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CHAPTER 1: INTRODUCTION 
 

 

 

Acquired Immunodeficiency Syndrome (AIDS) continues to be a major global health problem since it 

was first recognized in 19811, where five cases of pneumonia were reported. Within two years, the 

causative agent responsible for AIDS was identified and isolated from AIDS patients, namely: the 

Human Immunodeficiency Virus (HIV)2,3. Since the start of the pandemic, HIV has claimed 36.3 

million lives4 from a total of 79.3 million people who have become infected with HIV to date5. In 2020, 

there were 37.7 million individuals living with HIV globally4, of which over two thirds (25.4 million) 

live in Africa4 and 7.8 million live in South Africa6, the country with the highest number of people 

living with HIV (PLWH) in the world. KwaZulu-Natal is the worse afflicted province in South Africa 

with 27 % prevalence among adults aged between 15-49 years old, as presented by the most recent HIV 

Impact Assessment Summary in 20187. A study from 20198 published the most detailed map ever of 

HIV prevalence in sub-Saharan Africa (Figure 1) which highlights the eastern regions of South Africa, 

most notably KwaZulu-Natal, which is where our study cohort is located.  

 

 

 
 

Figure 1. HIV prevalence in sub-Saharan Africa as of 20198. PLHIV, People living with HIV.  

 

 

HIV treatment  

 

HIV infection remains incurable, as we still lack effective vaccines and curative treatments, but since 

the identification of the virus in 1983 there has been significant progress in its treatment and prevention. 

This progress can be attributed most notably to antiretroviral therapy (ART), along with social outreach 
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and education. These measures effectively control HIV replication, prevent the development of AIDS, 

reduce the risk of transmission, and decline the mortality rate among PLWH9. While ART treatment 

has been able to prolong life, reduce infections every year, and save millions of lives through preventing 

AIDS related deaths (Figure 2), ART does not cure HIV10.  

 

 

 
 

Figure 2. Number of AIDS-related deaths and people receiving HIV treatment globally, 2000 to 

20205. 

 

 

Continued ART adherence and access to ARTs are problematic, but more so is the long-term adverse 

effects of ARTs, which includes diabetes, bone loss, weight gain, kidney dysfunction and 

atherosclerotic cardiovascular disease11. Furthermore, it is not sustainable to expect individuals to 

maintain faultless ART adherence throughout their lifetime, especially when access to ARTs is limited 

in poor and socially disadvantaged areas. It is therefore critical that we investigate how to achieve cure. 

 

 

HIV reservoirs and lymph node pathology 

 

A major barrier to cure is the viral reservoir which consists of CD4 expressing immune cells that contain 

stably integrated HIV DNA which persists despite ART treatment12,13. These cells are found in various 

tissue compartments, which include the central nervous system14, the gut15, the genital tract16, latently 

infected T-cells in the blood17, and lymph nodes (LNs)18. LNs play a central role in many immune 

system functions since their architecture supports many complex interactions among various cell types 

involved in building an immune response to an invading pathogen19. During HIV infection, LNs become 

increasingly fibrotic, smaller in size, and less functional19. Immune responses in LNs become 
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dramatically impaired from HIV infection19, contributing to the progression of AIDS. It is therefore 

critical to probe what impact HIV may have on various cell subsets within LNs as it could lead to the 

identification of novel immune responses that could contribute to eradicating the viral reservoir, and 

thus taking a step closer to achieving cure.  

 

 

Innate lymphoid cells 

Innate lymphoid cells (ILCs) are a heterologous group of mainly tissue-resident lymphocytes (Figure 

3) which lack the rearranged antigen receptors of adaptive immune cells and therefore cannot respond 

directly to antigen presentation20. Tissue resident ILCs can respond immediately to invading pathogens 

and initiate subsequent immune responses at the site of infection21, which has given them the title of 

‘sentinels’ of the immune system. ILCs are grouped into either cytotoxic ILCs (exclusively NK cells) 

or helper ILCs which are the innate counterparts to either CD8+ T cells or CD4+ T-cells, respectively. 

There are three distinct groups of helper ILCs which are distinguished by the cytokines that they secrete, 

and their marker transcription factors. ILC1s, which mirror CD4+ T helper 1 (Th1) cells, express the 

transcription factor T-box transcription factor 21 (T-bet) and release interferon γ (IFNγ) and Tumor 

Necrosis Factor  (TNF), functioning to eliminate intracellular pathogens. NK cells share similar 

features with ILC1s, but they additionally express the transcription factor EOMES and can produce 

cytolytic and cytotoxic granules, such as perforin and granzymes22. ILC2s mirror CD4+ T helper 2 

(Th2) cells and express GATA binding protein 3 (GATA-3) and secrete IL-4, IL-5, IL-9, and IL-13, 

which function to eliminate large extracellular parasites and allergens. ILC3s, mirroring CD4+ T helper 

17/22 (Th17/22) cells, express transcription factors RAR-related orphan receptor  (RORt) and 

produce IL-22 and IL-17. A major role for ILC3s is to eliminate extracellular pathogens and react to 

IL-23 and IL-1β stimulation from myeloid innate immune sensors. Following tissue damage, cellular 

debris, microbes and dying cells must be removed for tissue repair to commence, a process driven by 

the type 3 immune response, which involves ILC3s20. ILC3s therefore play a role in tissue repair and 

protection from tissue damage. In particular, epithelial barriers are reinforced by type 3 responses in 

order to resist damage by microbes in the gut. IL-22, produced mainly by ILC3s, induces epithelial cells 

to express anti-bacterial peptides as well as antiviral proteins and protects the epithelial barrier cells and 

stem cells from apoptosis through IL-22’s pro-proliferative action20. Lymphoid Tissue inducer (LTi) 

cells are essential for embryonic lymphoid tissue formation during embryogenesis, however their role 

in adults is unclear23. In mice studies in LNs, ILC1s have been linked to stimulation of macrophages 

during viral infections24. ILC2s have been implicated in the induction of Th2 responses25,26 and ILC3s 

to antigen presentation to CD4+ T-cells27. The role of helper ILCs in human LNs, however,  is unknown 

and no human studies to date have been conducted to investigate their function in LNs28.  ILC3s are the 

main helper ILC subset in LNs, which is why I chose to study this ILC subset 29. To the best of my 
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knowledge, not only do no studies exist on ILCs in LNs from PLWH, but not studies investigate the 

impact of HIV infection on ILCs in LNs from PLWH.  

 

 
 

Figure 3. Human ILC subsets. Schematic diagram incorporates ILC subset marker transcription 

factors, secreted cytokines, and immune function (adapted from20). CLP: Common lymphoid 

progenitor. LTi: Lymphoid tissue inducer cell. Image created using BioRender.com. 

 

 

ILCs and HIV/SIV infection 

 

Because ILCs, particularly ILC3s, play instrumental roles in maintaining gut integrity, repair, and tissue 

remodeling30–33, it is likely that these cells are critical players in the pathophysiology of HIV/SIV 

disease. During SIV-infection in rhesus macaques, it was shown that ILC3s in mucosal tissues are 

depleted or otherwise dysfunctional during infection34–36. Functionally, ILC3s from SIV-infected 

animals took on a more cytotoxic phenotype and produced greater quantities of TNF and IFNγ but 

reduced levels of IL-1737. This was also found in LNs during pathogenic SIV infection38. This cytokine 

profile suggests that lentivirus infection may convert ILC3s into ILC1s, as has been previously 

described for mice39. In PLWH, our group showed that all ILC groups in blood were depleted during 

HIV infection, unless treatment was initiated during early acute infection40 and that ILCs were depleted 

during paediatric HIV infection in the tonsils of children41. There are few studies investigating ILCs in 

human subjects, let alone the impact of HIV infection on ILC3s in human LNs, which makes this study 

a first of its kind. 
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ILC ‘plasticity’ 

 

The ILC subsets experience ‘plasticity’, which has been extensively studied in the T helper cell 

subsets42. This phenomenon reflects a broad ability of cells to change their trajectory, functions, and 

phenotypes in response to changes in physiological and pathophysiological stimuli43. One of the 

hallmarks of HIV and pathogenic SIV infection is the early loss of gut integrity followed by massive 

and rapid translocation of microbial products from the intestinal lumen into the lamina propria, blood, 

liver and LNs29. These microbial products are associated with inflammation and chronic immune 

activation29, which could regulate ILC plasticity. During inflammation, it has been hypothesized that in 

mucosal tissues acute inflammation results in a rapid conversion of ILC3s into ILC1s, termed ‘ex-

ILC3s’ (Figure 4)43. This process of transdifferentiation between ILC3s to ILC1s occurs in response to 

IL-12 and IL-1ß stimulation. This agrees with what has been found in SIV infected animals37 and in 

mice39, as mentioned previously, where infection leads to ILC3s taking on a more cytotoxic phenotype, 

demonstrative of an ‘ex-ILC3’ phenotype. In vitro experiments addressing this model suggest that 

subsets of macrophages and/or dendritic cells may help drive these conversions, which is yet to be 

validated44 (Figure 4). The transcriptional networks that control this plasticity depend on the expression 

of the controlling transcription factors, such as T-bet (for ILC1s and NK cells), GATA-3 (for ILC2s) 

and RORγT (for ILC3s)43. These suggest that the inflamed LN microenvironment during HIV infection 

may convert ILC3s into ‘ex-ILC3s’. This hypothesis will be explored in this dissertation.  

