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ABSTRACT 

Background: Colorectal cancer (CRC) incidence is rising in sub-Saharan Africa, where HIV and 

helminth infections remain endemic. These chronic infections induce profound immune, 

microvirome, metabolic, and epigenetic perturbations, yet their integrated contribution to CRC 

susceptibility in African populations is poorly understood. This thesis presents the first 

comprehensive investigation linking immune checkpoint dysregulation, gut DNA virome driven 

functional shifts, and stool-based methylation biomarkers in HIV-helminth co-infection, 

providing a novel, multi-dimensional view of infection-associated cancer risk. 

Methods: This retrospective observational study analysed stored samples from a peri‑urban 

community south of Durban, South Africa, collected between March 2020 and May 2021. 

Multiplex assays were performed on 78 serum samples to profile immunoregulatory markers. 

Shotgun metagenomic sequencing of 62 stool samples was conducted to characterise the gut 

virome and assess epigenetic and metabolic signatures. Fecal occult blood testing was also 

evaluated as a potential non‑invasive CRC screening tool. 

Results: Multiplex immune assays showed that HIV infection elevated PD-1 (adjusted β = 0.12, 

p = 0.034) and TIM-3 (β = 23.15, p = 0.052) while reducing CD28 (β = -651.95, p = 0.010). 

Helminth infection increased TIM-3 (β = 20.98, p = 0.020), and co-infection elevated PD-1 (β = 

0.18, p = 0.0046) and PD-L2 (β = 7.95, p = 0.033), with marked CD28 downregulation across all 

infected groups, indicating a sustained immunosuppressive state conducive to tumor escape. Stool 

DNA showed strong virome convergence between CRC and HIV-helminth co-infected groups (p 

< 2.2 × 10⁻¹⁶). Functional enrichment included tRNA modification GTPase (K03650) and 

adenine-specific DNA methylase (COG2189) as shared viral epigenetic signatures, alongside 

distinct metabolic reprogramming, particularly butyrate metabolism, oxidative stress response, 

and polyamine biosynthesis. These pathways were consistently enriched across CRC, helminth-

only, and HIV-helminth co-infected groups and are associated with promoting tumor initiation, 

immune evasion, and disease progression.and progression. Stool-based methylation assays 

detected vimentin methylation in 90% of CRC cases and at high frequencies in infected groups 

(HIV: 92.9%, helminth: 93.3%, HIV-helminth co-infected: 77.9%) compared to 10% in 

uninfected controls, indicating early epigenetic reprogramming before clinical disease onset. 

Conclusion: By integrating immune, virome, metabolic, and epigenetic datasets, this thesis 

identifies convergent molecular signatures linking HIV-helminth co-infection to CRC. These 

findings advance mechanistic understanding of infection-driven oncogenesis and highlight the 

potential for non-invasive, multi-marker screening to guide precision cancer prevention in high-
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burden African settings. This work establishes a new framework for cancer risk assessment in 

populations where infectious and oncologic burdens collide. 

 

Keywords: HIV-helminth co-infection, Immune checkpoint markers, Gut DNA virome, 

Vimentin methylation, Metabolic reprogramming, Colorectal cancer risk
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CHAPTER ONE 

Introduction 
 

One of the most common infections in developing countries is helminth infection. According to 

the World Health Organization (WHO) newsroom, January 2022, over 1.5 billion people 

worldwide are infected with soil-transmitted helminths [1]. These infections affect the nutritional 

status and host immunological responses. The parasites depend on the host for nutrition and thus 

feed on the host tissues, with some causing bleeding that leads to anemia. Ascaris lumbricoides 

and Trichuris trichiura are infections that are significantly associated with malnutrition in 

children [2]. A recent global meta-analysis reported that people living with human 

immunodeficiency virus (HIV) (PLWHIV) had a higher risk of Strongyloides stercoralis 

infection, while the likelihood of hookworm infection appeared to be lower in this population. 

Among the helminths evaluated, Ascaris lumbricoides had the highest prevalence, reaching 8%, 

with Sub-Saharan Africa showing the most significant burden [3]. A study by Kaneshiro et al., 

2019 found the incidence of HIV-helminth co-infections remains high in adults at 35.4% [4]. It is 

not clear whether helminth infections increase susceptibility to HIV, or vice versa [5]. However, 

certain helminth-induced immunological phenotypes might suggest the former [6]. Whilst 

moving throughout the body, helminth infections can cause tissue damage by blocking organs 

and initiating an immune response. Their prolonged lifespan elicits chronic inflammatory 

reactions driven by the body’s persistent allergic responses [7].  

In HIV-helminth co-infections, immune alterations are amplified, primarily through Th2-skewed 

responses. The recruitment of alternatively activated (M2) macrophages shifts the immune 

balance from Th1 to Th2, promoting cytokine release and expansion of immunosuppressive 

regulatory T cells (Tregs) [8]. Tregs can suppress antiviral responses and regulate HIV replication 

[9,10], contributing to an immunosuppressive microenvironment that favors tumor development 

and progression [11]. These cells also express co-inhibitory molecules such as PD-1 and CTLA-

4, which impair antitumor immunity and facilitate immune evasion by cancer cells, increasing the 

potential risk of malignancy in co-infected patients [12,13]. 

Moreover, infections generally trigger immune responses and cause disturbances of the normal 

flora. The shift in the gut microbial signatures (dysbiosis) is associated with cancer development 

[14-16]. A complex interrelationship between infection and immunity exists within susceptible 

hosts, particularly in LMIC countries. With colorectal cancer (CRC) being the second most deadly 

cancer, accounting for 9.4% of global cancer deaths recorded in 2020, with the incidence 

estimated to increase to ~3.15 million cases by 2040 [17]. The interaction between HIV and 
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helminth infections may inadvertently increase susceptibility to CRC, yet the combined effects of 

HIV and helminth co-infection on CRC risk remain poorly understood. In particular, according 

to our knowledge, no studies to date have comprehensively examined the interaction between 

HIV-helminth co-infection, gut microvirome dynamics, and cancer-associated DNA methylation 

patterns within African populations. This represents a critical knowledge gap, especially in 

regions where the burden of these infections is highest. Furthermore, it is important that the 

immunomodulatory effects of helminths, together with HIV co-infection and its consequences, 

are thoroughly evaluated. Consequently, the inclusion of CRC predictive biomarkers in these 

patients may provide critical insights into the potential risk of cancer development. 

1.1 Study Rationale 
According to the 2022 report by Statistics SA, the total number of PLWHIV increased from an 

estimated 3.68 to 8.45 million. Alarmingly, nearly one in four South African women aged 

between 15 and 49 years is HIV positive [18]. Helminth infections remain highly prevalent in 

South Africa, particularly in impoverished areas, where over 90% of children are affected. Soil-

transmitted helminths infect an estimated 55.8% of school-aged children, with Ascaris 

lumbricoides being the most common [19]. Although prevalence has declined, rural adults 

continue to experience high infection rates (65.2%), with HIV/AIDS patients showing a 30% 

burden of intestinal parasites [20]. These neglected infections, while rarely fatal, cause significant 

morbidities such as growth stunting, cognitive impairment, blindness, and elephantiasis [21]. 

