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bp Base pair 

BP Biological process  

CAMK1D calcium/calmodulin-dependent protein kinase ID 

CAP-miRSeq Comprehensive Analysis Pipeline for miRNA-Sequencing data  

CC Cellular component 

CCL11 C-C motif chemokine ligand 11  

CCR2 C-C chemokine receptor type 2  

CHPC Centre for High Performance Computing 

CT Threshold cycle 

CX3CR1  CX3C chemokine receptor 1  

DAMPs Danger associated molecular patterns 

DCs Dendritic cells 

DE Differentially expressed 

DEGs Differentially expressed genes 

DGCR8 DiGeorge syndrome critical region 8 

DIPLOMICS DIstributed PLatform in OMICS  

dLNs Draining lymph nodes 

EBV Epstein Barr Virus  

ELISA Enzyme-linked immunosorbent assay 

EMT Epithelial-to-mesenchymal transition 

EPG5 ectopic P-granules autophagy protein 5 homolog 

ESP Excretory-secretory products  

EVs Extracellular vesicles 

FDR False discovery rate 

FGT Female genital tract 

FOXP3 Forkhead box P3  

GO Gene Ontology  



xi 

 

HCMV Human cytomegalovirus  

HCV Hepatitis C virus 

HHV-8 Human herpesvirus 8  

HIV Human immunodeficiency virus  

HNRNPA3 Heterogeneous nuclear ribonucleoprotein A3  

HPV Human papillomavirus 

HSV-1 Herpes simplex virus type 1 

HSV-2 Herpes simplex virus type 2 

IFNs Interferons 

IgA Immunoglobulin A 

IgE Immunoglobulin E 

IgG Immunoglobulin G 

ILCs Innate lymphoid cells 

IL Interleukin 

iNOS Inducible nitric oxide synthase gene 

IPA Ingenuity Pathway Analysis 

IRAK1 Interleukin receptor associated kinase 1 

IRGs Immune-related genes  

KEGG Kyoto Encyclopaedia of Genes and Genomes 

KSHV Kaposi’s sarcoma-associated herpesvirus  

LAMP Loop-mediated isothermal amplification  

LAT Latency-associated transcript 

LCs Langerhans cells 

LDLR low-density lipoprotein receptor 

LMICs Low- and middle-income countries 

LogFC Logarithmic fold change 

LP Lamina propria  

LRP8 LDL Receptor Related Protein 8  

MCC Maximal clique centrality 

MF Molecular function 

MGI Mouse Genome Informatics 

MMP-16 Matrix metalloproteinase 16  

MHV-68 Murine gammaherpesvirus  

MNV Murine norovirus  

MOI Multiplicity of infection  



xii 

 

mRNA Messenger RNA 

miRNA MicroRNA 

NAFLD Non-alcoholic fatty liver disease 

Nb Nippostrongylus brasiliensis 

NETs Neutrophil extracellular traps  

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells 

NGS Next generation sequencing 

NK Natural killer 

NO Nitric oxide  

NTDs Neglected tropical diseases 

PAMPs Pathogen-associated molecular patterns  

PBMCs Peripheral blood mononuclear cells  

PC Preventive chemotherapy 

PCR Polymerase chain reaction 

pDC Plasmacytoid dendritic cells 

PEDV Porcine epidemic diarrhoea virus  

PFU Plaque-forming units  

PPI Protein-protein interactions 

Pre-miRNA Precursor miRNA  

Pri-miRNA Primary miRNA 

PPD Purified protein derivative 

PRRs Pattern recognition receptors 

PRRSV Porcine reproductive and respiratory syndrome virus  

Pre-SAC Preschool-aged children 

RIN RNA Integrity Number  

RISC  RNA induced silencing complex 

RSV Respiratory syncytial virus 

RT-qPCR Real time quantitative polymerase chain reaction 

SAC School-aged children 

shRNA Short hairpin RNA  

SAMRC South African Medical Research Council 

SEM Standard error of mean 

SOCS1 Suppressor of cytokine signalling-1  

STAT1 Signal transducer and activator of transcription 1 

STRING Search Tool for the Retrieval of Interacting Genes/Proteins 



xiii 

 

SSA  Sub-Saharan Africa 

STH Soil-transmitted helminth 

STHs Soil-transmitted helminths 

STIs Sexually transmitted infections 

STVIs Sexually transmitted viral infections 

TB Tuberculosis  

TGF-β Transforming growth factor beta 

Th1 T-helper 1 

Th2 T-helper 2 

Th17 T-helper 17 

TLR Toll like receptor 

TNF-α Tumour necrosis factor-alpha 

Treg T regulatory cells 

TSLP Thymic stromal lymphopoietin 

UCT University of Cape Town  

WHO  World Health Organisation 

WNV West Nile virus  

 

 

 

 

 

 

 

 

 

 

 



xiv 

 

LIST OF FIGURES 

CHAPTER TWO 

 2.1 Publication 1  

Figure 1 Estimated numbers (n) and proportions (%) of STH PC required for 

pre-SAC and SAC, Status of Schistosomiasis in endemic countries, 

and HSV-2 infections. 

22 

 2.2 Publication 2  

Figure 1 Illustration of the immune response to STHs 34 

Figure 2 Illustration of the immune response to HSV-2 infection 35 

Figure 3 Illustration of potential immune response during STH-HSV-2 co-

infection 

39 

 2.3 Publication 3  

   

Figure 1 Schematic diagram of the biogenesis of miRNAs via the canonical 

pathway from the transcription of pri-miRNAs to the translational 

repression/mRNA degradation 

52 

Figure 2 Schematic representation of potential miRNAs involved in regulating 

STH/HSV-2 coinfection 

59 

CHAPTER THREE 

 3.1 Publication 4  

Figure 1 Experimental design 72 

Figure 2 Schematic workflow of the bioinformatics analysis done to study 

differentially expressed miRNAs in murine female genital tracts 

following single and co-infection with Nippostrongylus brasiliensis 

and HSV-2 

74 

Figure 3 Venn diagram of the number of differentially expressed (DE) miRNAs 

identified using miRNA-sequencing in the Nb-infected versus 

uninfected, HSV-2-infected versus uninfected, and co-infected versus 

uninfected comparisons 

76 

Figure 4 Network analysis 78 

 

 



xv 

 

CHAPTER THREE continued 

 3.1 Publication 4  

Figure 5 Network displaying miRNA-predicted mRNA targets involved in the 

neutrophil degranulation canonical pathway in the comparison of Nb-

infected versus uninfected FGT tissues. 

82 

Figure 6 Network displaying miRNA-predicted mRNA targets involved in 

regulating the role of macrophages, fibroblasts and endothelial cells in 

rheumatoid arthritis canonical pathway in the comparison of HSV-2-

infected versus uninfected FGT tissues. 

82 

Figure 7 Network displaying miRNA-predicted mRNA targets involved in 

regulating the ISGylation signaling pathway in the comparison of 

Nb/HSV-2 co-infected versus uninfected FGT tissues. 

83 

Figure 8 RT-qPCR validation 84 

 

CHAPTER FOUR 

 4.1 Publication 5  

Figure 1 (A) Volcano plot of differentially expressed genes (DEGs) in 

uninfected versus Nb-infected FGT tissues. (B) Heat map showing the 

top 30 DEGs in the comparison of uninfected versus Nb-infected FGT 

tissues.  

104 

Figure 2 (A) Volcano plot of differentially expressed genes (DEGs) in 

uninfected versus HSV-2-infected FGT tissues. (B) Heat map showing 

the top 30 DEGs in the comparison of uninfected versus HSV-2-

infected FGT tissues.  

106 

Figure 3 Venn diagram of total immune-related genes (IRGs) and differentially 

expressed genes (DEGs) in (A) uninfected versus Nb-infected FGT 

tissues and (B) uninfected versus HSV-2 FGT tissues. 

107 

Figure 4 GO enrichment analysis of immune-related differentially expressed 

genes (DEGs) in the uninfected versus Nb-infected FGT tissues. 

108 

 

 

 

 

 



xvi 

 

CHAPTER FOUR continued 

 4.1 Publication 5  

Figure 5 Immune-related differentially expressed genes (DEGs) in the uninfected 

versus Nb-infected FGT tissues: (A) KEGG enrichment analysis of 

immune-related DEGs and (B) REACTOME enrichment analysis of 

immune-related DEGs. 

109 

Figure 6 Immune-related differentially expressed genes (DEGs) in the uninfected 

versus HSV-2- infected FGT tissues: (A) GO enrichment analysis of 

immune-related DEGs and (B) REACTOME enrichment analysis of 

immune-related DEGs. 

110 

Figure 7 Differentially expressed genes (DEGs) analysed by protein–protein 

interaction (PPI) network. PPI network analysis was conducted on all 

DEGs in the uninfected versus Nb-infected FGT tissue comparison using 

STRING and the resulting network was visualized within Cytoscape. 

Colored nodes represent query proteins. Edges/lines represent functional 

associations. Solid lines indicate strong evidence or direct interactions. 