 

 

 
 

Figure 4. Schematic diagram showing the transdifferentiation of ILC3s to ex-ILC3s in the gut. 

This process is hypothesized to be driven by a proinflammatory tissue microenvironment (adapted 

from43). Image created using BioRender.com. 
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Study aim and hypotheses 

 

HIV infection leads to disruption of the LN architecture through sustained inflammation and tissue 

fibrosis19,45. Since ILCs, particularly ILC3s, play instrumental roles in maintaining gut integrity, repair, 

and tissue remodeling30–33, it is likely that ILC3s are involved in the immune response during HIV 

infection. These highlight a knowledge gap where the role that ILC3s may play in LNs, with or without 

HIV infection, is unknown. The next generation of ILC research will be focused on therapeutic 

interventions targeting ILCs. Therefore, it is necessary to know how ILCs respond in HIV infected 

tissue, which will be a starting point for subsequent investigation into therapeutic interventions. 

Furthermore, since there is a global push to get all PLWH on ARTs, it is critical that we understand the 

impact that HIV has on the immune system in virally suppressed patients, where sustained inflammation 

continues. Therefore, in this thesis, I set out to investigate the impact of HIV infection (suppressed) on 

ILC3s in human LNs.  

 

Aim: 

 

1) Investigate the impact of HIV infection on ILC3s in LNs from treated and virally suppressed 

PLWH. 

 

Hypotheses: 

 

i. ILC3s participate in the immune response during HIV infection. 

 

ii. HIV infection drives the transdifferentiation of ILC3s into ‘ex-ILC3s’, due to the highly 

proinflammatory LN microenvironment. 

 

Methods overview 

To achieve the aim and to test the hypotheses, I utilized single cell RNA sequencing (scRNA-seq) 

analysis and fluorescent immunohistochemistry (F-IHC) techniques. scRNA-seq data was obtained 

using the Seq-Well platform46, which allows for high-throughput RNA sequencing of thousands of 

single cells in parallel from low-input samples. Since ILCs are rare cell types, CD3+ and CD19+ cells 

were excluded prior to the Seq-Well protocol using cell sorting in order to enrich for ILCs. F-IHC is a 

method which uses antibodies to identify certain antigens in a tissue sample. This means that if certain 

antigens are markers for cell types, such as CD3 is a canonical marker for T lymphocytes, certain cell 
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types can be identified using F-IHC. F-IHC works well in conjunction with scRNA-seq analysis, as 

interesting markers brought to surface by scRNA-seq may be investigated using F-IHC. 

 

Cohort 

We utilized LN samples from a study cohort based in KwaZulu-Natal, South Africa, the epicenter of 

the HIV epidemic8. Individuals undergoing surgery from various hospitals in KwaZulu-Natal, after 

giving consent, had their LNs removed and transported to the Africa Health Research Institute. The 

study of LNs obtained for this study are approved under the protocol: Lymphoid Tissue Collection for 

the study of HIV and TB (BE021/13). My dissertation has been approved as a sub study of the 

aforementioned protocol, titled: Lymphoid Tissue Collection for the study of HIV and TB 

(BREC/00003988/2022) (Appendix).  

 

This dissertation explores for the first time the impact of HIV infection on ILC3s in human LNs. Chapter 

1 constitutes the literature review, knowledge gaps, aims and hypotheses, methodologies and the cohort 

utilized. Chapter 2 constitutes a manuscript titled, Single-cell transcriptional profiling of lymph node 

resident ILC3s during HIV infection reveals links to fibrosis and cytotoxic ex-ILC3s. Lastly, Chapter 3 

constitutes the discussion/synthesis, which summarizes findings from Chapter 2 and includes future 

work to build on from this study.   
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CHAPTER 2: SINGLE-CELL TRANSCRIPTIONAL PROFILING OF 

LYMPH NODE RESIDENT ILC3S DURING HIV INFECTION REVEALS LINKS 

TO FIBROSIS AND CYTOTOXIC EX-ILC3S 
 

 

 

Abstract  

 

People living with HIV (PLWH) develop extensive fibrosis and collagen deposition throughout their 

lymphoid tissues not reversed by antiretroviral therapy (ART). Innate lymphoid cells (ILCs) play 

essential roles in tissue homeostasis and repair, however, no studies exist on ILCs in lymph nodes (LNs) 

during HIV infection. We hypothesized that ILCs are modulated by HIV infection and are involved in 

the subsequent immune responses. We obtained fresh celiac, cystic, bile, falciform, common hepatic 

and mesenteric LNs immediately after gastrointestinal surgery from patients recruited from areas in 

KwaZulu-Natal, South Africa – home to the highest HIV prevalence in the world. LNs from PLWH 

receiving ART exhibited extensive collagen deposition compared to uninfected controls characteristic 

of HIV-infected LN pathology. Single-cell transcriptional profiling revealed activation of the dominant 

ILC3 subset during HIV infection, suggesting ILC3s are directly involved in the HIV immune response. 

HIV-infected LNs expressed more heterogenous ILC3 subsets, including ‘ex-ILC3s’. We found 

signatures suggesting that HIV infection induces terminal differentiation of homeostatic ILC3 

populations, whereby an ex-ILC3 population becomes distinct and may contribute to a type 1 immune 

response. Since HIV infection leads to sustained inflammation in LNs, this terminal differentiation and 

emergence of ex-ILC3s may be irreversible. Moreover, we found elevated levels of TGF production 

by ILC3s during HIV infection which may suggest that these cells play a role in fibrosis formation, 

directly or indirectly, through fibroblast-induced collagen deposition. Here, I performed the first single-

cell analysis of ILCs in HIV-infected LNs and identified ILC3s as potential contributors to LN fibrosis, 

a major pathological consequence of HIV infection that warrants further investigation. 

 

 

 

Introduction  

 

HIV continues to be a major global health burden, having claimed around 36.3 million lives1 since it 

was first identified in 19832,3. Antiretroviral therapy (ART) has been revolutionary in that individuals 

are able to effectively control viral replication which prevents the development of AIDS, reduces the 

risk of transmission, and declines the mortality rate among people living with HIV (PLWH)4. Despite 
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this revolutionary treatment, HIV to date remains incurable. A major barrier to the complete eradication 

of HIV is the persistence of the viral reservoir which is made up of CD4+ cells with integrated viral 

DNA that persists despite ART treatment5,6. These viral reservoirs can occur in several sites throughout 

the body which include the central nervous system7, the gut8, the genital tract9, latently infected T-cells 

in the blood10, and lymph nodes (LNs)11. Studies have shown that LNs, particularly the follicular and 

germinal center (GC) areas, as being major sites for viral replication and establishment of the viral 

reservoir11–15. LNs pay a central role in many immune system functions since their tissue architecture 

supports a multitude of complex intercellular interactions involved in building an immune response to 

an invading pathogen – which results in the generation of an adaptive immunity16. During HIV 

infection, the function of the LN is disrupted16. Lymphadenopathy has been recognized to be part of the 

clinical syndrome of HIV infection since the beginning of the HIV pandemic17,18. HIV/SIV infection 

induces collagen deposition in LNs, which is progressive and cumulative19, and distorts the follicular 

architecture20. LNs become increasingly fibrotic, smaller in size, and dysfunctional as infection 

progresses and as circulating CD4+ T-lymphopenia becomes more pronounced16. Lymphoid tissue 

fibrosis persists in all HIV-infected individuals, including those on ARTs21. Indeed, among persons who 

start ARTs, the magnitude of fibrosis predicts inversely the magnitude of CD4+ T-cell restoration in 

peripheral blood22, highlighting their importance in a functioning immune system. HIV infection leads 

to persistent local inflammation and altered tissue architecture that impairs both effective adaptive and 

innate immune responses16. Innate lymphoid cells (ILCs) are rare lymphocytes that lack rearranged 

antigen receptors and are hypothesized to be the innate counterparts of T helper cells23. ILCs are 

grouped into either cytotoxic ILCs or helper ILCs, the former encompassing only Natural Killer (NK) 

cells, which mirrors CD8+ T-cells. Within the helper ILCs there are three main subsets. ILC1s, which 

rely on the transcription factor T-box transcription factor 21 (T-bet) and produce interferon γ (IFNγ) 

and Tumor Necrosis Factor  (TNF). ILC2s, which depend on the transcription factor GATA binding 

protein 3 (GATA-3) and produce interleukin-5 and interleukin-1. Finally, ILC3s, which require the 

transcription factor RAR-related orphan receptor  (RORt) and secrete interleukin-17 and interleukin-