HIV is a known contributor to CRC development [22], and several helminthic parasites, including 

Schistosoma haematobium, S. japonicum, and S. mansoni, are associated with urinary bladder, 

colorectal, and hepatocellular cancers, likely through genotoxin-induced epithelial gene 

aberrations [23]. The interplay between helminths and the gut microbiome further influences CRC 

risk, with microbial metabolites from Helicobacter spp., Dietziaceae, Oxalobacteraceae, and 

Pseudomonadaceae linked to oncogenesis [23]. Emerging evidence also implicates the gut 

microvirome in CRC development, potentially promoting chronic inflammation, genetic 

mutations, and immune evasion [24]. Alterations in the gut microvirome may dysregulate immune 

checkpoints, including PD-1, CTLA-4, and TIM-3, undermining immune surveillance and 

fostering a pro-oncogenic environment [25,26]. Current CRC screening methods in resource-

limited settings are invasive and costly [27]. Differentially methylated genes (DMGs), including 

Sept9, SDC2, MGMT, NDRG4, SNAP91, APC, FOXA1, RASSF1A, and vimentin, have been 

identified as potential non-invasive biomarkers that can be utilised for early CRC detection [28]. 

Understanding these complex interactions may inform novel screening strategies and therapeutic 

approaches, ultimately improving health outcomes for affected populations.  
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1.2 Hypothesis 
We hypothesize that HIV-helminth co-infection increases susceptibility to CRC by modulating 

cancer-associated markers, including immune checkpoint expression, virome composition, and 

gene methylation patterns. 

1.3 Aims  

The overarching aim of the study was to assess the role of HIV-helminth co-infection as a 

potential risk factor for colorectal cancer in a South African adult subpopulation through the 

characterization of immunoregulatory pathways, gut virome dynamics, and epigenetic and 

metabolic alterations. Specifically, the study aimed: 

• To determine the association between HIV-helminths co-infection and immunoregulatory 

pathways that modulate antitumor immune responses. 
• To investigate the association between HIV-helminth co-infections and predictive CRC 

biomarkers, focusing on fecal occult blood and methylated vimentin gene previously 

associated with CRC. 

• To characterise the gut DNA virome and identify shared taxonomic and functional 

signatures associated with colorectal cancer risk in HIV -helminth co-infection. 

• To investigate gut virome-associated epigenetic and metabolic functional signatures 

linked to colorectal cancer susceptibility in HIV-helminth co-infection. 

1.4 Objectives 

• To assess the expression of immune regulatory molecules, including immune 

checkpoints/co-inhibitory molecules (BTLA, CD80, CD152 (CTLA4), IDO, LAG-3, PD-1, 

PD-L1, PD-L2, and TIM-3), and immune co-stimulatory molecules (CD27, CD28, CD137 

(4-1BB), GITR, HVEM) in HIV and helminth uninfected, single-infected, and co-infected 

study participants using the ProcartaPlex Human Immuno-Oncology Checkpoint Panel 1, 

14plex assay from Thermofisher Scientific. 
• To analyze the gut DNA virome profiles in stool samples from uninfected, single-infected, 

and co-infected study participants with HIV and helminths, and from CRC-confirmed 

patients, using non-specific shotgun metagenomic sequencing.  

• To assess the presence of fecal occult blood and vimentin methylation profiles in stool from 

study participants uninfected, single-infected, and co-infected with HIV and helminths, and 

CRC-confirmed patients using the FOBT and methylation-specific PCR, respectively. 

• To investigate the differential expression levels of virome-related methylated genes and 
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cancer metabolic genes in the aforementioned study groups using statistical methods. 

1.5 Overview of Study Design and Methodology 

 
Study Design 

This research was conducted as a retrospective cross-sectional sub-study nested within a larger 

ethically approved project (BE351/19). Additional ethical approval for this sub-study was 

obtained from the Biomedical Research Ethics Committee of the University of KwaZulu-Natal 

(BREC/00005458/2023). The main study was conducted between March 2020 and May 2021 in 

a peri-urban area south of Durban, KwaZulu-Natal, South Africa. 

 

Study Population and Recruitment 

Participants were purposively selected from the main study cohort based on their HIV and 

helminth infection status. The study population comprised adults aged 18 years and above who 

provided written informed consent. Participants were excluded if they were under 18 years old, 

unable to provide informed consent due to impaired cognitive ability, refused HIV testing or 

counselling, had a CD4 count of less than 200 cells/mL, or presented with chronic conditions such 

as diabetes mellitus, known malignancies, or cardiovascular diseases. Individuals with a history 

of illicit drug or alcohol abuse, or those with clinical malnutrition (BMI < 10), were also excluded. 

 

For the immunomodulatory molecule analysis, a total of 78 participants with complete datasets 

were included and stratified into four groups: HIV- and helminth-uninfected controls (n = 20), 

HIV-infected only (n = 20), helminth-infected only (n = 20), and HIV-helminth co-infected 

individuals (n = 18). For the stool methylation study, 62 participants were selected from the same 

parent cohort and stratified into the same four infection groups: HIV- and helminth-uninfected 

controls (n = 10), HIV-infected only (n = 14), helminth-infected only (n = 15), and HIV-helminth 

co-infected (n = 13). An additional 10 CRC-confirmed patients were recruited from Inkosi Albert 

Luthuli Central Hospital and Dr Pixley Ka Isaka Seme Memorial Hospital in Durban to serve as 

positive CRC controls. 

 

Sample Collection 

Whole blood and stool samples were collected from all participants in the main study and stored 

appropriately for later analyses. Serum samples were stored at -80 °C until use in immunological 

assays. Stool samples from both community participants and CRC patients were collected in 

sterile containers and processed promptly to ensure integrity for both parasitological and 

molecular analyses. 
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Parasite Detection 

Helminth infection was diagnosed through both microscopic and serological techniques. Fresh 

stool samples were examined using the Kato-Katz method for quantifying helminth eggs. A 

modified fecal parasite concentrator method (mini Parasep® SF stool concentrator kit) was used 

to increase the sensitivity of parasite detection. Additionally, serum samples were tested for 

Ascaris lumbricoides-specific IgE (>0.35 kU/L) and IgG4 (>0.15 kU/L) antibodies using the 

Phadia™ 200 instrument. 

 

HIV Detection 

HIV serostatus was determined using the Alere Determine™ HIV-1/2 Ag/Ab Combo rapid test, 

with inconclusive results confirmed by the ICT HIV-1/2 Ag/Ab test kit. Whole blood was 

analysed using the AQUIOS CL Flow Cytometer System to obtain differential white blood cell 

counts. 

 

Quantification of Immunomodulatory Molecules 

Serum levels of key immune regulatory molecules, including CD27, CD28, CD137 (4-1BB), 

GITR, HVEM, BTLA, CTLA-4, CD80, IDO, LAG-3, PD-1, PD-L1, PD-L2, and TIM-3, were 

measured using the human ProcartaPlex immunoassay kit (Invitrogen, Thermo Fisher Scientific). 

Samples and standards were prepared according to the manufacturer’s instructions, and analyte 

concentrations were determined using a Bio-Plex® 200 System with Bio-Plex Manager™ 4.0 

software for analysis. 

 

Stool DNA Extraction and Methylation Analysis 

Approximately 200 mg of stool was used for genomic DNA extraction with the 

ZymoBIOMICS™ DNA Miniprep Kit. Mechanical lysis was performed using an Omni Bead 

Ruptor 4 Bead Mill Homogenizer, followed by inhibitor removal with a Zymo-Spin™ Humic 

Removal Column. High-purity DNA was used for downstream analyses, including sequencing 

and vimentin gene methylation assessment. 

