily depends on anaerobic glycolysis to 

generate two ATPs (in addition to two each of pyruvate and NADH molecules) from each 

glucose molecule for the energy needs of the parasite (van Niekerk et al., 2023).  To sustain 

glycolysis, NADH is recycled back to NAD
+
 during the conversion of pyruvate to lactate, 

ensuring a continuous supply of NAD+ for glycolysis (van Niekerk et al., 2023).  The rate of 

glucose utilisation by iRBCs was reported to be 100-fold compared to that of healthy RBCs 
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(Roth et al., 1982).  Notably, some of the life-threatening clinical manifestations in patients with 

severe malaria include hypoglycaemia and hyperlactatemia (Marsh et al., 1995), which could be 

attributed in part to the metabolic disturbances caused by the intracellular parasite.  The P. 

falciparum food vacuole function was also enriched in this cluster.  The parasite utilises this 

organelle to digest erythrocyte haemoglobin for amino acids and to reduce the osmotic pressure 

in host RBCs (Krugliak et al., 2002; Lew et al., 2004).  V-type proton ATPase subunit B, 

encoded by the hub node PF3D7_0406100 of this cluster, is a component of the vacuolar-type 

H
+
-ATPase (V-ATPase) complex, crucial for maintaining the acidic environment of the digestive 

vacuole, with ablation of this protein causing deacidification of the digestive vacuole and halted 

parasite growth in RBCs (Alder et al., 2023). 

Lipid (glycerophospholipids, glycerolipids and phosphatidic acid) biosynthesis emerged in 

cluster 12.  Apicomplexa parasites such as the Plasmodium and Toxoplasma parasites require 

lipids for membrane biogenesis and signalling during parasite invasion and egress from the 

iRBCs (Shunmugam et al., 2022).  Upon infection by Plasmodium parasites, total phospholipids, 

which are composed of the glycerophospholipid (GPLs) [including phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI) and 

lysophosphatidylcholine (LysoPC)] and sphingomyelin (SM), increased six-fold in infected 

erythrocytes (i.e. iRBC) relative to non-infected erythrocytes (Déchamps et al., 2010).  During 

the intraerythrocytic stage, GPLs are the main membrane constituents, and their levels remain 

constant across the asexual stages (Gulati et al., 2015).  Moreover, the major parasite 

glycerolipids (diacylglycerol and triacylglycerol) levels increased as blood-stage parasites 

mature, while gametocytes have lower glycerolipid levels (Gulati et al., 2015).  When the 

parasite synthesizes GPLs, it acquires fatty acid precursors from serum or de novo synthesis in 

the apicoplast (Mazumdar & Striepen, 2007; Shears et al., 2015).  Cluster 12‘s hub node 

PF3D7_0303200 encodes lipin, an enzyme that dephosphorylates phosphatidic acid to 

diacylglycerol, a precursor of triacylglycerol and phospholipids, preventing lipotoxicity (Dass et 

al., 2021).  Disruption of lipin leads to the accumulation of elevated levels of ceramides and 

lysophosphatidic acid lipid species in iRBC, significantly inhibiting parasite growth (Cobbold et 

al., 2021).   

Other enriched metabolic terms included the TCA cycle, carbon metabolism and oxidoreductase 

activity (cluster 15).  The TCA cycle, although not essential for asexual blood stage parasite 

survival (van Niekerk et al., 2023), likely generates ATP in sporozoites and ookinetes (van 

Dooren et al., 2006).  However, the TCA cycle supports electron chain transport, crucial for 

generating a proton gradient for both ATP production and biosynthetic pathways (Painter et al., 

2007; van Dooren et al., 2006).  As such, enrichment in the TCA cycle during asexual stages 
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suggests a biosynthetic rather than ATP-producing role.  In addition, oxidoreductase activity is 

catalysed by malate-quinone oxidoreductase in the mitochondria, facilitating electron chain 

transport, which is linked to pyrimidine biosynthesis (Ito et al., 2023).  Collectively, TCA 

metabolism‘s ability to utilise multiple carbon sources allows metabolic flexibility during the 

parasite‘s lifecycle (Ke et al., 2015). 

Collectively, RNA-seq analysis reveals that P. falciparum displays distinct transcriptional 

profiles in SMA.  Significant up-regulation of genes involved in protein synthesis, stress 

responses and energy metabolism likely contributes to the parasite's rapid growth and survival.  

Additionally, down-regulation of genes related to erythrocyte invasion and metabolic efficiency 

in SMA suggests a complex regulatory mechanism that enables the parasite to adapt to the host 

environment while also contributing to the pathophysiology of the disease. 