22 (IL-22)23. Because ILCs, particularly ILC3s, play instrumental roles in maintaining gut integrity, 

repair, and tissue remodeling24–27, it is likely that these cells are critical players in the pathophysiology 

of HIV/SIV disease. During adult HIV infection, our group found irreversible depletion of ILCs from 

the blood unless ARTs were initiated during the early stages of infection28. Subsequently, the loss of 

ILCs was shown to be directly linked to HIV-induced inflammatory cytokines29.  In tissue studies, SIV-

infection models showed that ILCs depleted up to four fold and are dysfunctional at gut mucosal 

tissues30–32. They also exhibited elevated levels of apoptosis and cytotoxic phenotypes and were found 

to not only be depleted in the gut30,32, but also the oral mucosae33 and LNs34. Our group also showed 

that ILCs are depleted in tonsils, also a secondary lymphoid tissue,  of children infected with HIV since 

birth35, and the remaining ILCs exhibit increase activity despite ART treatment. However, the impact 
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of HIV infection on ILCs in LNs remains unknown. ILCs show a fair degree of fluidity between 

subgroups, a phenomenon known as ‘plasticity’36,37. During inflammation, it has been hypothesized by 

Bal et al that in mucosal tissues, where ILC3s are the main ILC population under homeostatic 

conditions, acute inflammation results in a rapid conversion of ILC3s into ILC1s, termed ‘ex-ILC3s’37. 

This process of transdifferentiating between ILC3s to ILC1s occurs in response to IL-12 and IL-1, the 

latter being a hallmark cytokine of a highly proinflammatory microenvironment. In human tonsils, ILC3 

to ILC1 transdifferentation has been observed38, however, it is currently unknown what the impact HIV 

infection has on ILC plasticity in human LNs. This study, a first-of-its-kind, specifically investigated 

the impact of HIV infection on ILC3s in LNs from HIV positive (suppressed) compared to HIV negative 

participants. Here, I set out to investigate whether ILC3s participate in the immune response in LNs 

following infection by HIV and whether infection may drive ILC3s to ex-ILC3s. My data show that 

ILC3s may contribute to LN fibrosis during HIV infection through the action of TGF. Although 

pathological, this hints their participation in an immune response. Furthermore, my results suggest that 

HIV infection may drive ILC3 to ILC1 transdifferentation which I hypothesize is due to the inflamed 

LN microenvironment. 

 

 

 

Results 

 

Lymph node collection from PLWH 

 

HIV infection precipitates CD4+ T-cell depletion and chronic inflammation39 which impairs secondary 

lymphoid tissue, such as promoting fibrosis in LNs40, which subsequently weakens effective immune 

responses16. To study the impact of HIV infection on ILC3s in LNs, we obtained discarded surgical 

material from gastrointestinal wards from hospitals around Durban, South Africa. Participants 

underwent open surgery for a multitude of reasons, listed in Table 1, whereby LNs were excised and 

transported to the Africa Health Research Institute for downstream analyses. 
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Table 1: Clinical parameters of participants utilized for single-cell RNA-sequencing. 

 
 

 

Severe collagen deposition in lymph nodes from PLWH 

 

In the study cohort, I identified increased collagen deposition in an HIV-infected LN compared to an 

HIV negative LN (Figure 1A) and is consistent with irreversible fibrosis previously shown to be 

implicated in persistent immune dysregulation20 that ultimately contributes to immunodeficiency 

leading to AIDS41. Thus, the samples exhibit characteristics of HIV-induced fibrosis and indicate that 

our cohort is relevant to study the impact of these changes on ILCs.   

 

 

ILC3s are the major helper ILC subset in lymph nodes 

 

In this study I set out to investigate the impact of HIV infection on ILC3s in LNs and test the hypotheses 

that ILC3s participate in the immune response towards HIV infection and that the inflamed tissue 

microenvironment drives the transdifferentation of ILC3s into ex-ILC3s. First, I analyzed single-cell 

RNA sequencing (scRNA-seq) data from 7 adult LNs (4 HIV positive [virally suppressed] and 3 HIV 

negative, Table 1), outlined in Figure 1B. scRNA-seq was performed by flow cytometric sorting of 

human CD3-CD19- innate immune cells (Figure 1C) to enrich for ILCs, which were then subject to the 

Seq-Well protocol42. To focus on ILC3s specifically, I used a sub-setting strategy to isolate ILC3 cells 

for subsequent detailed analysis. The strategy is outlined in Figure 1D. B-cells were initially excluded 

from the dataset (Figure S1), after which myeloid cells were also excluded from the innate immune cell 

dataset based on canonical cell marker genes (Figure 1D, Figure S2)43. The resulting innate lymphocyte 

population of 2031 cells included mainly ILC3s and NK cells, and some unknown CD3D+ cells which 

may be T-cell contamination (Figure 1D, Figure S3). Importantly, ILC1s and ILC2s were not identified. 

PID Lymph  
node type

Age 
(years) Sex Race HIV   

status
ART 
status

ART 
Medication

Reason for 
procedure

Global Viral 
Load (cps/mL)

Global CD4 
count (cells/µL)

022-09-5025 Mesenteric 38 Female Indian Positive      Yes           OAT Jejunostomy <20 741

022-09-5046 Cystic Duct Unk Male Unk Positive Yes Unk Unknown <20 752

022-09-5050 Falciform 35 Male Black Positive Yes OAT Hepaticojejunostomy <20 812

022-09-5056 Common 
Hepatic 18 Male Black Positive Yes Unk Adrenalectomy <20 800

022-09-5058 Celiac 23 Female Black Negative N/A N/A Routine surgery N/A N/A

022-09-5059 Bile Lymph 36 Female Black Negative N/A N/A Routine surgery N/A N/A

022-09-5061 Common 
Hepatic 55 Male Indian Negative N/A N/A Routine surgery N/A N/A

022-09-5063 Celiac 32 Male Black     Positive Yes OAT Routine surgery 200000 402

N/A, not available
PID, participant identification number
OAT, Odimune/Atrioza/Tribuss
Unk, unknown
No participant had TB history
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I used IL7R, CD117 (KIT) and IL1R1 transcripts as markers for ILC3s as previously described37,38,44,45 

(Figure S3C and D) where KIT and IL1R1 are used as core ILC3 markers differentiating them from 

other ILC subsets. In the innate lymphocyte dataset, cluster 3 was identified as an ILC3 population 

(Figure S3A). It is evident, however, that other cells expressed KIT outside of cluster 3 which I 

hypothesize to be ILC3s (Figure S3C). To capture all ILC3s in the innate lymphocyte dataset I extracted 

only KIT+ innate lymphocytes (Figure 1D). Mast cells are also shown to express KIT43,46, however, 

from the innate lymphocyte dataset (Figure S3E) and from the ILC3 dataset (Figure S4C), I show that 

the innate lymphocyte/ILC3 datasets have very few/no cells that express FCER1A, CPA3 and HDC, 

which are Mast cell marker transcripts43,46. From this, I show that Mast cells were excluded in my 

dataset. Therefore, a total of 476 cells were identified in my ILC3 dataset (Figure 1D and S4), where 

284 and 210 cells were from HIV positive (suppressed) and negative participants, respectively. From 

these results, I have shown that ILC3s are the main helper ILC population in LNs, since ILC1s and 

ILC2s were not identified, and that the sub-setting approach to enrich for ILC3s from my initial scRNA-

seq dataset resulted in cells expressing canonical ILC3 transcripts.  
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from HIV negative participants) (Figure 3B). When analyzing only ILC3s from HIV negative 

participants (Figure S5) there were two populations of ILC3s (Figure S5A). However, they did not have 

any significant differentially expressed genes (DEGs) between the two clusters (q-value), which is most 

probably why only one cluster is apparent from mainly HIV negative participants (Figure 3B). Although 

all clusters are present in both disease states, they are more prominent during HIV infection (Figure 

3B), suggesting HIV infection leads to greater ILC3 heterogeneity or terminal differentiation. Thus, I 

demonstrate the identification of ILC3s in my scRNA-seq dataset and show that HIV leads to more 

distinct ILC3 populations which may be due to HIV driving ILC3 differentiation.  