 

Bisulfite Conversion and High-Resolution Melting (HRM) Analysis 

Extracted stool DNA was subjected to bisulfite conversion to enable methylation analysis. The 

methylation status of the vimentin gene was then assessed using High-Resolution Melting (HRM) 

analysis, with appropriate fully methylated and unmethylated controls included to ensure 

accuracy. Only samples with reproducible amplification and clear melt profiles were considered 

for downstream analysis.  
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Library Preparation, Sequencing, and Bioinformatics 

DNA concentrations were quantified using the Qubit™ 4 Fluorometer and normalized for library 

construction with the Illumina® DNA Prep Kit, employing bead-linked transposome technology. 

Libraries underwent limited-cycle PCR for dual index addition, followed by purification and size 

selection. Sequencing was performed on the Illumina NextSeq 2000 platform (2 × 150 bp paired-

end reads). Bioinformatics analysis included read trimming (TrimGalore), co-assembly 

(MEGAHIT), ORF prediction (Prodigal), and taxonomic/functional annotation using 

SqueezeMeta, with further diversity and differential abundance analyses conducted in R. 

 
1.6 Thesis Outline 
This thesis follows a publication/manuscript format in compliance with the University of 

KwaZulu-Natal's thesis submission guidelines. It consists of seven chapters, including two 

published manuscripts, one under peer review, and other chapters prepared in journal-ready 

formats. Each manuscript retains the structure and formatting required by its respective journal. 

The chapters are organised as follows: 

 

Chapter 1: Introduction 

This chapter outlines the background, rationale, and significance of the study, placing the research 

within the context of infection-associated CRC risk. It presents the study hypothesis, aims, and 

objectives, and provides an overview of the subsequent chapters. 

 

Chapter 2: Inflammatory Signaling in HIV-Linked Colorectal Oncogenesis 

This chapter provides a detailed literature review on inflammatory pathways implicated in HIV-

associated CRC development. It includes the published review article: 

Unravelling the Complex Interconnection between Specific Inflammatory Signaling Pathways 

and Mechanisms Involved in HIV-Associated Colorectal Oncogenesis, published in MDPI 

Cancers, IF = 4.4. 

 

Chapter 3: Immune Modulation in HIV and Helminth Co-infection and Implications for 

Colorectal Cancer Risk 

This chapter investigates immune checkpoint alterations in HIV-helminth co-infection and their 

potential impact on CRC risk. It incorporates: 

 

A conference paper: A Closer Look at Colorectal Cancer Risk: Insights from the Complex 

Relationship of HIV, Helminths, and Immune Responses, published in Cancer Research, IF = 

16.6. 
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A published research article: HIV-Helminth Co-Infections and Immune Checkpoints: 

Implications for Cancer Risk in South Africa, published in MDPI Viruses, IF = 3.5. 

 

Chapter 4: Screening of CRC-related Gut Microvirome as a Potential Prognostic Marker for 

CRC Risk in the HIV-Helminth Co-infected Group 

This chapter presents original research on gut virome composition and its relationship to CRC 

risk in HIV-helminth co-infected individuals. The work produced a published conference paper: 

Gut virome remodeling in HIV-helminth co-infection reflects colorectal cancer-associated 

signatures in a South African cohort, published in Cancer Epidemiology, Biomarkers & 

Prevention, IF=3.4. 

 

The work produced another published conference paper: Shared gut virome profiles highlight 

potential early colorectal cancer markers in HIV-helminth co-infection, published in Cancer 

Research, IF = 16.6. 

 

The work also includes the submitted manuscript: Gut Virome Alterations in HIV-Helminth Co-

infection: Potential Links to Colorectal Cancer in South Africa, under peer review at Springer 

Nature, Archives of Microbiology, IF=2.6. 

 

Chapter 5: Identification of Specific CRC-associated Methylated Genes in HIV-Helminth Co-

infected Individuals as Potential Biomarkers 

This chapter reports on the detection of stool-based vimentin gene methylation in CRC patients 

and infection-defined groups, assessing its potential as a non-invasive biomarker for CRC 

susceptibility in HIV-helminth co-infection. The work is titled Vimentin Methylation as a 

Potential Screening Biomarker for Colorectal Cancer in HIV-Helminth Co-Infected Individuals 

as a publication in MDPI, Microbiology Research, IF=2.2. 

 

Chapter 6: Intersecting Pathways in Gut Virome, DNA Methylation, and Metabolism in 

Infection-associated CRC Risk 

This chapter integrates metagenomic, methylation, and metabolomic datasets to explore the 

overlapping biological pathways that may contribute to infection-driven CRC development. This 

work, titled Virome Remodeling Rewires Epigenetic and Metabolic Pathways Linked to 

Infection-Associated Colorectal Cancer Risk is published in Elsevier, Aspects of Molecular 

Biology. 
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Chapter 7: Synthesis 

This chapter synthesises findings from all preceding chapters, highlighting the overarching 

implications for infection-associated CRC risk in Africa. It discusses the novelty and translational 

relevance of the findings, outlines methodological and contextual limitations, and proposes 

directions for future research.  
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CHAPTER TWO 

Inflammatory Signaling in HIV-Linked Colorectal Oncogenesis 
 

This chapter presents a published literature review that synthesizes current knowledge on the role 

of chronic inflammation as a driver of colorectal cancer (CRC) in the context of HIV infection, 

with a particular focus on the interplay between virus-induced immune activation, mucosal barrier 

dysfunction, and tumor-promoting pathways. The purpose of this work is to provide a conceptual 

framework for the current study. By outlining the inflammatory mechanisms already implicated 

in HIV-associated CRC, the review establishes a basis for exploring whether similar or synergistic 

immune signatures may also arise in helminth infections, given their known capacity to induce 

chronic immune modulation. This comparative perspective is central to the present research, 

which hypothesizes that overlapping inflammatory and immunoregulatory pathways in HIV and 

helminth co-infections may contribute to a tumor-permissive gut environment. The current 

chapter provides the scientific rationale for subsequent investigations into how co-existing 

infections influence colorectal cancer risk in a South African adult population. 

 

Introduction 

South Africa is reported to have the largest number of people living with HIV (PLWHIV) in the 

world [1]. Measures to ensure that more PLWHIV are on treatment and remain on treatment are 

in place. This aligns with the Paris Declaration on Fast-Track Cities: Ending the AIDS Epidemic 

[2]. However, HIV remains a significant challenge in sub-Saharan Africa, including South Africa 

[3]. The discovery of antiretroviral therapy has improved overall survival rates. Despite these 

advances, recent cuts to United States funding for HIV programs in sub-Saharan Africa [4, 5], 

including South Africa [6, 7], raise serious concerns about a potential resurgence of the HIV 

epidemic in the region [8].  

People living with HIV have compromised immunity, making them vulnerable to various 

infections, including those caused by parasites. Helminth infections remain a significant public 

health concern, particularly in low- and middle-income countries (LMICs), where they contribute 

to high morbidity and, in some cases, mortality. While less common, these infections also occur 

in developed countries. Many cases remain undiagnosed, resulting in chronic infections and 

associated complications [9]. In addition to infectious diseases, PLWHIV are at increased risk for 

malignancies such as CRC [10].  

Emerging evidence suggests that immunomodulatory pathways driven by chronic inflammation, 

triggered by HIV, bacterial, parasitic, and viral infections, may play a critical role in CRC 
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development. These mechanisms are discussed in the published literature review included in this 

chapter. 

Review paper title: Unraveling the Complex Interconnection between Specific 

Inflammatory Signaling Pathways and Mechanisms Involved in HIV-Associated Colorectal 

Oncogenesis. Damane BP, Mulaudzi TV, Kader SS, Naidoo P, Savkovic SD, Dlamini Z, Mkhize-

Kwitshana ZL. Unraveling the Complex Interconnection between Specific Inflammatory 

Signaling Pathways and Mechanisms Involved in HIV-Associated Colorectal Oncogenesis. 