5.4 Limitations of the Study 

Limitations for this comprehensive examination of host-parasite dynamics include: 1) for the 

genetic study, the low minor allele frequency for one of the SNPs limited the ability to achieve 

statistical significance in some analyses despite a large sample size with 1000s of follow-up 

events.  In addition, covariates in the statistical models for determining the relationship between 

NCR3 polymorphisms and clinical outcomes did not include nutritional status as a potential 

anaemia-promoting factor.  2) Although the RNA-seq study was the largest performed to date 

and yielded novel information about the pathogenesis of SMA, including important information 

about signalling networks for NK cells and others, single-cell RNA-seq was not performed.  

Thus, while the study revealed what happens at the bulk cellular aggregation scale, granularity 

could not be achieved at the individual cellular level.  3) For the P. falciparum RNA-seq 

analyses, the natural biological process in human infections is the difficulty in detecting certain 

parasite stages due to sequestration in tissues.  Thus, while there are novel and important 

parasitic networks that were identified in children with SMA, additionally important pathological 

processes cannot be defined from the full transcriptomic profile obtained from peripheral blood. 
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CHAPTER SIX 

SUMMARY OF FINDINGS, CONCLUSIONS AND RECOMMENDATIONS 

6.1 Summary of Findings 

6.1.1 Relationship between Genetic Polymorphisms in NCR3 and Longitudinal 

Susceptibility to Childhood Malaria, SMA and All-cause mortality 

The SNPs rs2736191 and rs11575837 had an MAF of 0.30 and 0.03, respectively, in the study 

population.  TFBS analysis showed that the C to G conversion in rs2736191 caused the ablation 

of the binding site for transcription factor TFAP2A and the creation of a binding site for TCF3 

and ZBTB6.  Conversely, the conversion of C to T in rs11575837 resulted in the loss of TFAP2A 

binding site and the gain of HNF4A binding site.  LD analysis between these SNPs revealed a 

strong correlation between the SNPs (D′=0.882).  The observed frequencies of the rs2736191 and 

rs11575837 genotypes in the overall population displayed a significant departure from HWE.  

Carriage of the rs11575837 genotype (TT) increased the risk of malaria, while inheritance of CC 

haplotype conferred an additive protective effect against SMA during the follow-up period.  

However, there was no relationship between the genotypes/haplotypes of rs2736191 and 

rs11575837 and all-cause mortality. 

6.1.2 NK Cell Networks, and Other Immune signalling Pathways in Children with SMA 

RNA-seq of the entire expressed transcriptome in whole blood revealed 6,862 DEGs in SMA 

relative to non-SMA (3,420 up-regulated and 3,442 down-regulated).  Children with SMA 

showed increased expression of resting NK cells.  Process network enrichment analysis identified 

dysregulation in the Inflammation_NK cell cytotoxicity process network in SMA patients with 

differential expression of crucial components such as transcription factors, enzymes and adaptor 

proteins affecting proper NK cell function.  Enrichment for immune response canonical pathways 

revealed the HSP60-HSP70-TLR2/4 signalling pathway as one of the top 10 dysregulated 

pathways in SMA.  In children with SMA, key immune response genes such as HSP70, HSP60, 

TLR2, TLR4, and various cytokines (e.g., IL-6, IL-1β) were significantly down-regulated, 

suggesting impaired immune signalling.  Conversely, genes like IRAK1, TAK1, and MHC class 

II molecules were up-regulated, indicating a potentially compensatory immune response.  These 

expression changes reflect a complex immune dysregulation in SMA that may affect disease 

severity and progression.  

An unsupervised hierarchical clustering of DEGs in the HSP60-HSP70-TLR signalling pathway 

revealed two distinct clusters.  Cluster 1 DEGs were enriched for process networks related to 

Inflammation_Amphoterin Signaling and Inflammation-Innate Inflammatory Response.  In 

contrast, cluster 2 analysis indicated enrichment in Immune Response_T Helper Cell 
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Differentiation and Immune Response_TCR signalling process networks.  Moreover, seven 

genes encoding transporters of GLN were differentially expressed (Up-regulated: SLC6A19, 

SLC7A5, SLC1A5, SLC7A8, and SLC38A1, and down-regulated: SLC38A2 and SLC38A3) in 

SMA vs non-SMA.  Furthermore, the gene encoding glutamine synthetase was up-regulated in 

children with SMA. 

6.1.3 Transcriptome Profile of Blood-stage P. falciparum in Children with SMA 

Transcriptomic analysis of blood-stage P. falciparum in paediatric malaria patients uncovered 

566 parasite DEGs (499 up-regulated, while 67 down-regulated in SMA relative to non-SMA) 

out of 3,155 annotated parasite gene transcripts.  The top up-regulated genes encoded 

mitochondrial and ribosomal proteins, DNA methyltransferases, proteasome subunits and 

trafficking proteins, underscoring these functions' importance in sustaining the parasite's rapid 

growth and replication within red blood cells.  The imputation of different P. falciparum 

developmental stages from peripheral blood suggest an accelerated transition from the ring stage 

to the trophozoite stage in SMA patients, suggesting stage-specific expression patterns.  This 

transition resulted in higher proportions of schizonts, potentially leading to more frequent rupture 

and invasion of new red blood cells.  Furthermore, a higher male-to-female gametocyte ratio 

across all patients highlights a possible adaptive response for enhanced transmission efficiency 

under stress conditions. 