Edge thickness represents confidence score—thicker edges indicate 

higher confidence in interaction. 

111 

Figure 8 Differentially expressed genes (DEGs) analysed by protein–protein 

interaction (PPI) network. PPI network analysis was conducted on all 

DEGs in the uninfected versus Nb-infected FGT tissue comparison using 

STRING and the resulting network was visualized within Cytoscape. (A) 

Top 10 hub genes were identified using CytoHubba and (B - E) functional 

modules were identified using MCODE. 

112 

Figure 9 Differentially expressed genes (DEGs) analysed by protein–protein 

interaction (PPI) network. PPI network analysis was conducted on all 

DEGs in the uninfected versus HSV-2-infected FGT tissue comparison 

using STRING and the resulting network was visualized within 

Cytoscape. Colored nodes represent query proteins. Edges/lines represent 

functional associations. Solid lines indicate strong evidence or direct 

interactions. Edge thickness represents confidence score - thicker edges 

indicate higher confidence in interaction. 

112 

Figure 10 Differentially expressed genes (DEGs) analysed by protein–protein 

interaction (PPI) network. PPI network analysis was conducted on all 

DEGs in the uninfected versus HSV-2-infected FGT tissue comparison 

113 



xvii 

 

using STRING and the resulting network was visualized within 

Cytoscape. (A) Top 10 hub genes were identified using CytoHubba and 

(B, C) functional modules were identified using MCODE. 

 

APPENDIX 2 

 Supplementary Data for Publication 4  

Supplementary 

Figure S1 

Pathology scoring was assessed between the groups post-infection 131 

Supplementary 

Figure S2 

Heat map illustrating the overall trend of miRNA expression 

changes across the four groups: Samples A3-8 (Uninfected 

control), B1-6 (Nb-infected), C2-6 (HSV-2-infected), and D1,3-6 

(Nb/HSV-2 co-infected) 

133 

Supplementary 

Figure S3 

Network showing predicted miRNA-target mRNA relationships in 

the comparison of Nb-infected versus uninfected controls 

134 

Supplementary 

Figure S4 

Network showing predicted miRNA-target mRNA relationships in 

the comparison of HSV-2-infected versus uninfected controls 

135 

 

APPENDIX 3 

 Supplementary Data for Publication 5  

Supplementary 

Figure S1A &  

S1B 

Daily body weights and pathology scoring was assessed between 

the groups post-infection 

137 

 

 

 

 

 

 

 

 

 



xviii 

 

LIST OF TABLES 

CHAPTER TWO 

 2.2 Publication 2  

Table 1 Classification, biology, and global prevalence of the major human 

STHs in SSA 

29 

Table 2 Prevalence of STHs in SSA 30-31 

Table 3 HSV-2 prevalence in the WHO regions 32 

 

CHAPTER THREE 

 3.1 Publication 4  

Table 1 Differentially expressed microRNAs that were identified in each 

comparison 

76-77 

Table 2 Nb-infected versus Uninfected: List of predicted immune-related 

targets for the differentially expressed miRNAs 

77-78 

Table 3 HSV-2-infected versus Uninfected: List of predicted immune-related 

targets for the differentially expressed miRNAs 

78-79 

Table 4 Nb/HSV-2 co-infected versus Uninfected: List of predicted immune-

related targets for the differentially expressed miRNAs 

79 

Table 5 Nb-infected versus Uninfected: Summary of Core Expression Analysis 79-80 

Table 6 HSV-2-infected versus Uninfected: Summary of Core Expression 

Analysis 

80-81 

Table 7 Nb/HSV-2 co-infected versus Uninfected: Summary of Core 

Expression Analysis 

81 

 

CHAPTER FOUR 

 Publication 5  

Table 1 Top 30 significant DEGs in the comparison of uninfected versus Nb-

infected female genital tract tissues 

105 

Table 2  Top 30 significant DEGs in the comparison of uninfected versus 

HSV-2-infected female genital tract tissues 

105-106 

Table 3 Immune-related DEGs in the uninfected versus (A) Nb-infected and 

(B) HSV-2-infected FGT tis-sues 

107 

 

 



xix 

 

APPENDIX 2 

 Supplementary Data for Publication 4  

Supplementary 

Table S1 

Summary of the numbers of reads, precursor and mature 

miRNAs, and the number of miRNAs reads with ≥5x coverage 

detected for each sample in groups: A (Uninfected controls), B 

(singly infected with Nb), C (singly infected with HSV-2), and D 

(Nb/HSV-2 co-infected) 

132 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xx 

 

LIST OF APPENDICES 

 

APPENDIX 1 A ETHICAL APPROVAL TO CONDUCT ANIMAL 

RESEARCH 

128 

APPENDIX 1 B ETHICAL APPROVAL TO CONDUCT ANIMAL 

RESEARCH RENEWAL 

129 

APPENDIX 2 SUPPLEMENTARY DATA FOR PUBLICATION 4 130 

APPENDIX 3 SUPPLEMENTARY DATA FILES FOR PUBLICATION 5 136 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxi 

 

TABLE OF CONTENTS 

PREFACE .................................................................................................................................... ii 

DECLARATION 1: PLAGIARISM ......................................................................................... iii 

DECLARATION 2: PUBLICATIONS ..................................................................................... iv 

PRESENTATIONS AT CONFERENCES AND SYMPOSIUMS .......................................... vi 

DEDICATION ........................................................................................................................... vii 

ACKNOWLEDGMENTS ....................................................................................................... viii 

ABBREVIATIONS ...................................................................................................................... x 

LIST OF FIGURES .................................................................................................................. xiv 

LIST OF TABLES ................................................................................................................. xviii 

LIST OF APPENDICES ........................................................................................................... xx 

ABSTRACT ............................................................................................................................ xxiii 

CHAPTER ONE .......................................................................................................................... 1 

INTRODUCTION ................................................................................................................... 1 

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

1.2 Study Rationale ................................................................................................................. 4 

1.3 Aim ...................................................................................................................................... 5 

1.4 Study Hypothesis ............................................................................................................... 5 

1.5 Objectives ........................................................................................................................... 5 

1.6 Overview of Study Design and Methodology .................................................................. 6 

1.7 Thesis Outline .................................................................................................................... 8 

REFERENCES FOR CHAPTER ONE .............................................................................. 11 

CHAPTER TWO....................................................................................................................... 16 

2.1 Herpes simplex virus type 2 in sub-Saharan Africa and the potential impact of 

helminth immune modulation .............................................................................................. 16 

2.2 Potential Interactions Between Soil-Transmitted Helminths and Herpes Simplex 

Virus Type II: Implications for Sexual and Reproductive Health in Sub-Saharan African

 ................................................................................................................................................. 26 

2.3 Exploring microRNA-Mediated Immune Responses to Soil-Transmitted Helminth 

and Herpes Simplex Virus Type 2 Co-Infections ................................................................ 47 

CHAPTER THREE .................................................................................................................. 67 

3.1 Characterization of microRNA expression profiles of murine female genital tracts 

following Nippostrongylus brasiliensis and Herpes Simplex Virus type 2 co-infection .... 67 



xxii 

 

CHAPTER FOUR ..................................................................................................................... 97 

4.1 Exploring gene expression changes in murine female genital tract tissues following 

single and co-infection with Nippostrongylus brasiliensis and Herpes Simplex Virus type 

2 ............................................................................................................................................... 97 

CHAPTER FIVE ..................................................................................................................... 121 

5.1 Introduction ................................................................................................................... 121 

5.2 Summary of Key Findings ............................................................................................ 121 

5.3 Limitations of the study ................................................................................................ 123 

5.4 Conclusion and Future Directions ............................................................................... 124 

REFERENCES FOR CHAPTERS TWO, THREE, FOUR AND FIVE ........................ 126 

APPENDIX 1 A: ETHICAL APPROVAL TO CONDUCT ANIMAL RESEARCH ......... 128 

APPENDIX 1 B: ETHICAL APPROVAL TO CONDUCT ANIMAL RESEARCH 

RENEWAL............................................................................................................................... 129 

APPENDIX 2: SUPPLEMENTARY DATA FOR PUBLICATION 4 ................................. 130 

APPENDIX 3: SUPPLEMENTARY DATA FILES FOR PUBLICATION 5 .................... 136 

 

 

 

 

 

 

 

 

 

 

 

 



xxiii 

 

ABSTRACT 

Background: 

Co-infections involving soil-transmitted helminths (STHs) and viral pathogens such as herpes 

simplex virus type 2 (HSV-2) remain poorly characterized, despite their overlapping prevalence 

in sub-Saharan Africa and other resource-poor regions. The immunomodulatory effects of STHs 

and the oncogenic potential of HSV-2 raise pertinent questions about whether STHs may alter 

host immunity and susceptibility to HSV-2 and influence molecular pathways associated with 

cervical cancer. MicroRNAs (miRNAs) are post-transcriptional regulators of gene expression, 

which play crucial roles in immune modulation, inflammation, and cancer-related pathways. This 

study aimed to characterize miRNA and mRNA expression profiles in the murine female genital 

tract (FGT) following single and co-infection with Nippostrongylus brasiliensis (Nb), a murine 

hookworm, and HSV-2, to elucidate potential molecular mechanisms by which helminth-induced 

immunoregulation may influence HSV-2 immunity and pathways implicated in cervical cancer.  