 

 

 

Characterizing ILC3 heterogeneity and differentiation 

 

Of the four clusters identified within the ILC3 dataset; three conventional ILC3 (cILC3) clusters were 

present, since they expressed IL23R transcripts, and, interestingly, an ex-ILC3 cluster which expressed 

NK/ILC1 associated transcripts (Figure 3C). The ex-ILC3 population, cluster 3, expressed IKZF3 

(Figure 3C), a transcription factor known as Aiolos, which has been found to downregulate RORt 

expression thus polarizing ILC3 transdifferentiation towards ILC1s in the gut during inflammation37,47, 

and is also a marker of ILC1s45. The ex-ILC3 population also expressed NK and ILC1 canonical 

transcripts such as EOMES, NCAM1, PRF1, T-bet (TBX21) and IFN (Figure 3C) and is mainly from 

HIV positive participants (Figure 3B). In tonsils, NK cells do not express KIT or IL1R144,45 – therefore 

it is unlikely that ILC3 dataset is populated with conventional NK cells. Therefore, I termed cluster 3 

as ex-ILC3s. To further characterize the ILC3 subsets I inferred trajectory analysis using monocle 348 

(Figure 3D). Interestingly, the trajectory analysis showed that the cILC3 IL7Rhi cluster and the ex-

ILC3 cluster were located at the same node suggesting that they are of similar origin, which may hint 

that the cILC3 IL7Rhi population are transitioning to ex-ILC3s. Next, I utilized PROGENy49 to 

characterize the signaling activity of the ILC3 subsets (Figure 3E). The ex-ILC3s and the cILC3s 

IL7Rhi populations showed increased stress responsive pathway activation (JAK/STAT) (Figure 3E). 

JAK/STAT pathway facilitates various cellular reactions to diverse forms of cellular stress, however, it 

is involved in a diverse range of cellular responses50. The stressed cILC3 and KIThi ILC3 populations 

also had stress response pathway activation, however through enrichment of p53 and TNFa pathways 

(Figure 3E). Furthermore, the ex-ILC3s are proliferative, as indicated by a cell cycling UMAP 

projection (Figure S4F). Although the ex-ILC3s originated from mostly one participant (P6), participant 

2, 4 and 8, also had ex-ILC3s (Figure S4B). An ILC3 (NK-like) population was found when only 

analyzing HIV negative LNs (Figure S5A), however, there were no differentially expressed genes 

(DEGs) between the clusters. Indeed, although there is NCAM1 expression from the ILC3 (NK-like) 
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population in HIV negative participants (Figure S5B), the difference in NCAM1 expression between 

clusters is minimal (Figure S5D). Since the ILC3 (NK-like) population found during homeostatic 

conditions shares NK cell associated transcripts with the ex-ILC3/cILC3 IL7Rhi, it could hint that the 

ILC3 (NK-like) population terminally differentiates into ex-ILC3s/cILC3s IL7Rhi following HIV 

infection. In conjunction to my scRNA-seq analyses, I also investigated ILC3s by utilizing fluorescent 

immunohistochemistry (F-IHC) to define their spatial location in HIV negative (n=4) and HIV positive 

(suppressed) (n=3) formalin-fixed paraffin-embedded (FFPE) LNs (Table S1). Some tissues exhibit low 

CD3 expression and particular cellular structure that suggests the presence of GCs in some of the LNs. 

GCs express a high frequency of CXCR551, which I found stained in regions with low CD3 expression 

(Figure 3F and S9B). This suggests that low CD3 stained regions in LNs are GCs. Also, when analyzing 

the expression of CD117, it appeared that cells expressing CD117 were not entering the GCs in LN 

from an HIV negative donor (Figure 3F). CD117 is expressed on ILC3s but were found on another 

subset of cells co-expressing Chymase, which is a Mast cell marker52. From this data, I characterize for 

the first time ILC3s in LNs by scRNA-seq. I showed that HIV infection may be associated with the 

terminal differentiation of ex-ILC3s in LNs and that ILC3s predominantly reside outside of GCs, even 

during HIV suppressed infection.  
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lymph node, HIV negative (participant B), defining GC as regions lacking CD3 expression, outlined 

with a dashed line.  

 

 

HIV-associated activation of ILC3s  

Next, I compared markers of activation between ILC3s from HIV positive (suppressed) participants and 

HIV negative participants using global DEGs (Figure 4A). I found 502 genes were regulated by HIV 

infection, where 386 genes were upregulated, and 57 genes were downregulated (q value cut off at 0.05) 

(Figure 4B). Strikingly, I found higher levels of gene expression (nFeature_RNA) and transcript 

expression (nCount_RNA) from ILC3s in HIV positive participants (Figure 4A), indicating HIV 

infection leads to the activation of ILC3s. ILC3s from HIV positive participants also showed enrichment 

for transcripts associated with cytoskeletal function, TLN1 (p=4.98x10-21), IQGAP1 (p=7.08x10-17), 

SSH1 (p=2.39x10-11) and ARPC5L (p=0.0045), intracellular protein processing, CANX (p=0.019), 

and ribosomal RNA processing (RPL21, RPL27, RPL9, RPS27, RPS28, RPL36A), which further 

supports that ILC3s become activated during HIV infection whereby they change their cytoskeleton 

properties. Furthermore, ILC3s exhibited increased STAT3 expression from HIV positive individuals 

(p=0.031) which promotes cell proliferation and migration and further hints HIV-induced ILC3 

activation. These findings suggest HIV-associated activation of ILC3s in LNs, despite suppressed 

viremia. This activation may contribute to ILC3 terminal differentiation and may hint that ILC3s 

contribute to the immune response following HIV infection. 

 

HIV-associated stress of ILC3s 

Next, I found clear upregulation of various heat shock protein and DNA repair protein transcripts during 

HIV infection, hinting HIV-induced stressed on the ILC3s (Figure 4B). Indeed, STK4 (p=1.45x10-10), 

a stress activated proapoptotic kinase was upregulated during HIV infection (not shown). Furthermore, 

a PROGENy analysis (Figure 4C) found the JAK-STAT pathway to be enriched during HIV infection 

which is a stress response pathway. Thus, global DEGs show that HIV infection is associated with ILC3 

cellular stress in LNs, probably due to the inflamed microenvironment and damaged LN tissue 

architecture induced by HIV infection.  
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c-Kit signaling during HIV infection in LNs. Notch signaling was found to increase in ILC3s as they 

differentiate into ex-ILC3s38 which further provides evidence that HIV infection drives ILC3s to ex-

ILC3s. Lastly, the TGF pathway was found to increase during ILC3 to ILC1 transition in tonsils38, 

which agrees with my data (Figure 4C), and confirms the hypothesis of transitioning ILC3s. The ex-

ILC population also had a high proportion of cells that expressed cytotoxic associated transcripts 

GZMA and PRF1(Figure 6B), suggesting that ex-ILC3s are cytotoxic in LNs. To exclude potential 

confounding results due to the various localizations of the LN studied, I focused my analysis on DEGs 

between disease states from ILC3s from only common hepatic LNs to eliminate LN type variability 

(Figure 6C and S6) as I previously found LN type to potentially impact ILC3 plasticity (Figure 2A). 

Indeed, I still found a decrease in KIT expression (p=6.53x10-12) and an increase in CD300LF 

(p=1.22x10-9), TNF receptor and TNF superfamily expression, TNFRSF18 (p=7.62x10-12) and 

TNFSF13B (p=0.013), and an upregulation in the TGF pathway (Figure S6D and F). Furthermore, an 

NK-like ILC3 population was present which had upregulated NCAM1 and CD300LF transcripts 

(Figure S6H) which may suggest that this population is transitioning to ex-ILC3s. Again, an NK-like 

ILC3 population was observed when only analyzing HIV negative LNs (Figure S5A), however there 

were no DEGs between clusters, which hints that HIV infection leads to these populations becoming 

prominent. This may be inferred by Figure 6D, which shows ILC3s from only common hepatic LNs, 

where two populations become apparent during HIV infection but are not apparent when there is no 

infection, suggesting that HIV leads to the terminal differentiation of these subsets, one being an NK-

like ILC3 or ex-ILC3 subset. These results suggest that HIV infection in LNs drives ILC3 differentiation 

into ex-ILC3s consistent with the inflamed tissue microenvironment. Thus, my results suggest HIV 

infection terminally differentiates ILC3s which precipitates two distinct ILC3 populations in LNs, 

namely conventional ILC3s and ex-ILC3s. 
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pleiotropic anti-inflammatory cytokine that functions mainly by suppressing the proinflammatory 

milieu (reviewed in56), and NFE2L2, a transcription factor that regulates genes which encode proteins 

which respond to injury and inflammation57, are involved in upregulating TGFB1 expression. These 

elements, namely IL-4, NFE2L2 and then subsequently the expression of TGFB1, appear to function to 

counteract the pathological effects of HIV-driven inflammation. This suggest that ILC3s may play a 

protective role in LNs where they may reduce HIV-driven inflammation and injury. Using F-IHC, we 

found that ILC3s (IL1R1+CD117+ cells) were positively stained for TGF in an HIV negative and 

positive LN (Figure 7E), which infers the transcripts observed in my scRNA-seq data translate into 

protein. Interestingly, although TGF contributes to immune tolerance54, it also stimulates fibroblast to 

deposit collagen, thus contributing to fibrosis40,53. This suggests that ILC3s, being a source of TGF, 

probably contribute to HIV-induced fibrosis. In order to appreciate the level of TGFB1 expressed from 

our ILC3s, I next compared their level of TGFB1 expression to TGFB1 expressing cells from a LN 

dataset which was also obtained using the Seq-Well protocol, however, no prior sorting was undertaken, 

and so I titled this dataset TGFB1_UT (UT: un-touched, or not sorted). This dataset should contain all 

immune cells found in LNs expressing TGFB1 that do not express more than 5% mitochondrial genes 