Enrichment analyses of WGCNA modules and PPI clusters identify key parasite cellular 

processes such as cell division, RNA splicing, ribosomal assembly, protein synthesis, post-

translational modifications, protein transport, metabolic pathways and molecular chaperoning, 

which are crucial for the exponential multiplication of the parasite in SMA.  Hub nodes, 

including PF3D7_1331700 (glutamine–tRNA ligase), PF3D7_0322900 (40S ribosomal protein 

S3A), PF3D7_1353800 (proteasome subunit alpha type-4), PF3D7_0205900 (26S proteasome 

regulatory subunit RPN1), PF3D7_1441400 (FACT complex subunit SSRP1), PF3D7_0618700 

(trafficking protein particle complex subunit 6A), and PF3D7_1213800 (proline–tRNA ligase), 

were identified as potential risk factors for developing severe malarial anemia (SMA) in pediatric 

malaria patients. 

6.2 Conclusions 

6.2.1 Relationship between Genetic Polymorphisms in NCR3 and Longitudinal 

Susceptibility to Childhood malaria, SMA and All-cause Mortality 

The study presents the first evidence that carriage of the TT genotype for rs11575837 is linked to 

an increased number of malaria episodes over time.  Additionally, the study provides evidence 

that the carriage of CC haplotype confers a protective effect against SMA in an additive model 
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and, conversely, the additive effect of GC haplotype carriage on enhanced susceptibility to SMA.  

Collectively, these findings show the relationship between genetic variations in NCR3 and 

disease outcomes in pediatric malaria patients in holoendemic regions, thus facilitating more 

investigations to unveil the impacts of additional genetic factors on susceptibility to malaria and 

the development of childhood SMA. 

6.2.2 NK Cell Networks, and Other Immune signalling Pathways in Children with SMA 

The current study provides evidence of NK cell activation and subsequent heightened immune 

response in malaria-naïve children who develop SMA.  Enhanced immune response contributes 

to SMA due to altered NK cell-mediated cytotoxicity, suppressed apoptotic ability, and altered 

inflammatory signalling.  The study also highlights the dysregulation of immune response and 

inflammatory pathways, including the HSP60-HSP70-TLR2/4 signalling pathway.  

Downregulation of gene products in the pathway (e.g., HSP70 family members, TLR2, TLR4, 

CD14, and NF-κB1) suggests that children with SMA may have reduced pattern recognition and 

inflammatory response.  At the same time, up-regulation of other components (e.g., IRAK1, 

CD86, and MHC class II molecules) indicates an attempt of leukocytes to compensate through 

alternative immune activation and antigen presentation mechanisms.  Furthermore, the 

enrichment of DEGs in the pathway for process networks underscored the dysregulation of 

inflammation and immune response pathways in SMA patients.  Lastly, the overall up-regulation 

of GLN transporters and up-regulated GLN synthesis enzyme GLUL indicates a compensatory 

mechanism by leukocytes to raise intracellular GLN levels and regulate the immune response and 

metabolic requirements in SMA.  These findings enhance our understanding of the molecular 

mechanisms of SMA pathogenesis in children. 

6.2.3 Transcriptome Profile of Blood-stage P. falciparum in Children with SMA 

The transcriptome profiling of blood-stage P. falciparum in children with SMA revealed insights 

into the parasite's gene expression and adaptive strategies during the blood stage.  Notably, there 

are approximately sixfold more upregulated DEGs than down-regulated DEGs in SMA.  The 

accelerated transition from the ring stage to the trophozoite stage in SMA patients and higher 

proportions of schizonts could contribute to the pathophysiology of SMA through increased 

haemoglobin metabolism, PfHz formation, and a more frequent rupture and invasion of new 

RBCs.  Furthermore, a high parasite sex ratio in SMA patients highlights a potential adaptive 

strategy by the parasite to facilitate increased transmission efficiency by maximizing reproductive 

success under adverse conditions.  The study also revealed the upregulation of genes involved in 

the parasite‘s biological processes, for instance, cell division, protein synthesis and degradation, 

RNA splicing and post-translational modification, metabolic pathways, molecular chaperones 

and cellular transport.  These biological processes support the parasite‘s rapid growth and 
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increased metabolism, mediating its adaptation and survival in the host.  The study identified the 

hub nodes as potential predictors for the risk of developing SMA in children, indicating that they 

may play a critical role in the pathogenesis of SMA and suggesting their potential as therapeutic 

targets. 

6.3 Recommendations from the Current Study 

6.3.1 Relationship between Genetic polymorphisms in NCR3 and Longitudinal 

Susceptibility to Childhood Malaria, SMA and All-cause mortality 

It is recommended that the study findings inform the genomic epidemiology of SMA by adding 

knowledge about genetic variants in immune response genes associated with susceptibility to 

SMA and other disease outcomes in holoendemic malaria transmission areas like western Kenya.  