Methods: 

A comprehensive literature review was first conducted to assess existing knowledge on 

STH/HSV-2 co-infections and highlighted the biological plausibility and epidemiological 

significance of STH/HSV-2 co-infections and informed the conceptual framework for this 

investigation. The review also emphasised the potential role of miRNAs in regulating immune 

and disease pathways in the context of STH/HSV-2 co-infections. Experimentally, female 

BALB/c mice were either singly infected with Nb or HSV-2, co-infected with both pathogens, or 

left uninfected. Total RNA was extracted from FGT tissues and high-throughput next-generation 

sequencing was used to characterise miRNA and mRNA expression profiles in the FGT. 

Differential expression analysis was conducted using edgeR and limma packages in R. Ingenuity 

Pathway Analysis (IPA) was used to predict canonical pathways, biological functions, and to 

identify key immune and cancer-related pathways associated with differentially expressed (DE) 

miRNAs. Selected DE miRNAs were validated by RT-qPCR. RNA-sequencing (mRNA) data 

were functionally analysed using g: Profiler and visualized through protein–protein interaction 

networks constructed in Cytoscape, with hub gene and module identification via CytoHubba and 

MCODE.  

Results: 

MiRNA sequencing revealed eight DE miRNAs in Nb-infected FGT tissues (e.g., mmu-miR-218-

5p, mmu-miR-449a-5p, mmu-miR-497a-3p, mmu-miR-144-3p), and nine DE miRNAs in HSV-

2-infected tissues (e.g., mmu-miR-451a, mmu-miR-376a-3p, mmu-miR-205-3p, mmu-miR-103-
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3p), relative to uninfected controls. Notably, only one miRNA (mmu-miR-199a-5p) was DE in 

co-infected tissues, suggestive of helminth-induced immunomodulation and antagonism of HSV-

2-associated immune and transcriptomic responses. Several DE miRNAs identified have 

established roles in immune regulation and carcinogenesis within the female reproductive tract. 

IPA revealed enrichment of immune-related pathways such as neutrophil degranulation, 

interleukin (IL)-4 and IL-13 signaling, natural killer cell signaling, and ISGylation signaling. 

Cancer was predicted as a significantly enriched disease, particularly in the co-infected group. 

Complementary mRNA profiling demonstrated 368 DE genes in Nb-infected tissues (356 

upregulated, 12 downregulated), with significant expression changes in Th2-related immune 

genes including C-C motif chemokine ligand 11 (Ccl11), C-C chemokine receptor type 2 (Ccr2), 

and CX3C chemokine receptor 1 (Cx3cr1). HSV-2-infected tissues yielded 140 DE genes (121 

upregulated, 19 downregulated), with alterations in genes implicated in immune function [e.g., 

low-density lipoprotein receptor (Ldlr), calcium/calmodulin-dependent protein kinase ID 

(Camk1d), LDL Receptor Related Protein 8 (Lrp8), ectopic P-granules autophagy protein 5 

homolog (Epg5)] and in cell cycle and sterol biosynthesis pathways. In contrast, co-infected 

tissues did not exhibit significant differential gene expression compared to uninfected controls, 

further supporting the potential immunomodulatory effect of Nb on anti-HSV-2 immune and 

transcriptomic responses. 

Conclusion: 

This study provides the first comprehensive analysis of miRNA and mRNA expression profiles 

in the murine FGT following Nb and HSV-2 single and co-infections, revealing distinct 

transcriptional and post-transcriptional signatures associated with helminth and viral infection. 

The suppression of transcriptomic responses during co-infection underscores the potential of 

helminth-mediated immunomodulation to alter anti-HSV-2 immunity and its potential to 

contribute to inflammation- and cancer-related pathways. These findings fill a critical gap in 

understanding the molecular interplay between STHs and HSV-2 and provide the groundwork for 

future mechanistic studies, including functional validation and translational research. The results 

are relevant for diagnostics, vaccine strategies, integrated disease control in co-endemic regions, 

and in understanding the potential links between co-infection and cervical cancer risk. 

Keywords: Soil-transmitted helminths/STHs, Nippostrongylus brasiliensis, Herpes simplex virus 

type 2/HSV-2, co-infection, female genital tract, immunity, miRNAs, mRNAs, implications for 

cervical cancer risk 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background 

Sub-Saharan Africa (SSA) carries a disproportionate burden of infectious diseases, including a 

wide range of sexually transmitted infections (STIs). Among these, herpes simplex virus type 2 

(HSV-2) is one of the most prevalent STIs. HSV-2 is a neurotropic virus and the leading cause of 

genital ulcers and genital ulcer disease worldwide (World Health Organisation, 2016). Globally, 

over 491.5 million individuals, or approximately 13.2% of the population, are infected with HSV-

2, with women in SSA disproportionately affected (James et al., 2020, Harfouche et al., 2021). 

HSV-2 primarily infects the genital mucosa, where it replicates within keratinocytes of the 

epithelium. The infection follows a well-characterized course comprising primary infection, 

latency, and periodic reactivation. In immunocompetent individuals, primary infections are often 

asymptomatic or mild, presenting with non-specific symptoms such as fever, myalgia, 

lymphadenopathy, and dysuria (Schiffer and Corey, 2013, Mathew and Sapra, 2024). In 

symptomatic cases, painful vesicular lesions or genital ulcers, the clinical hallmark of HSV-2, 

occur in approximately 10 - 25% of individuals and may persist for up to three weeks (World 

Health Organisation, 2016, Mathew and Sapra, 2024). 

A defining feature of HSV-2 is its ability to establish latency in sensory ganglia, with periodic 

reactivation and viral shedding at the genital mucosa (Chan et al., 2011). In addition to its ability 

to establish latency, the lack of an effective vaccine or curative treatment means that HSV-2 

causes lifelong infections, with transmission possible even during asymptomatic viral shedding 

(Jiang et al., 2016, World Health Organisation, 2016).  

Importantly, HSV-2 infection is associated with epithelial disruption and chronic inflammation, 

which increase the risk of acquiring or transmitting other STIs, most notably human 

immunodeficiency virus (HIV) (James et al., 2020, Harfouche et al., 2021). Moreover, HSV-2 

has been implicated in cervical carcinogenesis, particularly as a co-factor in the presence of 

persistent high-risk human papillomavirus (HPV) infection (Smith et al., 2002, Zhao et al., 2012, 

Li and Wen, 2017, Zhang et al., 2023). While HPV is the primary etiological agent of cervical 

cancer, HSV-2 may enhance HPV oncogenicity by promoting chronic inflammation, epithelial 

injury, and genomic instability. Proposed mechanisms include the facilitation of HPV entry, 

impairment of immune responses, induction of DNA damage, promotion of HPV replication, and 
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disruption of vaginal microbiota (Al-Daraji and Smith, 2009, Uysal et al., 2022, Sausen et al., 

2023). HSV-2/HPV interactions are especially relevant in SSA, where limited access to HPV 

vaccination and cervical cancer screening contributes to a disproportionately high burden of 

disease (Sung et al., 2021).  

In parallel, SSA has a high prevalence of neglected tropical diseases (NTDs), including soil-

transmitted helminth (STH) infections. STHs are intestinal parasites that disproportionately affect 

individuals in impoverished settings where poor sanitation and inadequate healthcare access drive 

transmission (Hotez and Kamath, 2009). Globally, over 1.5 billion individuals are infected with 

STHs, with the highest burdens observed in tropical and subtropical regions, particularly SSA, 

China, Asia, and South America (World Health Organisation, 2024). The most common STHs, 

Ascaris lumbricoides, Trichuris trichiura, Necator americanus, and Ancylostoma duodenale, 

cause chronic infections, and approximately 300 million people suffer from heavy infections that 

contribute to severe morbidity and over 150,000 deaths annually (Hotez et al., 2006). 

Though distinct in transmission routes and pathogenesis, the distribution of HSV-2 and STHs 

overlaps geographically, making co-infections in endemic areas highly plausible. Such co-

infections may have significant immunological and clinical implications, particularly for female 

reproductive health (Chetty et al., 2020). 

HSV-2 and STHs induce opposing immune responses. HSV-2 elicits a strong T-helper 1 (Th1)-

mediated immune response, characterized by pro-inflammatory cytokines, interferon production, 

and recruitment of neutrophils and antigen-presenting cells to the genital mucosa (Chew et al., 

2009, Chan et al., 2011). In contrast, STH infections trigger T-helper 2 (Th2) and regulatory 

immune responses, characterized by elevated levels of interleukins (IL)-4, IL-5, and IL-13, as 

well as the expansion of regulatory T and B cell populations. These responses are accompanied 

by the release of immunosuppressive mediators IL-10 and transforming growth factor-beta (TGF-

β), which collectively contribute to a highly immunomodulatory environment (McSorley and 

Maizels, 2012, Harris and Loke, 2017, Rapin and Harris, 2018).  