(strategy outlined in Figure 7F). I found that my TGFB1 expressing ILC3s (ILC3_ILCenriched, 23.3 

% of ILC3 population) expressed, on average, less TGFB1 than total TGFB1 expressing cells 

(p=0.0029) (Figure 7G). However, A PROGENy analysis showed that the TGF pathway enrichment 

were not exceptionally different between the datasets (Figure 7H). These results show that ILC3s are a 

source of TGF during HIV infection in LNs and therefore may contribute to HIV-induced fibrosis.  
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TGFB1 expression levels across ILC3s clusters from ILC3 dataset. D) ViolinPlot of TGFB1 expression 

levels across clusters from only common hepatic LN ILC3s. E) F-IHC images of ILC3s 

(IL1R1+CD117+ cell) which stain positive for TGF, in an HIV negative (participant A) and an HIV 

positive (suppressed) (participant D) LN. Scale bar is 5 µm. F) Sub-setting strategy used to isolate 

TGFB1 expressing cells from a LN scRNA-seq dataset that did not undergo cell sorting, labeled 

TGFB1_UT. G)  A ViolinPlot comparing TGFB1 expression levels between the ILC3 dataset (CD3-

CD19- sorted cells) and TGFB1 expressing cells from the LN scRNA-seq dataset that did not undergo 

cell sorting. H) A PROGENy analysis comparing signaling pathways between the two datasets.  

 

 

Viremia boosts IFN-I responses in ILC3s 

 

Lastly, I sort to investigate whether HIV viremia has a differential impact on ILC3s compared to 

suppressed HIV infection using scRNA-seq analysis (Figure 8A). Only one HIV viremic participant 

was available for this analysis. Comparing HIV positive (viremic) to HIV negative, IFI44L 

(p=0.00015), an interferon induced protein, and DDX3Y (p=5.4x10x10-6), which may enhance IFNB1 

expression, was upregulated (Figure 8C), suggesting a type I interferon response from ILC3s within the 

inflamed tissue microenvironment during viremia. Ribosomal genes in ILC3s from viremic compared 

to HIV suppressed participants was downregulated, suggesting that ILC3s are more active in HIV 

suppressed participants. An increase in ribosome biogenesis, which hints increased proliferation, 

suggests HIV suppressed individuals have more functional ILC3s compared to viremic individuals. This 

is consistent with the enrichment of the JAK-STAT pathway, a stress response pathway, in ILC3s from 

HIV positive (viremic) individuals compared to the other disease states (Figure 8B), as ILC3s during 

viremia may be under increased cellular stress which may impact their functionality. Unexpectedly, 

KIT is upregulated in ILC3s from HIV positive (viremic) participants compared to suppressed 

(p=1.74x10-6) since I expected viremia to lead to a stronger ILC3 to ILC1 differentiation. Interestingly, 

the TGF signaling pathway is enriched in ILC3s from HIV positive (suppressed) participants 

compared to viremic and HIV negative participants, which further suggests that ILC3s are more 

functional when viremia is suppressed. I observed increased HIV p24 antigen staining in an HIV 

positive (viremic) FFPE LN compared to other disease states (Figure S5), which suggests systemic 

viremia predicts increased HIV replication in LNs. From these results, we show that HIV viremia may 

drive a type I IFN response in ILC3s compared to suppressed HIV infection in LNs. 
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may contribute to the pathology of HIV, hinting they do participate in an immune response, despite 

being pathological. Also, HIV infection may drive ILC3s transdifferentiation into ex-ILC3s. 

Interestingly, I find two distinct ILC3 populations, a conventional ILC3 population and an ex-ILC3 

population, that become prominent during HIV infection.  

 

LNs play a central role in the development of an immune response to pathogens as their architecture 

allows for complexed cellular interactions that lead to an effective immune response16. However, 

following HIV infection, LNs become highly proinflammatory and have impaired architecture16,58. In 

the study cohort, I identified increased collagen deposition in an HIV positive (suppressed) LN 

compared to an HIV negative LN, which agrees with literature20, reflecting the clinical progression of 

disease and highlighting impaired tissue architecture following HIV infection (Figure 1A). My results 

show that ILC3s are the major helper ILC subset in LNs, which agrees with literature59 (Figure 1D). 

ILCs are plastic and can transform into other ILC subsets in response to environmental stimuli36,37. HIV 

infection in LNs precipitates a sustained inflammatory microenvironment which is likely to regulate 

ILC plasticity. Indeed, HIV infection led to common hepatic LN ILC3s having differential spatial 

location on a UMAP projection separated by disease state (Figure 2A). UMAP projections cluster cells 

based on similar transcriptomic signatures, and so, since HIV infection led to the separation of ILC3 

cells based on disease states, I hypothesize that this is support for HIV infection regulating ILC plasticity 

in LNs, since there is no tissue-specific bias and both participants are male. Also, LN type also seemed 

to impact ILC3 plasticity. However, inter-individual difference may be a driving force here and so more 

biological replicates are required to demonstrate the impact of HIV infection on ILC3 plasticity.  

 

Next, I characterized for the first time ILC3s in LNs using scRNA-seq and investigated the impact of 

HIV infection. I found that ILC3 subset heterogeneity expands during HIV infection (Figure 3B). This 

suggests that the two ILC3 subsets found during homeostatic conditions (Figure S5A), which had no 

DEGs between them, became prominent during HIV infection, possibly due to terminal differentiation 

driven by HIV infection. I also found ILC3s become activated during HIV infection, which may be 

triggered by specific environmental cues, such as the highly proinflammatory microenvironment or cell-

to-cell signaling by other immune subsets, which may be evidence that these cells terminally 

differentiate due to HIV infection. Interestingly, an ex-ILC3 population with cytotoxic potential 

emerges during HIV infection which supports my original hypothesis.  

 

My results, as mentioned, suggest ILC3s become activated during HIV infection, even during 

suppressed viremia (Figure 4A). Amongst other elements, we found an increase in ribosomal proteins 

which is a critical feature of proliferating cells60 and is an indicator that, during HIV infection, ILC3s 

become activated. Indeed, despite profound immune deficiency during HIV infection, immune 

activation is recognized as a characteristic of HIV infection16. Since LNs are viral reservoir sites11, there 
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is an accumulation of HIV antigens, where viral replication is a major contributor, which subsequently 

leads to sustained inflammation within LNs16. ILCs do not express HIV entry receptors CXCR4 or 

CCR5 and therefore cannot be directly infected by HIV23. This suggests that ILC3 activation is due to 

the inflamed tissue microenvironment induced by HIV infection. This is also characteristic for CD4+ 

and CD8+ T lymphocytes during HIV infection16. Consistently, my data suggests that this may also 

extend to ILC3s. Furthermore, our group showed that ILCs are depleted in tonsils of children infected 

with HIV since birth35, and that the remaining ILCs exhibit increased activity despite ART treatment. 

This newly generated data supports the previous findings and shows that it can be extended to the adult 

population. Next, I found ILC3s become stressed during HIV infection, as I found a striking 

upregulation of heat shock and DNA repair protein transcripts (Figure 4B), which, too, probably reflects 

the response to the inflamed tissue microenvironment. An upregulation of shock and DNA repair 

protein transcripts are normally upregulated upon an increase in temperature or mechanical stress61. 

Also, despite clear HIV-induced cellular activation and stress, ILC3s remain intrafollicular but outside 

the GCs as shown by my F-IHC images (Figure 5). 