This information could be used to determine the polygenic risk score of an individual to estimate 

their genetic predisposition to developing SMA, enabling the identification of high-risk 

individuals for targeted prevention and treatment strategies. 

6.3.2 NK Cell Networks, and Other Immune signalling Pathways in Children with SMA 

The current study recommends the identification and evaluation of small-molecule therapeautic 

compounds that target dysregulated genes/gene pathways in SMA to modulate the impaired 

immune response, fostering the development of novel therapies to improve clinical outcomes in 

individuals with SMA.  Additionally, the study recommends the exploration of the potential 

effect of GLN supplementation on immune response and metabolism in children with SMA. 

6.3.3 Transcriptome Profile of Blood-stage P. falciparum in Children with SMA 

The study recommends the development of targeted therapeautics targeting P. falciparum genes 

and pathways that are active in blood-stage parasites within the human host, i.e., those involved 

in mitochondrial function, protein synthesis, and the ubiquitin-proteasome system to disrupt 

parasite growth.  Moreover, the study recommends the combination of therapies targeting 

multiple significant pathways in P. falciparum simultaneously to enhance the efficacy of anti-

parasite treatment and reduce the risk of drug resistance. 

6.4 Recommendations for Future Studies 

6.4.1 Relationship between Genetic Polymorphisms in NCR3 and Longitudinal 

Susceptibility to Childhood Malaria, SMA and All-cause Mortality 

This study recommends the following:  

i. Mechanistic studies on TFBS affected by rs2736191 and rs11575837 SNPs to investigate 

how the changes in transcription factor binding sites affect NCR3 gene transcription and 

subsequent NCR3 production. 
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ii. Functional analysis to investigate the underlying molecular mechanisms by which NCR3 

expressed by NK cells impacts the development of SMA in paediatric malaria patients. 

6.4.2 NK Cell Networks, and Other Immune signalling Pathways in Children with SMA 

The study recommends the following: 

i. Investigation into the cytotoxic activity of NK cells in SMA patients given the increased 

expression of resting NK cells and dysregulated Inflammation_NK cell cytotoxicity 

process network. 

ii. Measurement of the protein levels of the key genes identified in the study to establish 

whether their expression levels correspond to their protein levels. 

iii. Validation of the observed findings with both an independent RNA-seq dataset of 

children with SMA and protein abundance levels in the plasma of children with SMA to 

corroborate the current transcriptional data. 

iv. Identifying and evaluating small molecule therapeautic compounds (in vitro) that target 

dysregulated genes/gene pathways in SMA to foster the development of novel therapies 

to improve clinical outcomes in individuals with SMA 

 

6.4.3 Transcriptome Profile of Blood-stage P. falciparum in Children with SMA 

The study recommends the following: 

i. Functional characterisation of top up-regulated genes and hub genes with unknown 

functions to understand their precise roles in the parasite's lifecycle and SMA 

pathogenesis. Additionally, gene knockout or knockdown studies should be carried out on 

the identified key genes to assess the effect of gene disruption on parasite growth, 

survival, and virulence.  

ii. Host-parasite co-expression analysis to understand host-parasite interactions, 

pathophysiological changes in both the host and parasite during infection and the host's 

immune response against the parasite. 

iii. Longitudinal transcriptional studies to profile the expression dynamics of parasite genes 

to provide insights into the temporal regulation of gene expression. 

iv. Integrating transcriptomic data with other omics data, e.g., proteomics and metabolomics, 

to uncover the complex interactions and regulatory mechanisms necessary for parasite 

survival. 
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Appendix 3. Consent Forms 

Consent (Form 1): Written consent for participation in the study "Defining the 
Inflammation and Immunity Transcriptome in Severe Malarial Anemia for 
Immunotherapeutic Discovery”.  
  
You and your child are being asked to participate in a research study. The purpose of this 
document is to provide you with information to consider whether you are willing to participate in 
the research study. The research study will enroll HIV negative pregnant women and their child.  
After delivery, we will follow your child for three years.  We will ask that you bring your child 
back monthly for a health checkup.  We will also ask that you bring your child back immediately 
if she/he has a fever, or if there are health concern between the monthly visits.  Please ask 
questions if there is anything you do not understand. Your participation and your child‘s 
participation in the study is voluntary.  If you choose for you or your child to not participate in 
the study, it will have no effect on the quality of your medical care either of you receive.   
  
Is participation in the research voluntary?  
Being in the research study is up to you.  If you do not want to be in the research study, you and 
your child will still get the best possible medical care at the hospital.  You can change your mind 
at any time.  There will not be any loss of care or benefits if you or your child refuse to 
participate.  If you want, you can withdraw you or your child at any time.     
  