Cancers. 2023; 15(3):748. https://doi.org/10.3390/cancers15030748 

 
This paper reviews current evidence on core inflammatory signaling pathways, including toll-like 

receptor (TLR)/ nuclear factor kappa B (NF-κB)/ Interferon (IFN) molecular network and related 

cascades, and explores their relevance as potential therapeutic targets. The review also 

emphasizes the importance of considering co-existing parasitic and microbial infections in CRC 

development, which may influence disease progression and treatment responses in both HIV- 
infected and uninfected individuals. The full PDF version of the paper is included below. 
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CHAPTER THREE 

Immune modulation in HIV and helminth co-infection and implications for 
colorectal cancer risk 

 

Building on the inflammatory framework established in Chapter 2, this chapter investigates the 

role of immune modulation in HIV-helminth co-infection as a potential contributor to colorectal 

cancer (CRC) risk. While chronic inflammation is a recognised driver of oncogenesis in HIV-

associated CRC, helminth infections are also known to induce long-lasting immunoregulatory 

states that may dampen antitumor immunity. The convergence of these immune-altering 

conditions raises the possibility that co-infection may create a tumour-permissive gut 

microenvironment. This chapter aimed to determine the association between HIV-helminth co-

infection and key immunoregulatory pathways that modulate antitumor immune responses. The 

results presented here provide novel insight into the immunoregulatory landscape of HIV-

helminth co-infection and its potential implications for CRC pathogenesis in a South African adult 

population. 

Introduction 

Chronic inflammation is a well-established driver of cancer, and infections such as HIV and 

helminths are major contributors to dysregulated immune responses in populations with high 

colorectal cancer (CRC) burden. Helminth infections, which remain highly prevalent in regions 

also affected by HIV, induce a range of immunomodulatory effects that can significantly alter 

host immunity. While these effects may assist in regulating autoimmunity and allergic reactions, 

they can also disrupt vaccine pharmacodynamics and increase susceptibility to co-infections [1]. 

Helminths manipulate immune responses through several mechanisms, including targeting 

pattern recognition receptors, expanding immunosuppressive regulatory T cells (Tregs), shifting 

T helper (Th) cell responses from Th1 to Th2, inducing cytokine production, and orchestrating 

immune cell apoptosis [2].  

Beyond its effects on T cells, HIV uses monocytes as a vehicle for tissue dissemination [3], and 

the HIV-1 protein has been shown to polarize macrophages toward the M2 phenotype [4]. These 

M2-like macrophages, also referred to as tumor-associated macrophages (TAMs), are activated 

by Th2 cytokines, particularly IL-4 and IL-13 [5]. Helminth infections similarly induce M2 

macrophage polarization, a process strongly implicated in tumor initiation and progression [6]. 

The gastrointestinal tract, which contains abundant resident macrophages to maintain immune 

homeostasis, becomes a key site of vulnerability. CRC tumors secrete chemoattractants that 
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recruit monocytes, which differentiate into TAMs in the tumor microenvironment (TME). These 

TAMs, along with Tregs, exert immunosuppressive effects by producing anti-inflammatory 

cytokines such as IL-10, IL-4, and transforming growth factor-β (TGF-β) [7].  

In addition to their immunosuppressive cytokine profiles, both Tregs and TAMs express a range 

of immune checkpoints (ICs) and co-inhibitory molecules, including leukocyte immunoglobulin-

like receptor B1 (LILRB1), sialic acid-binding Ig-like lectin 9 (Siglec-9), and programmed death-

ligand 1 (PD-L1), which further suppress antitumor immunity and facilitate tumor progression [8, 

9]. Given that helminth infections also drive chronic immune activation and suppression via 

overlapping pathways, studying these mechanisms offers important insights into how persistent 

parasitic infections may shape cancer risk in vulnerable populations. 

 

This study is the first, to our knowledge, to examine immunoregulatory molecules, including 

immune checkpoint expression, during helminth-induced inflammation in the context of HIV co-

infection. These findings offer new perspectives on the immunological crosstalk between parasitic 

and viral infections in CRC development. The immunomodulatory effects identified in this study 

were presented as a poster at the American Association for Cancer Research (AACR), with the 

abstract published in a high-impact journal (IF = 16.6). The results emanating from this study 

were also published in MDPI Viruses, IF = 3.5. 

 

Conference paper title: A Closer Look at Colorectal Cancer Risk: Insights from the 

Complex Relationship of HIV, Helminths, and Immune Responses. Damane BP, Mulaudzi 

TV, Kader SS, Ogunsakin RE, Naidoo P, Dlamini Z, Mkhize-Kwitshana ZL. Abstract 120: A 

closer look at colorectal cancer risk: Insights from the complex relationship of HIV, helminths, 

and immune responses. Cancer Res. 2024;84(6_Suppl):120. doi:10.1158/1538-7445.AM2024-

120. 
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Published research article: HIV-Helminth Co-Infections and Immune Checkpoints: 

Implications for Cancer Risk in South Africa. Damane BP, Mulaudzi TV, Kader SS, Naidoo 

P, Dlamini Z, Mkhize-Kwitshana ZL. HIV-Helminth Co-Infections and Immune Checkpoints: 

Implications for Cancer Risk in South Africa. Viruses. 2025; 17(3):451. 

https://doi.org/10.3390/v17030451 
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CHAPTER FOUR 

Screening of CRC-related gut microvirome that can be used as a potential 
prognostic marker for CRC risk in the HIV-helminth co-infected group 

 

The immunoregulatory alterations identified in Chapter 3 suggest that HIV-helminth co-infection 

may foster a gut environment permissive to tumour initiation and progression. However, immune 

modulation does not occur in isolation; it interacts closely with the gut microbiome and, in 

particular, the gut virome. Viruses within the gut microbiota, including bacteriophages and 

eukaryotic viruses, can influence microbial community structure, host immune tone, and even 

modulate metabolic pathways linked to colorectal oncogenesis. In HIV infection, gut dysbiosis 

and virome expansion are well-documented, while helminth infections have been shown to shape 

viral communities through immune tolerance mechanisms. The combined impact of these two 

infections on the gut virome, and its potential role in CRC risk remains poorly understood. The 

aim of this chapter was therefore to determine the profile of the gut DNA virome in individuals 

with HIV and helminth infections, with stool samples from CRC-confirmed patients serving as 

positive controls. By comparing virome compositions across infection groups, this study sought 

to identify viral taxa or community patterns that could serve as prognostic markers of CRC risk, 

particularly within the HIV-helminth co-infected subgroup. The findings from this work represent 

an important step toward linking host immune modulation, viral ecology, and CRC risk in the 

South African context. 

 

Introduction 

The intricate interplay between viral infections and immune dysregulation has long been 

recognized as a pivotal driver of oncogenesis. The present study sought to reaffirm this link; it 

builds on a substantial body of evidence highlighting how viruses shape the tumor 

microenvironment and contribute to malignant transformation. Notably, HIV’s disruption of 

immune homeostasis creates a pro-oncogenic milieu, increasing susceptibility to cancer 

development [1]. Beyond HIV, oncogenic viruses such as Epstein-Barr virus, human 

papillomavirus, and John Cunningham virus have been implicated in CRC, acting as both 

initiators and enablers of tumorigenesis [2, 3]. Compounding this is the emerging recognition of 

the gut virome as a dynamic ecosystem whose composition shifts significantly in cancer. Recent 

studies have demonstrated a loss of key viral and bacterial species following CRC surgery, 

reinforcing the idea that tumor presence is tightly coupled with microbial signatures [4]. 