 

In agreement with my hypothesis, I found the emergence of an ex-ILC3 population in HIV-infected 

(suppressed) human LNs with cytotoxic potential (Figure 3A). I hypothesize this population to have 

terminally differentiated from an NK-like ILC3 population in response to the highly inflamed LN 

microenvironment following HIV infection. IKZF3, also known as Aiolos, a member of the Ikaros 

transcription factor family, has been implicated in the conversion of ILC3 to ex-ILC3s37,38,47, which I 

find to be highly expressed in my ex-ILC3 population (Figure 6B). Aiolos binds to regulatory elements 

of genes that control ILC3 function, such as RORt, thereby repressing their genes38. NK cells and 

ILC1s have overlapping transcriptional profiles, hence why they are both included in the type 1 ILC 

subset23. In the human intestine, Crohn’s Disease leads to an increase in ILC1s at the expense of ILC3s, 

which suggests that chronic inflammation may result in the conversion of ILC3s into ILC1s62–66. Also, 

intestinal infection in mice with human immune systems lead to the rapid conversion of ILC3s to 

ILC1s66. Further studies have shown that there are intermediate populations between ILC3s and 

intraepithelial CD103+ ILC1s in human tonsils and the small intestine38, where an increase in CD300LF 

leads to CD103+ ILC1s differentiation, as was found in my data. During SIV-infection, ILC3s took on 

a more cytotoxic phenotype in the oral mucosa and produced increased amounts of TNF, IFN, and 

MIP1B33. Although I did not find increased expression of these cytokines, I did find an increased 

expression of GZMA, PRF1 and, to a lesser extent IFN, which are also cytotoxic (Figure 6B). Indeed, 

studies on patients with irritable bowel disease (IBD) have shown that ILC3s can play a pathogenic role 

in intestinal inflammation67–70.  I hypothesize that, during HIV infection, NK-like ILC3s terminally 

differentiate into ex-ILC3s in response to the proinflammatory microenvironment to contribute to a type 

1 immune response. Bal et al hypothesize that after resolution of inflammation, ILC1s reconvert to 
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ILC3s37. However, sustained inflammation during HIV infection16,58 may inhibit the reconversion of 

ex-ILC3s back to conventional ILC3s, which means that ex-ILC3s transdifferentiation may be 

irreversible. Since ILCs experience cellular ‘plasticity’ during HIV infection, which my data suggests 

so, I hypothesize that the cILC3s IL7Rhi (Figure 3A) and ILC3 (NK-like) (Figure 6C) populations 

found during HIV infection, which expressed modest NCAM1, may be transitioning to ex-ILC3s. The 

NK-like ILC3 population that was found during homeostatic conditions, however, had no DEGs 

between the subsets which suggests that HIV infection, and therefore an inflamed tissue 

microenvironment, may drive this subset to terminally differentiate whereby it becomes prominent 

during HIV infection. This may infer that ex-ILC3s do not transdifferentiate from conventional ILC3s, 

but rather terminally differentiate from NK-like ILC3s during homeostatic conditions driven by HIV 

infection, where, following HIV infection, they become prominent (Figure 6D). HIV infection driving 

ILC3 terminal differentiation may be why I observe more ILC3 subsets from HIV-infected participants.  

 

A hallmark of HIV infection is the early loss of gut integrity followed by massive and rapid translocation 

of microbial products from the intestinal lumen into the lamina propria, blood, LNs, and liver39,71–73. 

The IKZF3+ ex-ILC3 population was found mainly in the mesenteric LN ILC3 population (Figure 2B). 

I reason that the mesenteric LN becomes more inflamed during HIV infection compared to the other 

LN types due to its proximity to the gut. Since HIV infection leads to rapid microbial translocation from 

the gut, gut draining LNs such as mesenteric LNs may be exposed to higher concentrations of microbial 

products and thus potentially experience more inflammation than other LN types in this study. However, 

since the study lacked a HIV negative mesenteric LN as a control, this requires further investigation. 

However, as seen in the UMAP clustering (Figure 2A), I cannot rule out individual variation also 

contributes.  

 

Remarkably, my results suggest that ILC3s upregulate TGF secretion in response to HIV infection in 

LNs. TGF is possibly best known to induce peripheral tolerance, where one of the mechanisms by 

which TGFβ can maintain peripheral tolerance is to maintain the survival of naturally occurring T 

regulatory (T-reg) cells (reviewed in74). However, TGF does has proinflammatory effects, which are 

best shown by its ability to drive the differentiation of Th17 T-cells in the presence of IL-6, which can 

promote inflammation74. Disruption to LNs during HIV infection, in the form of fibrosis, majorly 

contributes to an impaired immune system16,20. TGF is a major profibrotic factor and is central to this 

process53. LN damage following HIV infection, induced by destructive proinflammatory cytokines and 

CD4 T-cell depletion22,75, may lead to a state of wound healing, which is a complexed multi-phase 

process, involving inflammatory cell chemotaxis, fibroblast proliferation, collagen and matrix 

deposition, angiogenesis and reduced matrix degradation by metalloproteinases (reviewed in53). 

Fibroblasts migrate to the wound site where they transform into myofibroblasts where, upon TGF 
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stimulation, deposit collagen. When TGF is overproduced there is excessive collagen and matrix 

deposition, resulting in organ dysfunction or failure53, which is exactly what occurs in HIV-infected 

LNs40. A major contributor to collagen deposition/fibrosis is the presence of T-reg cells that accumulate 

in the LN in the context of persistent inflammation that characterizes chronic HIV/SIV infection40,75–77. 

These cells secrete TGF and have temporal and spatial relations to fibroblasts, and upon TGF 

stimulation, fibroblasts deposit collagen40. Therefore, ILC3s may also contribute to fibrosis indirectly 

through maintaining T-regs or by directly stimulating fibroblasts to deposit collagen. Also, I have shown 

that ILC3s enrich the TGF pathway to comparable levels as other TGFB1 expressing cells in LNs 

(Figure 7H). Furthermore, I used F-IHC to infer these TGFB1 transcripts are translated into protein 

(Figure 7E). It is unclear the relative amount of TGF ILC3s produce during HIV infection, however 

ILC3s do seem to be a source of TGF during HIV infection. Both ex-ILC3s and cILC3 seem to be 

sources of TGF (Figure 7C and D). Thus, it seems that ILC3s upregulate TGF, regardless of ILC 

subset, to counteract the pathological consequences of HIV, namely inflammation and injury, by 

inducing immune tolerance or to contribute to wound healing. However, this may be a double-edged 

sword, in that the consequence of TGF upregulation may contribute to fibrosis16,20,53, either directly or 

indirectly, which leads to LN dysfunction, thus contributing to the progression of AIDS41. I have 

identified a new cellular source of TGF, and therefore a new potential contributor to fibrosis in LNs 

during HIV infection. Thus, HIV infection leads to two distinct ILC3 populations emerging, an ex-ILC3 

population and a cILC3 population, which are both sources of TGF. 

 

Lastly, I later included a viremic participant into the dataset and found that ILC3s from the viremic 

participant had an enriched type I immune response pathway, due to the upregulation of transcripts 

involved in type I IFN pathway, and the enrichment of the stress response JAK-STAT pathway which 

leads to IFN cascade signaling (Figure 8B and C). Furthermore, it is the ILC3s from HIV suppressed 

participants that have an enriched TGF pathway (Figure 8B) as well as ribosomal protein transcripts 

which suggests that ILC3s may be more functional in LNs during suppressed viremia than viremia 

(Figure 8C). TGF pathway enrichment may be an indicator of ILC3s participating in an immune 

response and ribosomal biogenesis as an indicator of proliferation or activation, which ILC3s from the 

viremic have compared to the ILC3s from suppressed infection. However, this is still speculative and 

requires further investigation. 

 

ILCs fill a unique tissue-resident niche as first responders to infection. Here, I attempt to further 

understand these unique cells and their relationship with HIV in LNs. I have shown that ILC3s may 

become activated and probably contribute to the immune response following HIV infection, however it 

may be pathological. I propose that HIV infection terminally differentiates ILC3 subsets, where a 

distinct ex-ILC3 population emerges with cytotoxic potential. I hypothesize that HIV infection does not 
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transdifferentiate conventional ILC3s into ex-ILC3s, but rather ex-ILC3s terminally differentiate from 

NK-like ILC3s present in LNs during homeostatic conditions which may contribute to a type 1 immune 

response. Furthermore, ILC3s may contribute to HIV-induced fibrosis through the action of TGF, 

highlighting a novel cell type previously unknown to contribute to HIV-induced fibrosis.  

 

 

 

Methods 

 

Study participants  

 

To investigate ILC3s in LNs, LN samples were obtained from individuals a part of the ‘Gut-associated 

lymphoid tissue’ study cohort, collected from local hospitals around Durban, South Africa. Participants 

underwent open surgery whereby LNs are excised. Participants underwent surgery for a multitude of 

reasons, listed in table 1. Formalin-fixed paraffin-embedded LNs were stored from the cohort collected 

over the years, of which 4 HIV+ (3 suppressed, 1 viremic) and 4 HIV- LNs were chosen to be used for 

F-IHC analysis for this study. Fresh LNs from the same cohort, received the day of surgery, were 

utilized for Seq-Well (described below). We obtained matched samples of peripheral blood from each 

participant. A portion of the peripheral blood obtained was sent to Neuberg Global Laboratories for 

hematological analysis whereby a pathology report was produced, where HIV viral load, SARS-CoV-

2 IgG test, and CD4 count was included in the test. HIV+ participants were defined as suppressed if 

HIV copies/ml were <20 (obtained from the pathology report). All participants provided informed 

consent, either before surgery or after emergency surgery. The study protocol was approved by the 

University of KwaZulu-Natal Institutional Review Board (approval BE021/13, titled; Lymphoid Tissue 

Collection for the study of HIV and TB). 