Who will be conducting the research study?  
Maseno University and the University of New Mexico are doing a research study at the Siaya 
County Referral Hospital to determine how inherited factors (genes) change during a malaria 
infection. The principal investigator, Dr. Douglas Perkins, of the University of New Mexico, 
would like you to be in the research study since you have met the inclusion criteria.     
  
The title of the study is ―Defining the Inflammation and Immunity Transcriptome in Severe 
Malarial Anemia for Immunotherapeutic Discovery‖.  If you have questions about the study, you 
can contact Dr. Douglas Perkins (University of New Mexico, P. O. Box 144, Siaya, Kenya, 
telephone: 0705399133).  You can also contact co-investigators on the study, Dr. Collins Ouma 
(Maseno University, P. O. Box 333-40105, Maseno, telephone: 0722381214) or Dr. Walter 
Otieno (Maseno University, P. O. Box 333-40105, Maseno, telephone 0714481488), or Dr. 
Evans Raballah University of New Mexico Laboratories in Siaya County Referral Hospital (P. O. 
Box 144-Siaya; telephone 0733792627).    
  
The physician in charge of treatment and care is Dr. Walter Otieno.  You can contact Dr. Otieno 
(Maseno University, P. O. Box 333-40105, Maseno, telephone 0714481488). In the United 
States, Dr. Perkins address is: University of New Mexico, MSC10-5550, 1 University of New 
Mexico, Albuquerque, NM, 87131 (telephone 505-272-6867, e-mail dperkins@salud.unm.edu). 
For questions or problems about your rights as a research subject, please call or write to The 
Secretary, Maseno University Ethics Review Committee, Private Bag, Maseno;  Telephone 
numbers: 057-51622, 0722203411, 0721543976, 0733230878; Email address: muerc-
secretariate@maseno.ac.ke; muerc-secretariate@gmail.com  
 
Who is sponsoring the research study?  
The research study is funded National Institutes of Health (NIH) in the United States.    
  
Where will the research study be conducted?  
The research study will be conducted at the Siaya County Referral Hospital.  
  
What is the purpose of the research?  

mailto:dperkins@salud.unm.edu
mailto:muerc-secretariate@gmail.com
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The purpose of the research study is to understand how inherited factors (genes) change during 
malaria infections.  We want to learn how changes in these genes determine whether children get 
mild or severe forms or malaria.  Following delivery, we will follow your child for three years.  
This will involve seeing your child at the hospital monthly for the three-year period to check on 
their health status.  We will give you a schedule. If your child gets a fever between the monthly 
visits, or if you have any health concerns, we ask that you return to the hospital with your child 
immediately.  If we detect malaria in your child, we ask that you bring your child back to the 
hospital for a follow-up visit in two weeks (day 14 visit) as per the schedule provided.  If your 
child gets a fever before this time or if you have any health concerns, we ask that you return to 
the hospital with your child immediately.  Your child‘s involvement with the study ends after the 
three-year follow-up period.  We hope to include 750 mother/child pairs in this study.  The 
research study might help learn ways to improve diagnosis and treatment of malaria. 
  
Who is being asked to participate in this research study?  
You and your child are being asked to participate since you both meet the requirements for being 
in the study.        
  
What procedures will be performed for the research purposes?  
Prior to your delivery, a small amount of blood (3-6 mL – about a teaspoon) will be drawn from 
your arm upon enrollment to test for malaria.  We will also take a vaginal swab to test for other 
diseases. In addition, once you have delivered your child, we will examine your placenta to see if 
you have malaria in your placenta.  
 
Your child will be tested for diseases that are common in this region, such as malaria.  If you 
agree for your child to be involved in this study, you will be asked to return with your child 
monthly and during all acute febrile episodes for the three-year follow-up period. At each visit, 
we will test for low blood (anemia) and malaria parasitemia in heel/finger-prick blood.  When 
your child has her/his first episode of malaria, a small amount of blood (2-3 mL – less than a 
teaspoon) will be drawn from her/his arm.  This blood will be used to see what diseases your 
child may have.  A small amount of blood (2-3 mL – less than a teaspoon) will be drawn from 
your child‘s arm each day for two days to see how your child is responding to treatment.  We also 
ask that you bring your child back 14 days later for a well visit to make sure that your child is 
free of disease(s).  On the day 14 visit, a small amount of blood (2-3 mL – less than a teaspoon) 
will be drawn from your child‘s arm.        
 
Children in this region often get malaria many times within the first three years of life.  When we 
find additional malaria episodes, a small amount of blood (2-3 mL – less than a teaspoon) will be 
drawn from your child‘s arm.  This blood will be used to see what diseases your child may have. 
To make sure that your child is free of diseases after treatment, we ask that you bring your child 
back 14 days later so that we can take a small amount of blood (2-3 mL – less than a teaspoon) 
from your child‘s arm.        
 
At each quarterly visit (every 3 months), a small amount of blood (2-3 mL – less than a teaspoon) 
will be drawn from your child‘s arm to see how your child‘s immune system looks when she/he 
is healthy.  
 