Preclinical virome mapping from marine fecal samples has uncovered novel CRC-associated 
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viruses such as Brunovirus and Hpunavirus, suggesting that certain bacteriophages may act as 

yet-unexplored modulators of carcinogenesis [5]. Comparative analyses have revealed profound 

differences in the gut virome profiles of CRC patients versus healthy individuals, particularly the 

enrichment of Microviridae, Podoviridae, crAss-like, Quimbyviridae, Siphoviridae, and 

Myoviridae families, hallmarks of a dysbiotic viral environment linked to disease progression [6, 

7]. In this chapter, we interrogated this viral landscape within the context of HIV-helminth co-

infection, an underexplored intersection in virome research. Using shotgun metagenomics, we 

profiled stool-derived viral communities and compared them to those in CRC patients. The 

resulting patterns not only mirrored known CRC-associated virome alterations but also revealed 

novel signatures unique to HIV-helminth co-infected individuals.  

 

These findings are published in a conference paper in the American Association of Cancer 

Research (AACR) journal, Cancer Epidemiology, Biomarkers & Prevention: Botle Precious. 

Damane, Thanyani Victor. Mulaudzi, Jonathan Featherston, Sayed Shakeel. Kader, Pragalathan 

Naidoo, Zodwa Dlamini, Zilungile Lynette. Mkhize-Kwitshana; Abstract C035: Gut virome 

remodeling in HIV-helminth co-infection reflects colorectal cancer-associated signatures in a 

South African cohort. Cancer Epidemiol Biomarkers Prev 1 September 2025; 34 (9_Supplement): 

C035. https://doi.org/10.1158/1538-7755.DISP25-C035 
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The work produced another published conference paper in the American Association of 

Cancer Research (AACR) journal, Cancer Research: Botle Precious Damane, Thanyani V. 

Mulaudzi, Jonathan Featherston, Sayed Shakeel Kader, Pragalathan Naidoo, Zodwa Dlamini, 

Zilungile Lynette Mkhize-Kwitshana; Abstract 1414: Shared gut virome profiles highlight 

potential early colorectal cancer markers in HIV-helminth co-infection. Cancer Res 1 April 2026; 

86 (7_Supplement): 1414. https://doi.org/10.1158/1538-7445.AM2026-1414 
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The submitted under review manuscript is titled: Gut Virome Alterations in HIV-Helminth 

Co-infection: Potential Links to Colorectal Cancer in South Africa. Damane BP, Mulaudzi 

TV, Featherston J, Kader SS, Naidoo P, Dlamini Z, Mkhize-Kwitshana ZL. Gut virome alterations 

in HIV-helminth co-infection: Potential links to colorectal cancer in South Africa. The paper was 

withdrawn from the journal. As with most free APC Springer journals, the paper was taking too 

long for consideration. It went through a couple rounds of reviews and has now been submitted 

to a more relevant journal, Archives of Microbiology, Ref: Submission ID 150242d2-5e7d-4ff6-

894e-cb7b6ccae8ea. 

 

By providing novel, functional-level insights into how chronic infections may influence virome-

host dynamics to promote oncogenesis, this chapter contributes to a deeper understanding of the 

molecular and ecological underpinnings of CRC development in high-burden settings. 
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CHAPTER FIVE 

Identification of specific CRC-associated methylated genes in HIV-helminth co-infected 
individuals as potential biomarkers for screening susceptibility to cancer development 

 
In Chapter 4, we explored the gut virome landscape in HIV-helminth co-infected individuals, 

revealing shifts that may contribute to colorectal cancer (CRC) risk. While these microbial and 

viral signatures offer important insights, their translation into practical screening tools requires 

biomarkers that are both reliable and feasible for population-level use. DNA methylation analysis 

of stool-derived host DNA has emerged as one such approach. In this chapter, we strategically 

focus on vimentin methylation, a well-established, clinically validated CRC biomarker that can 

be detected in stool samples. This choice is informed by its demonstrated utility in diverse 

populations and its suitability for non-invasive screening, particularly in low-resource settings. 

Both HIV and helminth infections may influence methylation patterns, raising the possibility that 

HIV-helminth co-infection could alter the detectability or prevalence of vimentin methylation in 

stool DNA. This chapter investigates whether HIV-helminth co-infection impacts two key CRC 

screening markers, fecal occult blood and methylated vimentin, with CRC patient samples serving 

as positive controls. Through this approach, we aim to determine the utility of combining 

established molecular and biochemical markers to refine CRC risk assessment in populations with 

high HIV-helminth co-infection burdens. 

 

The work has been published as indicated below: Damane, B.P.; Kader, S.; Alaouna, M.; 

Naidoo, P.; Dlamini, Z.; Mkhize-Kwitshana, Z.L. Vimentin Methylation as a Potential Screening 

Biomarker for Colorectal Cancer in HIV-Helminth Co-Infected Individuals. Microbiol. Res. 

2025, 16, 236. https://doi.org/10.3390/microbiolres16110236 
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CHAPTER SIX 
Intersecting Pathways in Gut Virome, DNA Methylation, and Metabolism in Infection-

Associated CRC Risk 

While the assessment of vimentin and FOBT as screening markers provided valuable insights, 

they only represent part of the biological picture. Colorectal cancer risk in high-burden settings 

may be influenced by a more complex interaction between chronic infections, viral activity, 

epigenetic regulation, and cancer-related metabolic pathways. Emerging evidence highlights the 

gut virome as an active participant in disease processes, capable of altering host gene expression 

through methylation changes and modulating cellular metabolism to promote tumor development. 

In populations affected by HIV and helminth infections, these viral influences intersect with 

persistent inflammation, immune regulation, and tissue remodeling, potentially creating 

molecular signatures similar to those seen in CRC. In this chapter, we expand our investigation 

to explore these connections, examining whether virome-driven epigenetic and metabolic changes 

in HIV-helminth co-infected individuals reflect the patterns observed in CRC patients.  

Introduction 

Epigenetic modifications play a pivotal role in the onset and progression of disease [1]. The 

immune evasion strategies employed by helminth infections are well established, and while 

certain helminths have been linked to cancer, the molecular pathways connecting these infections 

to carcinogenesis remain poorly understood. Dysregulated DNA methylation has been observed 

throughout the life cycle of some parasitic infections, such as the nematode Trichinella spiralis 

[2], and is a recognised driver of CRC initiation [3]. In sub-Saharan Africa, where HIV-helminth 

co-infections remain prevalent, the potential cancer risk warrants further investigation, 

particularly given that HIV itself is known to induce aberrant DNA methylation [4]. In addition 

to epigenetic changes, CRC tumours reprogram metabolic pathways to adapt to hypoxic 

conditions and to develop resistance to therapy [5]. Similarly, metabolic reprogramming is a 

hallmark of HIV infection [6,7]. Helminth infections also exploit host metabolic processes to 

promote their own survival, which further assists in modulating immune responses to facilitate 

immune evasion [8,9]. Therefore, in this study, we assessed gut virome DNA methylation and 

cancer metabolism-related gene expression across defined clinical groups. Our goal was to 

identify molecular signatures that could serve as novel biomarkers of CRC risk in this unique 

South African cohort. 
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The published article below: Virome Remodeling Rewires Epigenetic and Metabolic 

Pathways Linked to Infection-Associated Colorectal Cancer Risk. Damane BP, Featherston 

J, Kader S, Alaouna M, Naidoo P, Dlamini Z, et al. Virome remodeling rewires epigenetic and 

metabolic pathways linked to infection-associated colorectal cancer risk. Aspects of Molecular 

Medicine. 2026;7:100103. 