 

 

Sample processing 

 

Peripheral blood mononuclear cells (PBMCs) were isolated using histopaque 1077 (sigma-Aldrich) and 

were cryopreserved at -80oC or stained with an antibody panel for flow cytometry experiments. LN 

samples were processed from fresh tissue after surgery. Tissue were minced and digested with DNase 

(20ug/ml) and collagenase (0.5 mg/ml). Tissue were rested in a shaking incubator at 37oC for 30 min 

and then further processed in the GentleMACS dissociator. Digested tissue were strained through a 70 

um cell strainer. Lastly, cells from the LN were isolated by Histopaque 1077 (Sigma-Aldrich) density 

gradient centrifugation. Cells were stained for flow cytometry analysis, further described in the flow 

cytometry section below.  
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Flow cytometry  

 

A complete list of conjugated antibodies used with identifier and source information can be found in 

supplementary material; Table S3. Fresh LN cells, as mentioned above in Sample processing, were 

surface stained including a near-infrared live/dead cell viability cell staining kit (Invitrogen) at room 

temperature for 20 min. Cells were stained with fluorochrome-conjugated monoclonal antibodies, 

following up with the BD Cytofix/crytoperm step (BD Biosciences). Cells were then washed with PBS 

and acquired using the BD FACS Aria Fusion (BD Biosciences) for 6 hours in 37oC incubator. Data 

were analyzed with FlowJo software (version 10.4.2, TreeStar).   

 

 

Single-cell RNA-seq using Seq-Well v3 

 

After obtaining single-cell suspension from fresh biopsies, we used the Seq-Well platform. Full 

methods on implementation of this platform is described42. Briefly 15,000 cells in 200 uL RPMI + 10% 

FBS were loaded onto one PDMS array preloaded with barcoded mRNA capture beads (ChemGenes) 

and settled by gravity into each well. The loaded arrays were washed with PBS and sealed using a 

semipermeable polycarbonate membrane with a pore size of 0.01 μm, allowing buffers to be exchanged, 

but retains biological molecules within each nanowell. Arrays were incubated in a dry 37oC oven for 

40 min and further submerged in a lysis buffer a solution containing, guanidium thiocyanate (Sigma), 

EDTA, 1% beta-mercaptoethanol and sarkosyl (Sigma) for 20 min at RT. Arrays were transferred to 

hybridization buffer containing NaCl (Fisher Scientific) and supplemented with 8% (v/v) polyethylene 

glycol (PEG, Sigma) and agitated for 40 min at RT, mRNA capture beads with mRNA hybridized were 

collected from each Seq-Well array, and beads were resuspended in a master mix for reverse 

transcription containing Maxima H Minus Reverse Transcriptase (ThermoFisher EP0753) and buffer, 

dNTPs, RNase inhibitor, a 50 template switch oligonucleotide, and PEG for 30 min at RT, and overnight 

at 52 oC with end-over-end rotation. Exonuclease I treatment (New England Biolabs M0293L) to 

remove excess primers. Following, exonuclease digestion, bead-associated cDNA denatured for 5 min 

in 0.2 mM NaOH with end over end rotation. Next, beads were washed with TE + 0.01% tween-20, and 

second strand synthesis was carried out by resuspending beads in a master mix containing Klenow 

Fragment (NEB), dNTPs, PEG, and the dN-SMRT oligonucleotide to enable random priming off of the 

beads. PCR amplificationwas performed using KAPA HiFi PCR Mastermix (Kapa Biosystems 

KK2602) with 2.00 beads per 50 μL reaction volume. Post—whole transcriptome amplification, 

libraries were then pooled in sets of six (12.000 beads) and purified using Agencourt AMPure XP SPRI 

beads (Beckman Coulter, A63881) by a 0.6x volume ratio, followed by a 0.8x. Libraries size was 
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analysed using an Agilent Tapestation hsD5000 kit (Agilent Genomics) with an expected peak at 1000 

bp. Libraries were quantified using Qubit High-Sensitivity DNA kit and preparation kit and libraries 

were constructed using Nextera XT DNA tagmentation (Illumina FC-131-1096) using 800 pg of pooled 

cDNA library as input using index primers with format as in Gierahn et al. Amplified libraries were 

washed twice with AMpure XP SPRI beads, with a volume ratio of 0.6x followed by 0.8x yielding 

library sizes with an average distribution of 650-750 pb. Libraries were pooled and sequenced together 

using a Illumina NovaSeq 6000 S2 Reagent kit v1.5 (100 cycles) using a paired end read structure with 

custom read 1 primer: read 1: 20 bases with a 12 bases cell barcode and 8 bases unique molecular 

identifier (UMI). Read 2: 82 bases of transcript information, index 1 and index 2: 8 bases. 

 

 

 

Single-cell RNA-seq Computational Pipeline and Analysis  

 

Raw data from the sequence machine was converted to demultiplexed FASTQ files using bcl2fastq2 

based on the Nextera N700 indices, which is corresponding to individual arrays. Reads were then 

aligned to hg19 genome assembly and aligned using the Dropseq-tools pipeline on Terra (app.terra.bio). 

I analyzed the scRNA-seq data using the Seurat package78. Data was normalized, scaled and further 

analysed using Seurat R package v.3.1.0 [82] (https://satijalab.org/seurat/), any cell with fewer than 750 

UMIs or greater than 2500 UMIs were excluded. The cell-by-genes matrix was then used to create a 

Seurat object for further analysis. Cells with any gene expressed in fewer than 5 cells were discarded 

from downstream analysis and any cell with at least 300 unique genes was retained. Cells with < 5% of 

UMIs mapping to mitochondrial genes were then removed. These objects were than merged into one 

object for pre-processing and cell-type identification. The Seurat object was log-normalized to UMI+1 

and applying a scale factor of 10.000. Harmony package was used for batch correction. I examined 

highly variable genes across all cells. I then performed Principal component analysis (PCA) and by 

using the JackStraw function within Seurat, I identified significant PCs to be used for clustering and 

further dimensionality reduction. For clustering, I used a Uniform Manifold Approximation and 

Projection (UMAP) dimensionality reduction technique and with “min dist” set to 0.5 and “n neighbors” 

set to 30 to identify clusters of transcriptionally similar cells, I employed unsupervised clustering using 

the FindClusters tool within the Seurat R package with default parameters and k.param set to 10 and 

resolution set to 0.5. Differential expression analysis between the clusters of were performed using the 

Seurat package FindAllMarkers in Seurat v3 (setting “test.use” to bimod). For each cluster, 

differentially DEGs were generated relative to all the other cells. Gene ontology was identified using 

resource papers43–45 for marker genes used to identify what clusters were what cell type. DEGs were 

also generated between ILC3s from HIV negative samples and HIV positive (suppressed). The subset() 

function in Seurat was used to subset KIT expressing (KIT>1) to isolate ILC3s. In order to subset on 
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TGFB1 expressing cells, the subset() function was used for ILC3 dataset and the UT dataset 

(TGFB1>0.001).  

 

Fluorescent immunohistochemistry  

 

Multiplex fluorescent immunohistochemistry experiment was performed using the OpalTM 4-Color 

Manual IHC kit (PerkinElmer) according to the manufacturer’s instructions. Briefly, LN tissue samples 

fixed with 4% formalin for a minimum of 48 hours were paraffin-embedded. Exactly 4 μm sections 

were cut, deparaffinized and stained with the following unlabelled primary antibodies: CD117 (clone: 

ACK2, Abcam), CD3 (clone: Sp7, Abcam), p24 (clone: Kal-1, Dako), CXCR5 (clone: AF488, Abcam), 

Chymase (ab111239, Abcam) and Collagen 1 (ab34710, Abcam). Opal fluorophore FITC (Opal520) 

was used for p24, Chymase, Collagen 1 and CXCR5; Texas-Red (Opal570) was used for CD3 and 

TGFB; then Cy5 (Opal690) was used for CD117 for signal generation in the different IHC experiments 

performed. DAPI was used as the nuclear counterstain. Images were acquired on a Zeiss Axio Observer 

Z1 inverted microscope (Olympus) and analyzed with TissueFAXS imaging (TissueGnostics). 
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PID Participant Lymph node 
Type Age Sex Race HIV status

Currently 
on ARTs

ART 
medication

Reason for 
procedure

Global Viral 
Load (cps/mL)

Global CD4 
count (cells/µL)

022-09-5025 D Not specified 38 Female        Indian    Positive Yes OAT Jejunostomy <20 741

022-09-5044 C General Lymph 
Node 61 Female Black Positive Unk Unk Cancer <20 375