Notably, STH-induced immunomodulation is not confined to the gastrointestinal tract; it can 

influence mucosal immune responses at distal sites, including the female genital tract (FGT). 

Chronic STH infections are known to suppress antiviral Th1 responses, potentially compromising 

mucosal immunity and increasing susceptibility to secondary infections, including viral STIs such 

as HIV and HPV (Chetty et al., 2020). For instance, STH infections have been linked to increased 

HIV viral loads, lower CD4+ counts, and higher HPV prevalence (Mkhize-Kwitshana et al., 2011, 
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Adeleke et al., 2015, Gravitt et al., 2015). Recently, studies in Peru and Togo demonstrated that 

STH-infected women exhibited a 60% higher HPV prevalence and an increase in cervical Th2 

cytokines (Gravitt et al., 2015, Omondi et al., 2022), suggesting that STH-driven 

immunomodulation may hinder viral clearance and potentially increase the risk of cervical 

neoplasia. While direct associations between STH infections and cancers of the female 

reproductive tract remain limited, systemic STH-induced immunomodulatory effects may 

influence disease progression in the presence of oncogenic viruses by compromising antiviral 

immunity and fostering a tumour-conducive microenvironment in the FGT (Chetty et al., 2020). 

Despite the overlapping distribution of HSV-2 and STHs in endemic regions, STH/HSV-2 co-

infections are underexplored, particularly in comparison to STH/HIV and STH/HPV co-infection 

studies (Pillay et al., 2024). This may be due, in part, to the asymptomatic nature of HSV-2, which 

results in underdiagnosis and underreporting (Mathew and Sapra, 2024). However, there is 

emerging evidence that STH-induced immunomodulation can exacerbate HSV-2-related 

pathology (Chetty et al., 2021).  

A recent experimental study found that Nippostrongylus brasiliensis (Nb), the murine counterpart 

of human hookworm, induced a Th2 immune profile in the vaginal tract, which was associated 

with increased ulceration and worsened HSV-2 pathology. This effect was driven by IL-5 and 

eosinophilic inflammation and occurred independently of IL-4 receptor alpha signaling (Chetty 

et al., 2021). 

At the molecular level, the host response to STH/HSV-2 co-infection may be orchestrated by 

complex regulatory networks involving microRNAs (miRNAs) and messenger RNAs (mRNAs). 

MiRNAs are small, non-coding RNA molecules that regulate gene expression post-

transcriptionally by targeting mRNAs for degradation or translational repression (Bernardo et al., 

2012). Host-derived miRNAs are critical for modulating normal immune responses, while host- 

and pathogen-derived miRNAs are implicated in various infectious and inflammatory diseases 

(Gonzalez Plaza, 2016, Chandan et al., 2020), including STH and HSV-2 infections (Entwistle 

and Wilson, 2017, Dass et al., 2023). Moreover, dysregulated miRNAs are increasingly 

implicated in the development of cancers, including those affecting the female reproductive tract 

(Nothnick, 2012, Logan and Hawkins, 2015, Duică et al., 2020, Chauhan et al., 2024).  

Similarly, changes in mRNA expression offer insight into host gene expression and immune 

activation during infection, providing insight into disease progression and immune dysregulation 

at a transcriptional level (Bhassu and Sareshma, 2021). In the context of STH/HSV-2 co-infection, 
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FGT-specific miRNA and mRNA profiling may reveal key mechanisms by which STHs alter 

HSV-2-specific immune responses and modulate susceptibility to disease. Advances in high-

throughput sequencing and bioinformatics allow for comprehensive analyses of these complex 

interactions to identify key molecular pathways involved in host-pathogen interactions, immune 

regulation, and disease progression (Bernardo et al., 2012, Bhassu and Sareshma, 2021).   

Understanding the immunological interplay between STHs and HSV-2 at a molecular level is of 

particular importance in SSA, where these infections are highly prevalent and health systems are 

under-resourced. Co-infections may complicate clinical management, exacerbate morbidity, and 

increase susceptibility to other STIs, infertility, and malignancy (Chetty et al., 2020, Pillay et al., 

2024). Despite their potential significance, the immunological consequences of STH/HSV-2 co-

infections remain poorly characterized, representing a critical gap in the current literature. 

1.2 Study Rationale 

Although the individual effects of STHs and HSV-2 infections on host immunity have been well 

studied (Chew et al., 2009, Chan et al., 2011, McSorley and Maizels, 2012, Harris and Loke, 

2017, Rapin and Harris, 2018), there is a paucity of research examining the impact of STH/HSV-

2 co-infection, particularly in the context of immune regulation and disease progression within 

the FGT. The potential of STH-induced immunomodulation to alter anti-HSV-2 immune 

responses remains largely unknown. Furthermore, how STH/HSV-2 co-infections impact post-

transcriptional regulatory mechanisms, particularly miRNA-mediated gene regulation, and their 

potential contribution to cervical carcinogenesis, has not yet been investigated.  

This study sought to address this gap by investigating the impact of acute Nb and HSV-2 co-

infection on the miRNA and mRNA expression profiles of the murine FGT. By comparing 

changes in miRNA and mRNA expression during single and co-infection, this study sought to 

elucidate whether Nb-induced immunomodulation may alter HSV-2-induced immune responses, 

and potentially influence pathways associated with cervical cancer progression. 

The findings from this work provide novel insights into the molecular mechanisms of co-

infection, with broader implications for understanding immune regulation at mucosal surfaces, 

improving infection control strategies, and informing future integrated treatment and vaccine 

development efforts targeting STHs and HSV-2. 
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1.3 Aim 

The overarching aim of this study was to investigate how co-infection with the murine hookworm, 

Nb, modulates miRNA and mRNA expression in the FGT of mice, and to determine whether 

these transcriptomic changes influence (i) immune responses to HSV-2 and (ii) molecular 

pathways implicated in cervical carcinogenesis. 

1.4 Study Hypothesis 

Co-infection with the hookworm Nb alters the miRNA and mRNA expression profiles of the 

murine female genital tract, reflecting an immunomodulatory environment that alters host 

immune responses to HSV-2 and influences molecular pathways implicated in cervical cancer 

development. 

1.5 Objectives 

The study objectives and sub-objectives are described below: 

Objective 1: To conduct a literature review and advocate for research into STH/HSV-2 co-

infections. 

a. To conduct a comprehensive literature review on STH/HSV-2 co-infections, highlighting 

current knowledge gaps, synthesising emerging evidence, and advocating for increased research 

efforts into STH/HSV-2 co-infections and their implications for female reproductive health. 

Objective 2: To conduct miRNA profiling of the murine FGT, identification, and validation of 

differentially expressed (DE) miRNAs. 

a. To characterise and compare the expression of miRNAs in murine FGT tissues following acute 

single and co-infection with Nb and HSV-2 using next-generation sequencing (NGS). 

b. To validate a subset of DE miRNAs using real-time quantitative PCR (RT-qPCR). 

Objective 3: To predict the functional significance of DE miRNAs by using bioinformatics tools 

to predict immune-related gene targets, regulatory interactions, and potential involvement in 

cervical cancer-associated molecular pathways. 

a. To identify immune-related target genes of DE miRNAs using bioinformatics tools. 

b. To predict miRNA-mRNA regulatory interactions associated with host immunity using 

bioinformatics tools. 
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c. To identify the potential involvement of DE miRNAs in molecular pathways linked to cervical 

carcinogenesis using bioinformatics tools. 

Objective 4: To conduct mRNA profiling of the murine FGT, identify differentially expressed 

genes (DEGs) and conduct functional annotation. 

a. To characterise and compare mRNA expression in the murine FGT following acute single and 

co-infection with Nb and HSV-2 using NGS technology. 

b. To identify DEGs, hub genes, and functional gene modules involved in immune responses and 

disease-related pathways using bioinformatics tools. 

1.6 Overview of Study Design and Methodology 

This exploratory study was designed to examine the impact of acute Nb and HSV-2 co-infection 

on the miRNA and mRNA expression profiles of the murine FGT in the context of host immunity. 

By characterising and comparing changes in miRNA and mRNA expression during single and 

co-infection, this study sought to elucidate whether Nb-induced immunomodulation may alter 

immune responses to HSV-2, and potentially influence pathways associated with cervical cancer. 

To achieve this, a well-established female BALB/c mouse model was used (Chetty et al., 2021), 

and FGT tissue samples were analysed using NGS and various bioinformatics approaches were 

employed for downstream analyses of DE miRNAs and mRNAs. 