 

This paper aligns with the journal’s mission to showcase scientific findings in the African 

continent. This chapter underscores the importance of integrating microvirome, epigenetic, and 

metabolic data to inform targeted surveillance and prevention strategies in underrepresented 

regions.  
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CHAPTER SEVEN 

This thesis set out to investigate an underexplored frontier, the intersection of the gut virome, host 

epigenetics, cancer‑related metabolism, and immune regulation in HIV-helminth co‑infected 

individuals, within a South African population carrying some of the world’s highest burdens of 

infection‑associated cancers. While each of these domains has been studied independently, their 

convergence in shaping colorectal cancer (CRC) risk in high‑burden settings has remained largely 

unexplored. Through a stepwise approach, this work mapped virome shifts linked to HIV and 

helminth infection, evaluated established CRC screening tools such as methylated vimentin, and 

integrated virome‑driven methylation and metabolic gene expression profiles. Importantly, we 

also observed the upregulation of immune checkpoint molecules, suggesting the presence of an 

immunosuppressive tumour‑like microenvironment in these infection states. This finding aligns 

with known mechanisms of immune evasion in cancer and points towards possible implications 

for immunotherapy responsiveness in such populations. 

 

The findings demonstrate that infection‑driven biological alterations are not peripheral, transient 

phenomena but central, measurable processes with the potential to be harnessed for early CRC 

detection and risk stratification. By combining microvirome ecology, molecular oncology, 

metabolic profiling, and immune regulation analyses, this study advances a more integrated model 

for understanding cancer risk in immunologically complex settings. Beyond its scientific novelty, 

the work responds directly to a pressing public health need. South Africa, like much of 

sub‑Saharan Africa, faces the dual challenge of a rising cancer burden alongside persistent 

infectious diseases. The tools and insights developed here could inform the development of 

affordable, non‑invasive, and context‑appropriate screening and prevention strategies, while also 

opening avenues for tailored immunotherapy approaches in infection‑associated cancer contexts. 

This chapter synthesises the study’s key findings, situates them within the broader scientific and 

clinical landscape, and outlines their implications for research, policy, and practice. It also reflects 

on the challenges and limitations encountered and sets forth a vision for future investigations that 

build on these foundations to deliver tangible health benefits for vulnerable populations. 

Synthesis 

7.1 Preamble 
Colorectal cancer incidence is rising in sub-Saharan Africa, a region where HIV and helminth 

infections remain highly prevalent and often coexist in populations burdened by poverty, poor 

sanitation, and limited healthcare access. The success of ART has extended the lifespan of PLWH, 



 151 

but it has also unmasked an increasing burden of non-communicable diseases, notably CRC. 

Persistent immune activation despite ART, coupled with helminth-driven Th2-skewed responses 

and regulatory cell enrichment, contributes to a chronically dysregulated immune environment 

that may promote oncogenesis. This study supports the hypothesis that HIV-helminth co-infection 

is associated with features linked to CRC susceptibility, including alterations in key immune, 

microbial, and epigenetic pathways. We demonstrated that co-infection significantly modulated 

immune checkpoint expression, marked by upregulation of PD-1, PD-L2, and TIM-3, and 

downregulation of the co-stimulatory molecule CD28, reflecting an exhausted and 

immunosuppressive T cell phenotype. These patterns parallel immune escape mechanisms 

commonly observed in oncogenesis. 

 

Shotgun metagenomic sequencing revealed that the gut virome in co-infected individuals 

resembled that of confirmed CRC cases. Both groups exhibited enrichment of viral genes 

involved in metabolic regulation (COG0304, COG1932, COG0111, COG0190), immune 

evasion, and epigenetic modulation, most notably MnmE GTPase (K03650) and adenine-specific 

DNA methylase (COG2189). These findings suggest that viral communities may contribute to 

host stress responses, metabolic reprogramming, and methylation changes, thereby fostering a 

microenvironment conducive to malignancy. The emergence of several uncharacterized viral 

genes further points to a potentially novel “onco-microvirome,” reflecting a virome-driven 

functional landscape enriched with cancer-relevant traits. Parallel evaluation of stool-based 

methylation markers highlighted important context-specific limitations. While Vimentin retained 

high sensitivity for CRC detection, it showed low specificity in infected controls.  

 

Collectively, this body of work highlights a complex interplay between infection, immune 

dysregulation, viral functional activity, and epigenetic alterations. These findings suggest an 

infection-associated oncogenic landscape characterised by features such as immune exhaustion, 

viral mimicry, and disrupted epigenetic control. While causality cannot be inferred, these insights 

contribute to existing theoretical frameworks and underscore the potential importance of 

integrating infection history, microbial ecology, and immune profiling into CRC risk stratification 

and screening strategies. These findings highlight urgent opportunities for context-specific 

biomarker discovery, early cancer surveillance, and infection-targeted prevention strategies, 

particularly in underrepresented and high-burden populations. 
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7.2 Summary of current findings 
Using a retrospective observational design, we analyzed archived stool and blood samples from 

a well-characterized South African cohort stratified by infection status into HIV-only, helminth-

only, HIV-helminth co-infected, and uninfected control groups. This approach allowed us to 

interrogate how chronic infections modulate immunological, viromic, and epigenetic landscapes 

in a population facing a high burden of infectious disease and rising CRC incidence. Our immune 

profiling revealed pronounced dysregulation of checkpoint and co-stimulatory molecules. 

Helminth-infected individuals exhibited a significant reduction in B and T lymphocyte attenuator 

(BTLA), a regulatory checkpoint that interfaces with HVEM to bridge critical T cell signaling 

pathways. This loss suggests an early disruption of immune homeostasis that may facilitate 

persistent inflammation or inadequate cancer surveillance. In HIV-infected and co-infected 

participants, CD28, a vital co-stimulatory molecule essential for T cell activation, was markedly 

downregulated, consistent with sustained T cell exhaustion. Additionally, PD-L2, a ligand 

characteristic of alternatively activated (M2) macrophages, was significantly elevated in co-

infected individuals, indicating a shift toward a Th2-skewed, immunosuppressive 

microenvironment favorable to tumor progression. Collectively, these immune alterations reflect 

an environment of immune suppression and dysfunction that likely diminishes antitumor 

immunity, accelerating CRC development. 

 

Shotgun metagenomic sequencing of stool DNA uncovered a distinctive “onco-microvirome” 

shared between CRC patients and HIV-helminth co-infected individuals. Viral taxa, including 

Podoviridae, Myoviridae, and CrAss-like phages, emerged as central nodes within viral 

ecological networks, implying pivotal roles in shaping bacterial communities linked to 

inflammation and oncogenesis. Functional annotation revealed consistent upregulation of genes 

such as the MnmE GTPase (K03650), implicated in translational regulation during cellular stress, 

and adenine-specific DNA methylase (COG2189), which participates in DNA replication, 

recombination, and repair. These viral functions indicate that chronic infection induces a virome 

capable of modulating host metabolic and epigenetic pathways implicated in tumorigenesis. 

Notably, many enriched viral taxa remain unclassified, underscoring a critical gap in virome 

characterization within African populations and highlighting potential novel contributors to 

infection-driven carcinogenesis. 