We will also take a urine and stool sample from your child to see if she/he has any diseases that 
can be found in these samples.  This will be done when your child has a fever.  This will also be 
done at a follow up visit (usually two weeks) to make sure your child is healthy if she/he was 
sick.    
 
A sputum (cough) sample will also be collected to see if your child has any infections in his/her 
lungs such as tuberculosis. This will be done when your child has a fever.      
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If your child has had a chest or throat infection for more than two weeks that has not gone away, 
or other signs of chest or throat infections, we will also take a nasal or throat swab from your 
child.  This will be done when your child has a fever.  This will also be done at a follow up visit 
(usually two weeks) to make sure your child is healthy if she/he was sick.   
 
The samples that we are taking from your child are not different than those that should be done to 
check on what is making your child ill.    
 
Your child will be in the study for a total of three years. 
 
We may store samples from you or your child long term to see how differences in genes 
influence disease outcomes.  This will only be done if you sign a separate consent form.   
 
What are the possible risks, side effects, and discomforts of the research procedures?  
There may be a small bruise, bleeding, or short time of discomfort when we take blood from a 
vein in your arm or your child‘s arm.  Some infections can happen if the process is not kept 
sterile (clean). Taking too much blood from an adult or child with low blood could make the low 
blood problem worse or have unseen outcomes.  To avoid this, we will take only an amount of 
blood that is safe.  Taking blood could cause vitamin and iron loss in you or your child.  This 
could make the low blood problem worse.  To avoid this, we will give you and your child 
vitamins that have iron and folate in them.  Only a person trained to get blood will take blood 
from you or your child.  If you or your child has no problems with bleeding, taking blood should 
not cause harm.    
  
Additional risks include the unintentional disclosure (release) of health information.  This too 
could cause problems for you in the community.  Participation in this study may also cause a loss 
of time and potential inconvenience since we need to see your child back at the hospital for a 
three year follow up time.    
   
What are the possible benefits from taking part in this research study?  
There may be no direct benefits for participation in the research study.  However, you will be 
watched closely during hospitalization.  Also, your child will be watched closely for three years.  
In case of any sickness during those periods, you and your child will be given treatment without 
any cost.  Also, participating in this study could help to understand what diseases are in this area 
and how they can best be treated.   
  
What treatments or procedures are available if I decide I will not participate in this research 
study?  
If you choose to not participate in the research study, you and your child will still receive all of 
the standard medical tests and procedures available from the Ministry of Health.  Your child will 
also be tested for malaria, blood levels, and hookworm infection.   
  
Will I be told of any new information or new risks that may be found during the course of this 
study? You will be told of any significant new developments (findings) that may cause you or 
your child to re-evaluate participation in the research study.  
  
Will my insurance provider or I be charged for any costs of any procedures performed as part 
of this study?  
Neither you nor your insurance provider will be charged for the costs of any of the procedures 
performed for the purpose of screening.    
  
Who will pay if I am injured as a result of taking part in the research study?  
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In the unlikely event that you or your child become ill or injured as a direct result of participating 
in the study, you will receive medical care that will be provided free of charge from the Ministry 
of Health.  The cost of the health care will be paid for by the project.  
  
Will I be paid for participating in this study?  
You will not be paid for your participation in the study.  However, we will provide 
reimbursement for travel costswhen you come for the follow-up visit, or if you come for a visit 
when your child is sick (has a fever). We will also provide you with soap and a basin when you 
enroll in the research study.  
   
Who will know about my participation and my child’s participation in this research study?  
Information related to you and your child will be treated in strict confidence to the extent 
provided by law. Your identity and your child‘s will be coded and will not be associated with any 
published results. Your code number and identity, as well as your child‘s, will be kept in a locked 
file of the Principal Investigator. In order to monitor this research study, representatives from 
Maseno University Ethics Review Committee, Private Bag, Maseno;  Telephone numbers: 057-
51622, 0722203411, 0721543976, 0733230878; Email address: muerc-
secretariate@maseno.ac.ke; muerc-secretariate@gmail.com or the University of New Mexico 
Health Sciences Center Institutional Review Board or federal agencies such as NIH (National 
Institutes of Health) and OHRP (Office of Human Research Protection) may inspect the research 
records which may reveal your identity.  
 
 
 
Name: _______________________________                                                                                     
      (Please Print)                                               
 
Date: ______________________       Study 
#:_______________________                                                           
  
 
 
 
Study Participants Statement:  
  
□  The above research study has been explained to me.  The consent form has been read to me or 
I have read the consent form.  My questions have been answered to my satisfaction.  I have 
received a copy of this form.  I was told that being in this research study is my choice.  I was told 
that I cannot be in the research study without my consent.  I agree to take part in this research 
study.  By signing this form, I give my consent to join this research study.  
  