The BALB/c mouse model was selected due to its established use in immunological studies and 

well-characterised immune responses to STH/HSV-2 co-infection (Chetty et al., 2021). Typically, 

BALB/c mice exhibit a Th2-biased immune response, which makes them suitable for studying 

the immune dynamics of STH infections. Nb is widely used in murine models and is a robust 

model for human hookworm, due to similarities in its life cycle, ease of infection, and ability to 

elicit Th2 immune responses in the host (Camberis et al., 2003, Bouchery et al., 2017).  Following 

subcutaneous inoculation, infective third-stage Nb larvae (L3) undergo a tissue migratory phase, 

penetrating the skin and migrating via the bloodstream to the lungs. After traversing the 

pulmonary alveoli, the larvae ascend the trachea, are swallowed, and reach the small intestine, 

where they mature into adult worms. The infection is self-resolving, with adult worms typically 

expelled within 10 - 13 days (Camberis et al., 2003). 

Similarly, BALB/c mice have been used extensively in HSV-2 pathogenesis, antiviral immunity, 

and vaccine development studies, allowing for reliable infection of the FGT and studying innate 

and adaptive immune responses elicited by HSV-2 (Linehan et al., 2004, Parr et al., 1994, Byers 
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et al., 2012, McLean et al., 2012, Marshak et al., 2014, Chetty et al., 2021). Female mice are used 

to model vaginal HSV-2 infection after they reach sexual maturity, between 5 and 6 weeks of age. 

The BALB/c strain is preferred due to its ease of use and enhanced susceptibility to HSV-2. At 

puberty, female mice experience cyclical fluctuations in sex hormones, progressing through four 

estrous stages: proestrus, estrous, metestrus, and diestrus. As these hormonal changes influence 

the host’s vulnerability to HSV-2, exogenous progesterone administration is required to 

synchronize the estrous cycle and reduce inter-animal variability. Additionally, progesterone 

treatment induces thinning of the vaginal epithelium, thereby enhancing viral uptake (Linehan et 

al., 2004, Parr et al., 1994, Byers et al., 2012, McLean et al., 2012, Marshak et al., 2014, Chetty 

et al., 2021). To model HSV-2 infection in mice, progesterone-treated female mice are 

anaesthetized and intravaginally inoculated with HSV-2. The virus initially infects the vaginal 

epithelium, leading to epithelial damage, genital inflammation, and ulcer formation, which are 

typically observed by day 3 post-infection. As the infection progresses, the virus disseminates to 

adjacent urogenital and gastrointestinal tissues, including the vulva, urethra, bladder, and rectum. 

Clinically, this manifests as perianal swelling, urinary retention, and constipation. In severe 

infection, the disease advances to the development of purulent genital lesions, neurological 

involvement marked by hind limb paralysis, and death (Marshak et al., 2014). 

As highlighted earlier, a previously described murine model was employed in this study (Chetty 

et al., 2021). Female BALB/c mice aged 6-10 weeks were randomly allocated to four 

experimental groups (n = 6 per group): (1) Nb-only infection, (2) HSV-2-only infection, (3) co-

infection with Nb and HSV-2, and (4) uninfected controls. To synchronize the estrous cycles, all 

mice received a subcutaneous injection of 2 mg Depo-Provera seven days prior to experimental 

procedures. On day 7, mice in Groups 1 and 3 were subcutaneously inoculated with 500 third-

stage Nb larvae (L3). Subsequently, on day 14, mice in Groups 2 and 3 were intravaginally 

inoculated with HSV-2. All mice were euthanized two days after HSV-2 challenge, and FGT 

tissues (excluding ovaries) were harvested for comparative analysis of infection-associated 

changes in miRNA and mRNA expression profiles. Next-generation sequencing (NGS) was used 

to assess both miRNA and mRNA expression, and was selected for its sensitivity, accuracy, and 

ability to provide a global, unbiased characterisation of miRNA and mRNA expression (Bernardo 

et al., 2012, Bhassu and Sareshma, 2021). miRNA sequencing was used to identify DE miRNAs, 

and mRNA sequencing (RNA-sequencing) was concurrently conducted. This approach allowed 

for a comprehensive analysis of infection-associated transcriptomic changes in the murine FGT. 

Following sequencing, various bioinformatics tools were used to process and analyze the large 

datasets generated through NGS. This involved quality control, alignment, normalization, and 
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differential expression analyses using established pipelines (Sun et al., 2014, Jiang et al., 2024). 

Additionally, miRNA-mRNA interaction prediction tools and databases were employed to 

construct regulatory networks related to miRNA targets and their immunological relevance. These 

analyses allowed for the identification of key target genes and miRNAs potentially linked to 

immune-related and cervical cancer-related pathways. Functional enrichment analyses, including 

core expression analysis, Gene Ontology, Kyoto Encyclopaedia of Genes and Genomes (KEGG), 

and Reactome pathway analysis were also conducted to identify biological processes and 

signaling pathways modulated by infection. 

Taken together, this integrative approach allowed for comprehensive analyses of the molecular 

responses to single and co-infection within the FGT, offering novel insights into how Nb and 

HSV-2 co-infection may influence immunity and disease progression in the FGT. 

All experimental procedures were conducted in strict compliance with regulatory ethical 

standards guiding animal research (National Health Research Ethics Council, 2024). Approval to 

conduct this study was granted by the Animal Research Ethics Committee of the University of 

KwaZulu Natal (approval number: AREC/00005911/2023). The details of the experimental 

procedures and methods employed in this study are comprehensively described in the Materials 

and Methods Sections of the publications presented in Chapters 3 and 4. 

1.7 Thesis Outline 

This thesis is presented in publication format and adheres to the guidelines for thesis submission 

by publication as stipulated by the University of KwaZulu Natal. The thesis comprises five 

chapters. Five articles have been published and are formatted according to the journal 

requirements. The chapters of the thesis are as follows: 

Chapter 1: This chapter includes the introduction to the study, comprising the background, study 

rationale, aims, objectives, overview of the study design and methodology, and the thesis outline.  

Chapter 2: This chapter addresses Objective 1 of this study.  

Objective 1: To conduct a literature review and advocate for research into STH/HSV-2 co-

infections. 

a. To conduct a comprehensive literature review on STH/HSV-2 co-infections, highlighting 

current knowledge gaps, synthesising emerging evidence, and advocating for increased research 

efforts into STH/HSV-2 co-infections and their implications for female reproductive health. 

The chapter comprises three publications:  
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Publication 1: Herpes simplex virus type 2 in sub-Saharan Africa and the potential impact of 

helminth immune modulation. [Published in Frontiers in Cellular and Infection Microbiology 

Journal] 

Publication 2: Potential Interactions Between Soil-Transmitted Helminths and Herpes Simplex 

Virus Type II: Implications for Sexual and Reproductive Health in Sub-Saharan African. 

[Published in MDPI Biology] 

Publication 3: Exploring microRNA-Mediated Immune Responses to Soil-Transmitted Helminth 

and Herpes Simplex Virus Type 2 Co-Infections. [Published in MDPI Diseases] 

Chapter 3: This chapter addresses Objectives 2 and 3 of this study. 

Objective 2: To conduct miRNA profiling of the murine FGT, identification, and validation of 

differentially expressed (DE) miRNAs. 

a. To characterise and compare the expression of miRNAs in murine FGT tissues following acute 

single and co-infection with Nb and HSV-2 using next-generation sequencing (NGS). 

b. To validate a subset of DE miRNAs using real-time quantitative PCR (RT-qPCR). 

Objective 3: To predict the functional significance of DE miRNAs by using bioinformatics tools 

to predict immune-related gene targets, regulatory interactions, and potential involvement in 

cervical cancer-associated molecular pathways. 

a. To identify immune-related target genes of DE miRNAs using bioinformatics tools. 

b. To predict miRNA-mRNA regulatory interactions associated with host immunity using 

bioinformatics tools. 

c. To identify the potential involvement of DE miRNAs in molecular pathways linked to cervical 

carcinogenesis using bioinformatics tools. 

 

The chapter comprises Publication 4: Characterisation of microRNA expression profiles of murine 

female genital tracts following Nippostrongylus brasiliensis and Herpes Simplex Virus type 2 co-

infection. [Published in MDPI Microorganisms] 

Chapter 4: This chapter addresses Objective 4 of this study. 

Objective 4: To conduct mRNA profiling of the murine FGT, identify differentially expressed 

genes (DEGs) and conduct functional annotation. 
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a. To characterise and compare mRNA expression in the murine FGT following acute single and 

co-infection with Nb and HSV-2 using NGS technology. 

b. To identify DEGs, hub genes, and functional gene modules involved in immune responses and 

disease-related pathways using bioinformatics tools. 