 

Epigenetic biomarker analysis further revealed population-specific challenges. Although 

Vimentin methylation demonstrated 100% sensitivity in detecting CRC, its poor specificity, due 

to high methylation prevalence across non-CRC groups, limits its utility as a discriminative 
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biomarker. The fecal occult blood test performed well in CRC detection but was insufficient for 

risk prediction among infected individuals. These findings emphasize the necessity for tailored 

validation of non-invasive biomarkers in regions burdened by endemic infections. 

 

Extending beyond these observations, our analysis highlighted consistent modulation of microbial 

genes involved in core metabolic processes across infected groups. Key enzymes such as 

COG0304 (3-oxoacyl-[acyl-carrier-protein] synthase), integral to lipid metabolism, and 

COG1932 (phosphoserine aminotransferase), pivotal in amino acid and coenzyme metabolism, 

were differentially expressed. Additional metabolic genes, including COG0111 

(phosphoglycerate dehydrogenase) and COG0190 (5,10-methylene-tetrahydrofolate 

dehydrogenase), further reinforced a pattern of microbial metabolic reprogramming, a hallmark 

of the tumorigenic microenvironment. The detection of COG0486, a predicted regulatory 

GTPase, suggests shifts in viral regulatory pathways potentially contributing to cellular 

transformation. Concurrently, the upregulation of COG2189 across helminth-only, HIV-helminth 

co-infected, and CRC groups reflects a shared epigenetic dysregulation likely predisposing host 

tissues to genomic instability. 

 

Importantly, several novel, uncharacterized viral genes were differentially expressed, particularly 

in co-infection contexts, suggesting the presence of unexplored molecular signatures that may 

mediate infection-driven immune perturbation and early oncogenic processes. These findings 

align with the emerging concept of an “onco-microvirome,” where a dysbiotic viral community 

expresses functional genes that contribute to cancer hallmarks. Chronic immune activation from 

HIV, combined with the immunomodulatory effects of helminth infections, appears to drive these 

virome-level shifts, reshaping the microbial gene pool in patterns convergent with CRC-

associated signatures. 

 

Taken together, this study supports an association between HIV-helminth co-infection and a 

microenvironment with features linked to colorectal tumorigenesis. By bringing together findings 

on immune checkpoint dysregulation, viral functional changes, microbial metabolic shifts, and 

epigenetic modifications, this work highlights how chronic infections may be connected to 

pathways involved in cancer development. While causality cannot be inferred, these findings 

underscore the importance of considering infection history and microbial ecology in CRC risk 

assessment and biomarker validation, particularly in resource-limited settings with a high 

infectious disease burden. Future functional studies on these microbial-host interactions will be 

critical for advancing early detection, risk stratification, and targeted interventions in infection-
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associated cancers. 

7.3 Discussion and Conclusion 
This study demonstrates that chronic HIV and helminth infections, individually and combined, 

significantly alter the immune system and gut microbial environment in ways that mimic potential 

CRC development. HIV-helminth co-infected individuals exhibit immunosuppressive profiles 

that likely impair cancer surveillance, while the gut virome shows functional shifts with 

enrichment of viral taxa and genes involved in metabolism and epigenetic regulation, 

underscoring the microbial role in fostering a cancer-promoting microenvironment. Our immune 

profiling revealed a constellation of checkpoint disruptions across infection states. Notably, 

helminth-infected individuals exhibited significant downregulation of BTLA, a co-inhibitory 

receptor that binds herpesvirus entry mediator (HVEM) to regulate T cell signaling. The loss of 

this regulatory axis may reflect early immune dysregulation, favouring chronic inflammation or 

impaired tumor surveillance. In contrast, HIV-infected and co-infected individuals displayed 

reduced expression of CD28, a critical costimulatory molecule necessary for effective T cell 

activation, an alteration consistent with progressive T cell exhaustion. The co-infected group also 

showed significant upregulation of PD-L2, a marker associated with alternatively activated (M2) 

macrophages and Th2-skewed immune responses. These shifts collectively suggest an 

immunosuppressive and tumor-permissive environment, aligning with cancer-prone immune 

phenotypes observed in chronic infections. 

 

These interconnected changes reveal how persistent infections may drive an oncogenic landscape 

through sustained immune activation, microvirome dysbiosis, and epigenetic remodeling, 

predisposing individuals, especially in endemic regions, to early oncogenesis. The overlap 

between infection-associated and cancer-associated signatures also highlights challenges in using 

conventional diagnostic tools, emphasizing the need for context-specific strategies that integrate 

infection status, immune function, and microbial ecology to enhance CRC prevention and early 

detection in resource-limited settings. Notably, the high prevalence of vimentin methylation in 

both CRC and infected individuals further supports the notion that HIV-helminth co-infections 

may predispose these individuals to an increased risk of CRC. Overall, our findings suggest that 

HIV and helminth infections are associated with features linked to colorectal carcinogenesis by 

orchestrating immune suppression and microbial functional reprogramming. Thus, while 

causality cannot be inferred, understanding this potential infection-associated oncogenic 

microenvironment is crucial for developing integrated prevention and cancer control strategies 

tailored to high-risk populations in endemic settings. 
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Figure 7.1: Concluding Figure 

Persistent HIV-helminth co-infection may contribute to an oncogenic landscape through immune 
dysregulation, microvirome imbalance, altered metabolic pathways, and epigenetic remodeling, 
potentially increasing susceptibility to early carcinogenesis, particularly in endemic populations. 

7.4 Challenges and limitations 
This study faced several methodological and biological challenges that may have influenced the 

findings. One key limitation is the high frequency of vimentin methylation observed across both 

CRC and non-CRC groups, which reduces its specificity as a standalone biomarker. These 

findings highlight the need for more sensitive, population-adapted, multiplexed methylation 

assays to enhance the accuracy of fecal-based CRC screening, particularly in populations 

burdened by infectious diseases. In addition, the use of stool-derived DNA, while advantageous 

due to its non-invasive collection and relevance in low-resource settings, presents challenges 

related to sample quality, DNA degradation, and biomarker detection sensitivity. 
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In this study, archived stool samples collected several years prior were used. Stool is inherently 

more complex, containing a heterogeneous mix of host, microbial, and dietary DNA. It is also 

technically more difficult to preserve than blood or plasma. Research indicates that optimal 

preservation of stool DNA and microbial profiles requires freezing within 15 minutes of 

defecation, immediate aliquoting, and storage at -80°C. Degradation increases significantly with 

delayed processing or repeated freeze-thaw cycles. While some microbial data remain stable at -

20°C for short periods, high-sensitivity assays like methylation-specific PCR are more likely to 

be compromised by even minor losses in DNA integrity. DNA extraction methods may also 

introduce compositional bias, potentially influencing observed viral abundance, while translating 

metagenomic profiles into successful viral or host cultivation remains technically challenging. 

For practical reasons, this study focused exclusively on DNA viruses; RNA viruses, which are 

more labile and could not be consistently preserved during field collection, were not captured and 

may represent an underexplored aspect of CRC-associated virome dynamics. Despite these 

constraints, the study provides preliminary insights into infection-associated microbial and viral 

patterns, highlighting the need for validation in larger, independent cohorts under standardized 

collection and storage protocols. 