022-09-5069 H Mesenteric 44 Male Black Positive Yes OAT Routine surgery <20 737

022-09-5005 A Not specified 62 Female Black Negative N/A N/A Cancer N/A N/A

022-09-5009 F Mesenteric 47 Female Black Negative N/A N/A Routine surgery N/A N/A

022-09-5062 B Common hepatic 47 Female Black Negative N/A N/A Routine surgery N/A N/A

022-09-5088 E Not specified 55 Female Black Negative N/A N/A Routine surgery N/A N/A

022-09-5065 G General Lymph 
Node 37 Female Black Positive Yes OAT Routine surgery 27 209

N/A, not available
PID, participant identification number
Unk, unknown
All participants had no TB history, except 022-09-5069
OAT, Odimune/Atrioza/Tribuss

PID Lymph node 
Type

Age 
(years) Sex Race HIV status Currently on 

ARTs
ART 
Medication

Reason for 
Procedure

Global Viral 
Load (cps/mL)

Global CD4 
count (cells/µL)

022-09-5025 Mesenteric 38 Female Indian Positive      Yes           OAT Jejunostomy <20 741

022-09-5046 Cystic Duct Unk Male Unknown Positive Unk Unk Unknown <20 752

022-09-5056 Common 
Hepatic 18 Male Black Positive Unk Unk Adrenalectomy <20 800

022-09-5007 Mesenteric 39 Female Black Positive Yes           OAT Cyst <20 Unknown

022-09-5029 Celiac 49 Female Indian Positive Yes           OAT Pancreatectomy <20 784

022-09-5044 Mesenteric 61 Female Black Positive Unk Unk Cancer <20 375

022-09-5062 Hepatic 47 Female Black Negative N/A N/A Routine surgery N/A N/A

022-09-5058 Celiac 23 Female Black Negative N/A N/A Routine surgery N/A N/A

022-09-5059 Bile 36 Female Black Negative N/A N/A Routine surgery N/A N/A

022-09-5061 Common 
Hepatic 55 Male Indian Negative N/A N/A Routine surgery N/A N/A

N/A, not available
PID, participant identification number
Unk, unknown
All participants had no TB history, except 022-09-5029
OAT, Odimune/Atrioza/Tribuss

Table S1: Clinical parameters of formalin-fixed paraffin-embedded lymph nodes  

Table S2: Clinical parameters of single-cell RNA-seq dataset (without sorting, TGFB1_UT) 
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CHAPTER 3: DISCUSSION/SYNTHESIS 
 

 
 
LNs play a key role in the immune system since their structure provides the support for a multitude of 

complex intercellular interactions involved in building an immune response to an invading pathogen19. 

A major pathological consequence of HIV is sustained inflammation and fibrosis in LNs which leads 

to LNs becoming dysfunctional and therefore leads to an impaired immune response19, which 

contributes to the progression of AIDS. ILCs are innate immune cells which are mainly tissue resident 

and therefore are one of the first responders to infection20. The function of ILCs in LNs is unclear as 

well as their relationship with HIV in LNs. In this dissertation, I aimed to (1) investigate the impact of 

HIV infection on ILC3s in LNs from treated and virally suppressed PLWH. I also sort to test the 

hypotheses; (i) ILC3s participate in the immune response during HIV infection and (ii) HIV infection 

leads to ILC3s transdifferentiating into ex-ILC3s, driven by the highly proinflammatory tissue 

microenvironment in LNs. 

 

From my results (graphical summary in Figure 1), I found that ILC3s seem to become activated during 

HIV infection and that ILC3s also upregulated functional cytokines known to participate in immune 

responses, such as TGF and GZMA. These, along with other findings, such as the emergence of 

cytotoxic ‘ex-ILC3s’, led me to conclude that ILC3s probably participate in an immune response 

towards HIV infection, which may be to participate in a type 1 immune response, however, their exact 

role remains unclear. Therefore, to fully confirm my first hypothesis, studies investigating functionality 

are warranted, such as in vitro LN-resident ILC3 stimulation assays with inflammatory cytokines or 

HIV peptides.  

 

While investigating my second hypothesis, I found that HIV infection led to the emergence of an ex-

ILC3 population which had cytotoxic potential. Previous studies have hypothesized that ex-ILC3s 

transdifferentiate from conventional ILC3s due to an inflamed tissue microenvironment. I found that 

HIV infection led to a distinct ex-ILC3 population, however, an NK-like ILC3 population was also 

detected in HIV negative LNs. The NK-like ILC3s did not have any DEGs compared to the cILC3 

population in HIV negative LNs, hinting that these two populations may not be terminally differentiated 

or are quiescent during homeostatic conditions. The NK-like ILC3 population did share some NK cell-

associated transcripts with the ex-ILC3 population. This suggests that the ex-ILC3 population observed 

in my dataset probably did not transdifferentiate from cILC3s, but rather that HIV infection may have 

led the NK-like ILC3 population to terminally differentiate into ex-ILC3s. However, to determine what 

populations during homeostatic conditions terminally differentiate into ex-ILC3s, further experiments 

must be conducted, such as in vitro cell stimulation assays. I hypothesize that HIV-infection, which 

leads to a highly inflamed LN microenvironment, drives this terminal differentiation. Importantly, this 
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ex-ILC3 population emerged in conjunction with a cILC3 population which may also be terminally 

differentiated from the cILC3 population observed in HIV negative LNs.  

 

Interestingly, ILC3s may contribute to HIV-induced fibrosis by either directly stimulating fibroblasts 

to deposit collagen, through TGF stimulation, or indirectly by maintaining T-regs, through TGF 

intercellular signaling, which also stimulate fibroblasts to deposit collagen through TGF, or both. The 

actual amount of TGF ILC3s may contribute to the overall amount of TGF in LNs during HIV 

infection is unknown and warrants further investigation. However, this is a novel cell type that was 

previously unknown to contribute to fibrosis. ELISpot experiments may be conducted to compare the 

number of TGF secreting ILC3s from HIV positive and HIV negative LNs or flow cytometry 

experiments may be conducted to investigate TGF secreting ILC3s.   

 

 
 

Figure 1. Graphical summary of findings, highlighting prominent ILC3 populations identified 

between disease states in human LNs. 1) During homeostatic, two ILC3 populations were identified, 

however, there were no DEGs (adjusted p value) between the two populations. This is probably why 

only one ILC3 population was observed for HIV negative participants when compared to HIV positive 

participants, therefore only one population is shown above. 2) Two prominent ILC3 populations were 

evident during HIV infection. HIV infection leads to a highly inflamed LN microenvironment, which 



 53 

activates ILC3s which then become terminally differentiated. ILC3s during HIV infection may 

contribute to fibrosis through the upregulation of TGF production which, either directly or indirectly, 

stimulates fibroblasts to deposit collagen. Also, an ‘ex-ILC3’ population emerges with cytotoxic 

potential. Image created using BioRender.com. 

 

There were limitations to the study. There were low sample numbers for scRNA-seq (n=7) which led 

to low numbers of ILC3 cells in the dataset. More LN samples for scRNA-seq would greatly strengthen 

the study, not only for more biological replicates and more ILC3s in the dataset, but also to obtain 

disease states for each tissue type as we did not have an HIV negative mesenteric LN to investigate 

whether ex-ILC3s are also present during homeostatic conditions in mesenteric LNs. More samples will 

also allow for age and sex matching, a more thorough investigation into ILC3 plasticity, and a more 

thorough investigation into the impact of HIV viremia on ILC3s in LNs. However, this is a first-of-its-

kind study into characterizing ILCs in LNs and investigating the impact of HIV infection, which lays a 

foundation for further analyses.  

 

I believe that the utilized techniques, namely scRNA-seq and F-IHC, have been adequate in 

investigating this dissertation’s aim and hypotheses. This study may be used as a resource for future 

studies requiring characterized ILC3s in LNs and the impact of HIV infection on ILC3s in LNs. It is 

planned that the work done in this dissertation will be submitted for publication which will also include 

single-cell transcriptional analyses on LN-resident NK cells and myeloid cells, done by myself, and 

flow cytometry data, from members of the Kløverpris Lab, in a research paper investigating the impact 

of HIV infection on innate immune cells in LNs. To summarize, I believe I have achieved my aim of 

investigating the impact of HIV infection on ILC3s in LNs which sets the stage for further 

characterizing and analyses. My results support my hypotheses, although further analyses are required 

to determine what population ex-ILC3s differentiate from, and further studies are required to determine 

to what degree ILC3s participate in HIV-induced fibrosis. Lymphoid tissue fibrosis is a major 

pathological consequence of HIV infection and contributes to the progression of AIDS. Therefore, 

identifying cells that may contribute to fibrosis may lead to novel therapeutic techniques aimed at 

hindering HIV-induced fibrosis thus allowing the preservation of the immune system and subsequent 

immune responses.  
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