The chapter comprises Publication 5: Exploring gene expression changes in murine female genital 

tract tissues following single and co-infection with Nippostrongylus brasiliensis and Herpes 

Simplex Virus type 2. [Published in MDPI Pathogens] 

Chapter 5: This chapter focuses on the study's synthesis, conclusion, and directions for future 

research. 
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CHAPTER TWO 

 LITERATURE REVIEW 

2.1 Herpes simplex virus type 2 in sub-Saharan Africa and the potential impact of 

helminth immune modulation 

Herpes simplex virus type 2 (HSV-2) and helminths, including schistosomiasis and soil-

transmitted helminths, pose significant public health challenges, particularly in sub-Saharan 

Africa (SSA). The high prevalence and overlapping geographical distribution of both pathogens 

means that a large proportion of the sub-Saharan African population may be co-infected, with 

potential consequences for HSV-2 outcomes. It is well established that helminth-induced immune 

modulation influences the outcomes of bystander infectious and non-infectious diseases. 

However, given its predominantly asymptomatic nature, how helminths influence HSV-2 is 

understudied when compared to priority sexually transmitted viral infections, such as HIV and 

HPV (Chetty et al., 2020). Concernedly, epidemiological and immunological evidence on HSV-2 

and helminth co-infections are grossly lacking, and whether helminths alter host immune 

responses to HSV-2 remains unclear. It is imperative that the true burden of HSV-2 and helminth 

co-infections is assessed, and the potential impact of helminth-induced immune modulation on 

HSV-2 outcomes is determined. Such studies are timely and necessary for developing and 

implementing preventative and therapeutic strategies aimed at mitigating the burden of both 

infections in SSA. To address this critical gap in knowledge, a perspective piece entitled: “Herpes 

simplex virus type 2 in sub-Saharan Africa and the potential impact of helminth immune 

modulation” was published in Frontiers in Cellular and Infection Microbiology.  This 

perspective piece sought to articulate the relevance of exploring the potential impact of helminth-

driven immune modulation on HSV-2 outcomes. By drawing from existing evidence of helminth-

induced immune modulation on priority diseases in SSA and emphasizing gaps in our current 

understanding of HSV-2 and helminth co-infections, it aimed to stimulate pertinent discussions 

in this neglected area of research. The published PDF version, which is formatted according to 

the journal’s requirements, is shown below.  

1. Pillay, R., Naidoo, P. & Mkhize-Kwitshana, Z. L. 2024. Herpes simplex virus type 2 in sub-

Saharan Africa and the potential impact of helminth immune modulation. Frontiers in Cellular 

and Infection Microbiology, 14. (Impact Factor = 4.6) [Presented as per Frontiers in 

Cellular and Infection Microbiology Journal format requirements] 
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2.2 Potential Interactions Between Soil-Transmitted Helminths and Herpes 

Simplex Virus Type II: Implications for Sexual and Reproductive Health in Sub-

Saharan African 

Sub-Saharan Africa (SSA) bears a disproportionate burden of soil-transmitted helminths (STHs) 

and sexually transmitted infections (STIs), including herpes simplex virus type 2 (HSV-2). 

Considering this epidemiological overlap, co-infections are likely and may profoundly impact 

sexual and reproductive health (Chetty et al., 2020). Immunologically, STHs and HSV-2 elicit 

opposing immune responses – HSV-2 typically induces a pro-inflammatory T-helper 1 (Th1) 

response, whereas STHs stimulate a potent T-helper 2 (Th2) and anti-inflammatory phenotype in 

the infected host (Chetty et al., 2020). Additionally, the immunomodulatory effects of STHs could 

potentially alter HSV-2 pathology by dampening Th1 responses, leading to enhanced viral 

replication, more frequent viral reactivations, and more severe clinical symptoms (Chetty et al., 

2021). If this is indeed the case, sexual and reproductive health, as well as clinical management 

practices and therapeutic strategies could be profoundly impacted. Therefore, a nuanced 

understanding of the immunological interactions between STHs and HSV-2 is required. Focussed 

epidemiological and immunological data could potentially inform public health policies, leading 

to integrated control measures that address both STHs and HSV-2 infections simultaneously. This 

is particularly relevant in SSA and co-endemic regions, where targeted interventions can 

significantly mitigate the overall disease burden. This is discussed in the review paper entitled: 

“Potential Interactions Between Soil-Transmitted Helminths and Herpes Simplex Virus 

Type II: Implications for Sexual and Reproductive Health in Sub-Saharan African”, which 

was published in MDPI Biology. This paper sought to outline the epidemiology of STHs and 

HSV-2 in SSA and review current knowledge on host immune responses to both pathogens. By 

evaluating the immunomodulatory effects of STHs on other viral pathogens, this paper 

hypothesised how STHs may influence HSV-2 outcomes, and how their co-occurrence may have 

broader implications for sexual and reproductive health in SSA, including pertinent sexual and 

reproductive health issues, such as HIV, cervical cancer, and infertility. The paper emphasized 

the clinical significance of STH/HSV-2 co-infections and the need for focused research and 

integrated strategies for their detection and management in SSA. The published PDF version, 

which is formatted according to the journal’s requirements, is shown. 

Pillay, R., Naidoo, P., Duma, Z., Bhengu, K., Mpaka - Mbatha, M., Nembe-Mafa, N. & 

Mkhize-Kwitshana, Z. L. 2024. Potential Interactions Between Soil-Transmitted Helminths 

and Herpes Simplex Virus Type II: Implications for Sexual and Reproductive Health in Sub-

Saharan African. Biology, 13, 1050. (Impact Factor = 3.6) [Presented as per MDPI 

Biology Journal format requirements] 
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2.3 Exploring microRNA-Mediated Immune Responses to Soil-Transmitted 

Helminth and Herpes Simplex Virus Type 2 Co-Infections 

In recent years, our understanding of the regulatory roles of microRNAs (miRNAs) has 

significantly improved. MiRNAs are single-stranded, non-coding RNAs that regulate gene 

expression at a post-transcriptional level (Bernardo et al., 2012). It is now well understood that 

miRNAs regulate a wide range of biological processes, including host immunity. Moreover, 

dysregulated miRNA expression is observed in various infectious and non-infectious diseases 

(Gonzalez Plaza, 2016, Chandan et al., 2020). Similarly, dysregulated expression of miRNAs, 

both host- and pathogen-derived, and their immune-related functions, have been reported in soil-

transmitted helminth (STH) and herpes simplex virus type 2 (HSV-2) infections (Entwistle and 

Wilson, 2017, Dass et al., 2023). However, little is known about how miRNAs regulate the 

immune response to STH/HSV-2 co-infection. Exploring the regulatory role of miRNAs in this 

scenario provides a novel lens through which to understand the immunological interactions 

between these pathogens. Recent advances in molecular biology, such as high throughput 

sequencing and access to bioinformatics tools, provide new avenues for studying these potentially 

complex immunological interactions at the level of miRNA expression. Insights into specific 

miRNA expression profiles and the genes they regulate during STH/HSV-2 co-infections can help 

identify novel biomarkers of infection and therapeutic strategies aimed at mitigating infection 

burdens in co-endemic regions. This is discussed in the review article entitled: “Exploring 

microRNA-Mediated Immune Responses to Soil-Transmitted Helminth and Herpes 

Simplex Virus Type 2 Co-Infections”, which was published in MDPI Diseases. This article 

discussed the potential influence that STH co-infection may have on host immunity to HSV-2. 

Specifically, the article explored how miRNAs contribute to both STH and HSV-2 infections and 

offered insights into how miRNAs may potentially mediate immune responses to STH/HSV-2 

co-infections. Through this integrative approach, the article sought to offer a comprehensive 

framework for future research into STH/HSV-2 co-infections. The published PDF version, which 

is formatted according to the journal’s requirements, is shown below.  

Pillay, R., Naidoo, P. & Mkhize-Kwitshana, Z. L. 2025. Exploring microRNA-Mediated 

Immune Responses to Soil-Transmitted Helminth and Herpes Simplex Virus Type 2 Co-

Infections. Diseases, 13, 6. (Impact Factor = 2.9) [Presented as per MDPI Diseases 

Journal format requirements] 
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CHAPTER THREE 

RESULTS 

3.1 Characterization of microRNA expression profiles of murine female genital 

tracts following Nippostrongylus brasiliensis and Herpes Simplex Virus type 2 co-

infection 

The dominant T-helper 2 (Th2) immune phenotype elicited by soil-transmitted helminths (STHs) 

are known to extend beyond the primary site of infection, impacting immunity to unrelated 

infections at distal sites, including the female genital tract (FGT) (Chetty et al., 2020). 