Signatures:  
  
Study Participants Signature: _____________________  Date: ______________  
  
Witness Signature: _____________________________    Date: ______________  
  
 
 
Thumbprint: _____________________  
 
  
 
****************************************************************************** 

mailto:muerc-secretariate@gmail.com
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Parent/Guardian’s Name: _________________ Child’s 
Name:________________________                                                                       
                                                 (Please Print)                                              (Please Print)   
  
Date: ___________________      Study #:_______________________                                                           
 
 
Parent/Guardian’s Statement:  
  
□  The above research study has been explained to me.  The consent form has been read to me or 
I have read the consent form.  My questions have been answered to my satisfaction.  I have 
received a copy of this form.  I was told that being in this research study is my choice.  I was told 
that my child cannot be in the research study without my consent.  I agree for my child to take 
part in this research study.  By signing this form, I give my consent for my child to join this 
research study. 
 
Signatures:  
  
Parent/Guardian’s Signature: _______________________  Date: ______________  
  
Witness Signature: _____________________________    Date: ______________  
  
 
 
Parent/Guardian’s Thumbprint: _____________________  
 
 
****************************************************************************** 
 
STUDY EMPLOYEE CERTIFICATION 
   
I certify that the nature and purpose, the potential benefits and possible risks associated with 
participation in this research study have been explained to the above individual and that any 
questions about this information have been answered.  
  
Study employee’s signature:  __________________   Date: ______________   
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Consent (Form 2): Written consent to allow use of blood specimens for genetic studies. 
 
As part of the research study explained in the consent form ―Defining the Inflammation and 
Immunity Transcriptome in Severe Malarial Anemia for Immunotherapeutic Discovery‖, Maseno 
University and the University of New Mexico are studying how inherited factors (genes) affect 
diseases.  Genes are passed on from both parents and the code (language) used for genes is called 
DNA.  Also, the DNA gets turned into RNA.  By looking at levels of RNA, we can tell if the 
genes are turned on or off.  How the RNA gets turned on or off tells which genes are active 
(expressed). These genes can be important for what diseases you and your child get and how you 
respond to treatment.  We also want to know how genes in the pathogens (infectious agents) 
affect your body.  We will test the genes using blood taken from you and your child.  We hope 
that learning about genes will help treat and prevent diseases.   
 
What procedures will be performed for research purposes related to genetics? 
Since you agreed to take part in this research study, we will take blood from you and your child 
and a cheek (buccal) swab.  We would like you to let us store some of the blood and facts about 
you and your child, such as age and health status.  We will check your child‘s G6PD and sickle 
cell status now.  These tests will help us determine how your child responds to some medications 
and how much anemia your child may get.  We will give you the results of your child when you 
return for the first quarterly follow-up visit.  These tests will help us learn what kind of responses 
your child may have to diseases and treatment, such as malaria.  We will test other genes in your 
child‘s body later.  If we identify genes that are important in your child‘s health outcomes, we 
may also test these same genes in samples we have stored for you.  We may also test the genes in 
the pathogens (infectious agent) in you and your child. So, this may need longer storage of your 
blood.   
 
We can only do some of the tests in hospital now.  To do some of the other tests, we will need to 
store part of your blood and your child‘s blood.  The blood will be stored in the freezers at Siaya 
County Referral Hospital.  We will also store some data (facts) about you and your child, such as 
age and health status.  Later on, we will need to do more tests on the stored blood at Siaya 
County Referral Hospital and/or at the Maseno University laboratory in Kisumu.  If the machines 
needed for the tests are not in these places, the tests may be done in the United States.  We are 
requesting that you allow us to ship these samples to the United States for these tests.  In 
addition, even if you allow us to ship your/child‘s samples, we will not ship your samples to the 
United States without approval from Maseno University Ethics Review Committee (MUERC).   
 
Who will know about my participation in the genetic studies? 
Blood and/or genetic material results will be used only for science. No names will ever be used 
and data will be kept confidential.  A small portion of the blood and/or genetic material will be 
stored for future testing.  The investigators may look at inherited factors which are related to 
diseases by examining DNA and RNA obtained from the stored samples.  This DNA and RNA 
may be used for future analysis of genes that may influence disease.  
 
By signing this form, you are giving consent for future studies of genes that we may perform in 
the laboratory. The blood sample will remain the property of Maseno University and the 
University of New Mexico, and may be shared with other researchers as long as confidentiality is 
maintained.  All names will be removed from samples prior to being given to other researchers.  
The blood samples and the DNA and RNA obtained from the blood or cheek swabs are stored 
and tested with an identifying number, and your name will not appear on the stored samples.   
 
By signing this form, you understand that there is a possibility that the blood or genetic material, 
which you are providing under this study, may also be used in other research studies and could 
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potentially have commercial applicability.  You will be unable to participate in receiving any 
revenues generated by commercial application.  Results of studies may be reported in medical 
journals or at meetings. However, individuals in the study will not be identified in any way. 
  