 

Further limitations of this study are the modest overall cohort size, particularly within the CRC 

group used as positive controls to examine potential links between HIV-helminth co-infection 

and CRC risk. While diversity and functional enrichment analyses revealed significant 

differences, the small sample size limits the ability to detect subtle biological effects and increases 

susceptibility to inter-individual variability. Consequently, these results should be interpreted as 

hypothesis-generating rather than definitive. The high dimensionality of metagenomic data also 

introduces the possibility of false positives; to address this, differential abundance analyses were 

performed using count-based modeling with false discovery rate correction, although some 

residual uncertainty may remain. CRC samples were obtained from two hospitals within the same 

metropolitan region following standardized protocols, but formal batch correction was not 

applied, which could contribute to unaccounted technical variation. Thus, subtle site-specific 

factors cannot be entirely excluded, despite harmonized sample processing procedures. The 

limited CRC sample size also precluded reliable stage-stratified analyses, as incorporating staging 

information under these conditions could risk over-interpretation; adequately powered future 

studies should include stage-specific assessments. Despite these constraints, the study offers 

valuable preliminary insights, highlighting the need for validation in larger, independent cohorts 

to strengthen evidence for mechanistic links between co-infection and colorectal carcinogenesis. 
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Several unmeasured or partially characterized factors may have influenced the findings of this 

study. The cross-sectional design precludes assessment of temporal dynamics, and longitudinal 

studies would be necessary to establish causal relationships between HIV-helminth co-infection 

and immune or virome changes. The unknown duration of both HIV and helminth infections 

complicates interpretation, as distinct immunological alterations are likely to occur across acute 

versus chronic phases. Similarly, the duration and timing of antiretroviral therapy were not fully 

documented, particularly in the context of South Africa’s “test and treat” policy implemented in 

2016, which may influence virome composition independently of HIV infection. Although this 

study evaluated selected co-stimulatory and co-inhibitory immune checkpoints, future 

investigations should broaden immune profiling to include additional modulatory molecules 

implicated in antitumor immunity. Finally, while all HIV-infected participants were on ART, 

reducing within-group heterogeneity, other environmental and clinical variables were not 

comprehensively captured, potentially contributing to residual variability in virome and immune 

profiles. 

 

By combining virome dynamics, epigenetic modulation, cancer‑related metabolic 

reprogramming, and immune checkpoint regulation within the context of HIV-helminth 

co‑infection, this thesis has charted new scientific territory. The patterns uncovered here do not 

merely speak to known CRC signatures; they reveal how infection‑driven biology may actively 

shape cancer risk and progression in vulnerable African populations. The findings of this study 

have practical as well as theoretical significance. They offer a scientific foundation for 

context‑appropriate, non‑invasive cancer screening strategies and point towards precision 

medicine approaches that could improve early detection, prevention, and even therapeutic 

decision‑making in settings historically left at the margins of cancer research. Importantly, they 

emphasise the importance of conducting studies that benefit our population. The message here is 

that African populations are not merely recipients of global cancer knowledge but active 

contributors to the discovery of solutions that can benefit the world. While the work presented 

here opens new research avenues, it also provides a clear roadmap for addressing them. Its legacy 

will be measured not only by its academic contribution, but by its potential to transform the way 

cancer is understood, detected, and prevented in the presence of persistent infectious disease 

burdens. In that sense, this thesis is a potential start of a more inclusive, integrated approach to 

tackling cancer in Africa and beyond. 
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7.5. Future perspectives 

This study highlights a growing imperative in global health: the need to recognize and respond to 

the syndemic interplay between chronic infections and non-communicable diseases such as 

cancer. In many LMICs, particularly in sub-Saharan Africa, the coexistence of HIV and helminth 

infections creates a unique immunological and microbial landscape that may potentiate CRC 

development. Our findings suggest that this altered landscape, marked by chronic immune 

activation, microbial dysbiosis, and virome reshaping, acts as a permissive environment for 

oncogenesis. These results indicate a broader shift in our understanding of cancer risk, moving 

beyond traditional genetic and lifestyle factors to encompass infection-driven immune 

modulation. Despite the success of ART in extending the lives of PLWH, this increased longevity 

has revealed a hidden burden: persistent immune dysregulation and inflammatory signaling that 

may predispose to malignancy. The additional presence of helminth infections, still prevalent in 

many resource-limited communities, adds another layer of immunological complexity that 

conventional cancer risk models fail to address. 

 

Looking ahead, several critical research directions emerge. First, future studies should aim to 

functionally annotate novel viral and microbial genes identified in co-infected individuals. These 

may play active roles in immune evasion, inflammation, or oncogenic signaling. Longitudinal 

cohort studies that integrate cytokine profiling, metagenomics, and spatial transcriptomics will be 

crucial in distinguishing early causative events from downstream consequences of tumor 

development. Particularly, the temporal dynamics of immune checkpoint dysregulation in co-

infected individuals warrant deeper investigation, as they may offer early windows for immune-

modulatory interventions. In parallel, there is an urgent need to redefine CRC screening strategies 

for populations burdened by infectious comorbidities. While current methylation markers such as 

vimentin, have shown some utility, their poor specificity and sensitivity in this setting highlight 

the limitations of applying Eurocentric biomarker panels to African populations without local 

validation. Emerging epigenetic candidates, including LINE-1, MGMT, TFAP2E, RASSF2, and 

SFRP2 [1, 2], offer more promise and should be explored further, particularly in stool-derived 

formats. However, the effectiveness of these markers will depend on improvements in sample 

preservation protocols, including prompt freezing and minimized freeze-thaw cycles, to maintain 

DNA integrity. 

 

Furthermore, the integration of virome signatures into CRC risk prediction holds transformative 

potential. However, the lack of functional validation remains a limitation of this study. Future 

work should prioritise experimental validation of identified targets, including enriched metabolic 
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pathways and differentially methylated genes, to confirm their biological and clinical relevance. 

Techniques such as digital PCR (dPCR) could be employed for sensitive and quantitative 

validation of candidate methylation markers in larger, independent cohorts. In addition, functional 

microbial markers, such as viral methyltransferases and genes involved in host-microbiome 

signaling, may serve as next-generation classifiers that capture both infection status and cancer 

susceptibility. In tandem, therapeutic trials exploring the benefits of deworming, microbiome 

modulation, or immune checkpoint inhibitors alongside ART could inform novel prevention 

strategies tailored to co-infected individuals. Ultimately, this work calls for a precision public 

health approach, one that accounts for the unique immune, microbial, and virome profiles of high-

risk groups. By building multi-omic, locally informed cancer risk models, we can improve early 

detection and reduce cancer disparities in settings where dual burdens of infectious and chronic 

diseases converge. This study lays the foundation for such efforts and highlights the importance 

of bridging cancer biology with infectious disease epidemiology to advance global cancer 

prevention. 

 

In particular, prioritising the integration of infection control and cancer prevention represents a 

critical step toward reducing the burden of infection-associated malignancies in African settings. 

The findings of this study note the wider public health significance of HIV and helminth co-

infections, particularly in high-prevalence settings where their combined effects may shape long-

term disease trajectories. Targeting these co-infections within healthcare systems could improve 

overall health outcomes and may help alleviate the burden of infection-related cancers. Policy 

priorities should include incorporating infection-informed risk stratification into existing 

screening programmes, strengthening community awareness to encourage early care-seeking, and 

expanding preventive interventions such as deworming. In parallel, improving diagnostic 

infrastructure for the timely identification of infections and early neoplastic changes, alongside 

ensuring access to appropriate anti-parasitic therapies, will be critical. Furthermore, greater 

alignment between infectious disease and oncology policies is needed to support a coordinated 

and efficient approach to prevention and care. Together, these strategies have the potential to 

enhance long-term health outcomes and may contribute to reducing the incidence of colorectal 

and other infection-associated cancers in affected populations. 
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