Understanding the bystander effects of STHs on FGT immunity is important in the context of 

sexually transmitted infections (STIs). STH-driven immune modulation has been shown to alter 

murine FGT immune responses to HSV-2, leading to enhanced HSV-2 pathology (Chetty et al., 

2021). However, the molecular mechanisms underlying these changes in the FGT are less 

understood. In particular, the role of miRNAs, which are integral post-transcriptional mediators 

of immune responses and cellular signaling pathways, has not been previously studied. Exploring 

miRNA expression profiles can provide deeper insights into the FGT response to STH/HSV-2 co-

infection; changes in miRNA expression profiles during STH/HSV-2 co-infections may uncover 

unique molecular mechanisms of pathogen synergy or antagonism. Therefore, to further explore 

the impact of STH/HSV-2 co-infection on the FGT, the article entitled “Characterization of 

microRNA expression profiles of murine female genital tracts following Nippostrongylus 

brasiliensis and Herpes Simplex Virus type 2 co-infection”, which was published in MDPI 

Microorganisms, is presented below. This exploratory study focused on FGT miRNA expression 

profiles following acute single infection with Nippostrongylus brasiliensis (Nb) or HSV-2 or 

Nb/HSV-2 co-infection using a BALB/c murine model. This study provides novel insights into 

the expression of murine FGT miRNAs during infection with Nb and/or HSV-2 by providing 

miRNAs associated with host immune responses and disease processes. In addition, the study 

leveraged bioinformatics tools to predict the possible gene targets and pathways associated with 

differentially expressed miRNAs during single and co-infection.  

Pillay, R., Naidoo, P. & Mkhize-Kwitshana, Z. L. 2025. Characterization of microRNA 

Expression Profiles of Murine Female Genital Tracts Following Nippostrongylus brasiliensis 

and Herpes Simplex Virus Type 2 Co-Infection. Microorganisms, 13, 1734. (Impact Factor 

= 4.2) [Presented as per MDPI Microorganisms Journal format requirements] 
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CHAPTER FOUR 

RESULTS 

4.1 Exploring gene expression changes in murine female genital tract tissues following 

single and co-infection with Nippostrongylus brasiliensis and Herpes Simplex Virus type 2 

As highlighted earlier, soil-transmitted helminths (STHs) and herpes simplex virus type 2 (HSV-

2) elicit opposing host immune responses – HSV-2 typically requires a robust T-helper 1 (Th1) 

pro-inflammatory response for effective anti-viral control, while STHs typically induce a 

dominant T-helper 2 (Th2) and anti-inflammatory phenotype. STH-driven Th2 immune responses 

are known to downregulate Th1 anti-viral responses with subsequent deleterious outcomes 

(Chetty et al., 2020). In the setting of STH/HSV-2 co-infection, these opposing immune responses 

may potentially impact host control of HSV-2 (Chetty et al., 2021). Gene expression changes, 

particularly at the primary site of HSV-2 infection, can help identify localized changes associated 

with the immune and disease pathways. In this context, studying the changes in gene expression 

profiles in the female genital tract (FGT) can improve our understanding of how the host responds 

to co-infection with both pathogens. The article entitled “Exploring gene expression changes in 

murine female genital tract tissues following single and co-infection with Nippostrongylus 

brasiliensis and Herpes Simplex Virus type 2” was published in MDPI Pathogens. This aspect 

of work investigated changes in gene expression profiles in response to single and co-infection 

with Nippostrongylus brasiliensis (Nb) and HSV-2 in the FGT, using a BALB/c murine model. 

By leveraging high-throughput sequencing, the study aimed to delineate the gene expression 

signatures associated with each infection scenario. In addition, various bioinformatics tools were 

employed to predict the protein-protein interactions, hub genes and signaling pathways influenced 

by differentially expressed genes that may play a critical role in mediating host immunity. 

Collectively, the analyses focused on identifying key immune-related genes and disease pathways 

that are modulated during these infections, providing insights into how the FGT transcriptome 

changes in response to either Nb or HSV-2 or Nb/HSV-2 challenges. 

Pillay, R., Naidoo, P. & Mkhize-Kwitshana, Z. L. 2025. Exploring Gene Expression Changes 

in Murine Female Genital Tract Tissues Following Single and Co-Infection with 

Nippostrongylus brasiliensis and Herpes Simplex Virus Type 2. Pathogens, 14, 795. (Impact 

Factor = 3.3) 

[Presented as per MDPI Pathogens Journal format requirements] 
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CHAPTER FIVE 

SYNTHESIS, CONCLUSION AND FUTURE DIRECTIONS 

5.1 Introduction 

This synthesis chapter highlights the key findings of this thesis, which investigated how co-

infection with the murine hookworm Nippostrongylus brasiliensis (Nb) modulates miRNA and 

mRNA expression in the female genital tract (FGT), and whether these transcriptomic changes 

influence (i) immune responses to herpes simplex virus type 2 (HSV-2) and (ii) molecular 

pathways implicated in cervical carcinogenesis. The rationale for this study stems from a 

significant gap in our understanding of how co-infections with soil-transmitted helminths (STHs) 

and HSV-2 influence mucosal immunity and disease progression within the FGT. Both STHs and 

HSV-2 are highly prevalent in sub-Saharan Africa (SSA) and other resource-poor regions, where 

their geographical overlap increases the likelihood of co-infections. Notably, STHs induce potent 

T-helper 2 (Th2) and immunomodulatory responses that can modulate host responses to bystander 

pathogens, including viral infections such as HSV-2 (Chetty et al., 2020). This is particularly 

concerning given the role of HSV-2 as a co-factor in cervical carcinogenesis (Sausen et al., 2023), 

and recent studies suggesting that chronic STH-induced immunomodulation may also contribute 

to tumor-promoting microenvironments (Chetty et al., 2020, Clark et al., 2021, Damane et al., 

2025).  

Despite these potential risks, the immunological and epidemiological consequences of STH/HSV-

2 co-infection remain poorly understood, with only one pre-clinical study to date demonstrating 

the deleterious effects of Nb on HSV-2-associated pathology (Chetty et al., 2021). Moreover, the 

molecular mechanisms underpinning STH/HSV-2 interactions, particularly the roles of miRNA- 

and mRNA-mediated regulation in modulating host immunity and influencing disease 

progression, are unexplored. In the absence of such mechanistic insight, the potential for co-

infections to alter immune regulation, enhance disease severity, and contribute to cervical cancer 

risk in women remains largely uncharacterized. This thesis therefore provides a novel contribution 

to an underexplored area of STH/HSV-2 co-infection with potentially significant implications for 

female reproductive health. 

5.2 Summary of Key Findings 

To address the significant gap in current knowledge regarding the immunological and 

epidemiological consequences of STH/HSV-2 co-infections, this thesis began with a 

comprehensive literature review. This review underscored the substantial epidemiological overlap 

between STHs and HSV-2, particularly in SSA, where co-infections are likely but under-studied. 

The review emphasized the biological plausibility that STH-induced Th2 immune responses and 
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immunomodulatory properties may influence host susceptibility to HSV-2 infection, as well as 

the course and severity of disease. It also highlighted a broader concern, that such immunological 

interactions may contribute to long-term pathological outcomes, including cervical 

carcinogenesis. On this basis, the literature review advocated for focused research into the 

epidemiological and immunological dynamics of STH/HSV-2 co-infections and their potential 

implications for sexual and reproductive health (Chapter 2). 

In addition, the review explored the roles of host- and pathogen-derived miRNAs as critical 

regulators of immune responses in STHs and HSV-2 infections. This provided a conceptual 

framework for investigating how miRNA-mediated post-transcriptional regulation might 

modulate immune responses during co-infection and potentially contribute to disease progression 

(Chapter 2).  

Building on this foundation, a key objective of the experimental work was to characterise miRNA 

expression profiles in the murine FGT following single and co-infection with Nb and HSV-2. 

Using miRNA-sequencing and a bioinformatics approach, differentially expressed (DE) miRNAs 

were identified in the singly infected groups, several of which are known to regulate immune 

pathways. Specifically, when compared to the uninfected controls, eight and nine DE miRNAs 

were identified in the Nb-infected and HSV-2-infected mice, respectively (p < 0.05, |logFC| ≥ 1). 

Selected DE miRNAs were validated using RT-qPCR and results were consistent with those 

observed through sequencing. In contrast, only one DE miRNA was observed in the co-infected 

group, likely reflecting a combination of the immunomodulatory influence of Nb, potential 

antagonism of opposing T-helper 1 (Th1) and Th2 immune responses, and technical limitations 

in detecting subtle changes in the co-infected group (Chapter 3). 

Importantly, several of the DE miRNAs identified in this study have been previously implicated 

in female reproductive tract cancers, suggesting that infection-driven miRNA dysregulation may 

overlap with pathways relevant to cervical cancer. Ingenuity Pathway Analysis (IPA) further 

supported these observations, with DE miRNAs and their predicted mRNA targets enriched in 

key immune-related pathways: neutrophil degranulation, interleukin-4 and interleukin-13 

signaling, natural killer cell signalling, interferon alpha/beta signalling, and ISGylation. Although 

IPA did not predict direct links to cervical cancer, several enriched canonical and disease-

associated pathways were associated with infection, inflammation, and cancer, particularly in the 

co-infected group (Chapter 3).  