What are the possible risks of genetic testing? 
As has been explained above, genes are inherited from one‘s parents.  Therefore, the risks of the 
genetic testing may be that we find out that you or certain children from your family develop 
more severe diseases.  This could cause stress for you if you or your children have these genetic 
(inherited) risks.  Finding these risk factors, if present, could also help you by letting you know if 
you or your child needs closer monitoring for diseases.  Since we will not disclose this 
information or place it in your medical record, there will not be a risk of you losing any health 
benefits that you are able to get.   
 
What are the possible benefits of genetic testing? 
Benefits of the study may include determining which individuals are likely to develop severe 
diseases that can cause harm and death to children and adults.   
 
Is my participation in this genetic research voluntary? 
If you want, you can agree that we store your blood and your child‘s blood and/or genetic 
material for these tests.  If you refuse, you and your child can still be part of the main study.  You 
can tell us any time during the next 5 years if you don‘t want us to keep your blood and/or your 
child‘s blood or genetic material for these tests.  No matter what you decide, you and your child 
will still get the best possible medical care here at the hospital.   
 
Who will be conducting the genetic studies? 
If you have questions about the study, you can contact Dr. Douglas Perkins (University of New 
Mexico, P. O. Box 144, Siaya, Kenya, telephone: 0705399133).  You can also contact co-
investigators on the study, Dr. Collins Ouma (Maseno University, P. O. Box 54-40100, Kisumu, 
telephone: 0722381214) or Dr. Evans Raballah University of New Mexico Laboratories in Siaya 
County Referral Hospital (P. O. Box 144-Siaya; telephone 0733792627).     
 
   
Name: _______________________________                                               
   (Please Print) 
 
Date: ________________    Study #:__________                                                          
 
 
Study Participant's Statement: 
 
□  The above study has been explained to me.  The consent form has been read to me and my 
questions have been answered to my satisfaction.  I have been told that taking part is voluntary.  I 
agree to allow my blood sample to be stored for genetic tests.  I have received a copy of this 
form. 
 
□  The above study has been explained to me.  The consent form has been read to me and my 
questions have been answered to my satisfaction.  I have been told that taking part is voluntary.  I 
do not agree to allow storage of my blood sample for genetic testing.  I have received a copy of 
this form. 
 
Signatures: 
 
Study Participant's Signature: _______________________ Date: ______________ 
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Witness’ Signature: ________________________________ Date:______________ 
 
Investigator’s Signature:  ___________________________ Date: ______________  
 
Study Participant's Thumbprint: _____________________ 
 
 
 
 
 
 
Parent/Guardian’s Name: _________________ Child’s 
Name:________________________                                                                       
                                                 (Please Print)                                              (Please Print)   
  
Date: ___________________      Study #:_______________________        
 
 
Parent/Guardian’s Statement:  
  
□  The above study has been explained to me.  The consent form has been read to me and my 
questions have been answered to my satisfaction.  I have been told that taking part is voluntary.  I 
agree to allow my child‘s blood sample to be stored for genetic tests.  I have received a copy of 
this form. 
 
□  The above study has been explained to me.  The consent form has been read to me and my 
questions have been answered to my satisfaction.  I have been told that taking part is voluntary.  I 
do not agree to allow storage of my child‘s blood sample for genetic testing.  I have received a 
copy of this form. 
 
Signatures:  
  
Parent/Guardian’s Signature: _______________________  Date: ______________  
  
Witness Signature: _____________________________    Date: ______________  
  
 
Parent/Guardian’s Thumbprint: _____________________  
 
****************************************************************************** 
 
STUDY EMPLOYEE CERTIFICATION 
  I certify that the nature and purpose, the potential benefits and possible risks associated with 
participation in this research study have been explained to the above individual and that any 
questions about this information have been answered.  
  
Study employee’s signature:  __________________   Date: ______________   
 
 
Maseno University Ethics Review Committee, Private Bag, Maseno;  Telephone numbers: 057-
51622, 0722203411, 0721543976, 0733230878; Email address: muerc-
secretariate@maseno.ac.ke; muerc-secretariate@gmail.com 

mailto:muerc-secretariate@gmail.com
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Appendix 4. Genotyping Primer Sequences 
 

SNPs rs2736191 and rs11575837 were genotyped using the TaqMan
®

 5‘ allelic discrimination 

Assay-By-Design high-throughput method according to the manufacturer‘s instructions [Assay 

ID: C_16286876_10 for rs2736191 and C_27834902_10 for rs11575837; Thermofisher 

Scientific, Carlsbad, CA, USA).  The primer sequences for the two SNPs include rs2736191: 

ACCAGCTTTTACCCAGAACAAGCCT[C/G]CAGGAGCCCTCCTTGGCCCAGAAGC 

while that of rs11575837:  

CAAGGACCACAACTGCCAGGGACCT[C/T]GAGCATCAAATGCTTGCCTCCCTGA. 
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