To complement the miRNA findings, mRNA profiling was conducted using RNA-sequencing and 

various bioinformatics tools. Distinct transcriptional signatures were observed in the FGT 

following single infection with either Nb or HSV-2, with significant differentially expressed genes 
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(DEGs) relative to uninfected controls (adjusted p < 0.05, |logFC| ≥ 1). In the Nb-infected group, 

368 DEGs were identified (356 upregulated and 12 downregulated), including immune-associated 

genes such as Ptprc, Ccl11, Ccr2, and Cx3cr1. Pathway enrichment and network analyses 

revealed significant immune-related functions, and Th2-associated genes, characteristic of a Nb-

induced Th2 immune signature within the FGT, an anatomically distal site from the parasite’s 

intestinal niche. This finding demonstrates that Nb induces systemic immunomodulation, with 

transcriptional signatures in the FGT consistent with Th2 polarization and the suppression of pro-

inflammatory immune-related genes (Chapter 4). 

Similarly, HSV-2 infection induced 140 DEGs (121 upregulated, 19 downregulated), including 

immune-related transcripts such as Ldlr, Camk1d, Lrp8, and Epg5. Functional enrichment 

highlighted not only immune-related pathways but also processes related to the mitotic cell cycle, 

DNA replication, and sterol biosynthesis, features that have relevance in viral pathogenesis and 

host immunity (Chapter 4).  

Notably, mirroring the miRNA findings, no significant DEGs were identified between uninfected 

and co-infected groups at the mRNA level. This reinforces the hypothesis that Nb-induced 

immunomodulation may suppress the host transcriptional response to HSV-2, potentially 

dampening antiviral immunity and influencing the trajectory of infection or disease progression 

(Chapter 4). 

Taken together, the analyses of miRNA and mRNA data offer novel and complementary insights 

into how immune responses are modulated during single and co-infection with Nb and HSV-2. 

This study provides the first transcriptomic evidence that helminth-induced immunomodulation 

in the FGT may alter host responses to HSV-2 infection and dysregulate molecular pathways 

associated with inflammation and cancer. Given the oncogenic potential of HSV-2 and the 

immunomodulatory capacity of STHs, these findings underscore the need for deeper mechanistic 

investigations into co-infection dynamics and their implications for HSV-2 outcomes and cervical 

cancer risk in co-endemic regions. 

5.3 Limitations of the study 

This study has several limitations that should be acknowledged. Firstly, the relatively small 

sample size per experimental group may have reduced the statistical power to detect subtle but 

biologically relevant changes in miRNA and mRNA expression profiles, particularly for low-

abundance or moderately regulated miRNAs and genes. It is acknowledged that in mouse 

experiments, n = 6 is frequently used. Moreover, for this study, the sample size was calculated as 

n = 6, based on a power of 80%, and effect size of 1.9, in line with previous data (Chetty et al., 

2021). However, in the context of analysing large datasets, such as RNA sequencing datasets, 
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recent studies recommend a larger n (e.g. 8 - 12 mice per group) to maximize true discoveries and 

minimize false positives, especially for detecting more subtle or low-expression transcriptomic 

changes (Halasz et al., 2025). Considering this, the relatively small sample size is described as 

limitation in this study. In addition, a key objective of this study was to predict the functional 

significance of DE miRNAs by using bioinformatics tools to predict immune-related gene targets, 

regulatory interactions, and potential involvement in cervical cancer-associated molecular 

pathways. While several DE miRNAs were associated with cancers of the female reproductive 

tract, the core expression analysis did not specifically identify cervical cancer as a significantly 

enriched disease. Instead, the expression analysis identified cancer in general as significantly 

enriched, particularly in the co-infected group. This may reflect limitations in pathway annotation 

databases or the complexity of cervical carcinogenesis, which may not have been fully captured 

in the model of acute infection employed in this study. While this has been identified as a 

limitation in keeping with the study’s objectives, it is also acknowledged that the enrichment of 

cervical cancer-specific pathways should not necessarily be expected, given the substantial 

overlap in cancer signalling networks across different cancers. Furthermore, due to resource 

constraints, only a subset of DE miRNAs was validated by RT-qPCR, limiting the validation of 

the entire dataset of DE miRNAs. An integrated analysis of the miRNA and mRNA sequencing 

datasets was not performed. Budgetary constraints precluded access to fully licensed 

bioinformatics software, thereby limiting the integrated multi-omics analysis of the single Nb and 

HSV-2 infection groups. The miRNA and mRNA expression profiling were also confined to a 

single time point post-infection, providing only a snapshot of the host response rather than 

capturing transcriptomic changes over time. In addition, although bioinformatic analyses 

predicted several relevant miRNA and mRNA interactions, functional validation was not 

performed to confirm direct regulatory relationships. Despite these limitations, the study offers 

novel insights into Nb/HSV-2 co-infection and its potential role in modulating immune- and 

cancer-related pathways in the FGT, providing a valuable foundation for future studies using 

human tissues or clinical cohorts. 

5.4 Conclusion and Future Directions 

This thesis presents an integrated investigation of Nb and HSV-2 single and co-infections in the 

FGT, highlighting a complex interplay between STH-induced immunomodulation and antiviral 

responses at a molecular level. The study addresses a critical gap in our understanding of 

STH/HSV-2 co-infection and its potential role in modulating immune responses and promoting 

disease-relevant pathways, including those implicated in cancer. By combining in-depth literature 

reviews, and next-generation sequencing and bioinformatics approaches to characterise miRNA 

and mRNA expression profiles, this work provides a foundation for future studies examining the 
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molecular mechanisms underpinning STH/HSV-2 co-infection outcomes. Looking ahead, 

mechanistic studies using in vitro and in vivo models, and miRNA mimic/inhibitor approaches 

will be essential to explore the contribution of these pathways to cervical carcinogenesis. 

Functional validation of candidate miRNAs and their targets, time-course analyses, and human 

studies in co-endemic regions to assess the true burden of STH/HSV-2 co-infections, are also 

critical next steps. Ultimately, this work underscores the importance of evaluating STH/HSV-2 

co-infections in the context of host immunity and cancer risk, with implications for diagnostics, 

vaccine design, and integrated control strategies in regions where these infections are co-endemic. 
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Supplementary Figure S1: Pathology scoring was assessed between the groups post-infection.  

Footnote: Nb: Nippostrongylus brasiliensis, HSV-2: Herpes Simplex Virus type 2, Infx: Infection, EE: Experimental Endpoint 
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Supplementary Table S1: Summary of the numbers of reads, precursor and mature miRNAs, and the number of miRNAs reads with ≥5x coverage 

detected for each sample in groups: A (Uninfected controls), B (singly infected with Nb), C (singly infected with HSV-2), and D (Nb/HSV-2 co-

infected) 

 

 

 

 

 

  

Sample 

Reads sent to 

Aligner 

Precursor miRNA 

Reads 

Mature miRNA 

Reads 

Known miRNA with ≥ 

5x coverage 

A3 20119581 16688 13507171 741 

A4 22080150 4137 17162131 521 

A5 43263780 28420 31877037 881 

A6 22526233 6702 19214322 562 

A7 14224394 8600 8186252 702 

A8 4884676 2800 3063711 532 

B1 19624390 13593 11968979 746 

B2 17030994 11229 11707727 753 

B3 11648074 4165 9199198 511 

B4 11567618 3844 8804494 521 

B5 13966191 8533 9236569 745 

B6 12537759 11634 7241392 639 

C2 17625373 12412 10987299 712 

C3 15080880 11177 9437592 727 

C4 19293332 4796 16064770 482 

C5 13878779 8558 10324506 678 

C6 19629940 10223 13664854 725 

D1 18003779 3660 15570168 497 

D3 20211339 7282 13381540 518 

D4 14516633 13575 7602598 690 

D5 13704205 9591 8545108 673 

D6 7818418 3668 5984503 467 
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Supplementary Figure S2: Heat map illustrating the overall trend of miRNA expression changes across the four groups: Samples A3-8 (Uninfected 

control), B1-6 (Nb-infected), C2-6 (HSV-2-infected), and D1,3-6 (Nb/HSV-2 co-infected) 
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Supplementary Figure S3: Network showing predicted miRNA-target mRNA relationships in the comparison of Nb-infected versus uninfected controls. 



135 

 

Supplementary Figure S4: Network showing predicted miRNA-target mRNA relationships in the comparison of HSV-2-infected versus uninfected 

controls
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SUPPLEMENTARY FILE 1: LIST OF SIGNIFICANT DIFFERENTIALLY EXPRESSED GENES IDENTIFIED IN THE UNINFECTED 

FGT TISSUES VS Nb-INFECTED TISSUES 
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SUPPLEMENTARY FILE 2: LIST OF SIGNIFICANT DIFFERENTIALLY EXPRESSED GENES IDENTIFIED IN THE UNINFECTED 

FGT TISSUES VS Nb-INFECTED TISSUES 
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SUPPLEMENTARY FILE 3: GO ANALYSIS OF FUNCTIONAL MODULES: UNINFECTED FGT TISSUES VERSUS Nb-INFECTED 

TISSUES 
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SUPPLEMENTARY FILE 4: GO ANALYSIS OF FUNCTIONAL MODULES: UNINFECTED FGT TISSUES VS HSV-2-INFECTED 

TISSUES 




