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Abstract 

Host inflammation has been shown to increase the risk of HIV-1 acquisition. Innate T cells are 

positioned to respond early to infections and produce proinflammatory cytokines associated with 

end-organ inflammation and increased risk of HIV infection. Therefore, understanding activation 

of innate T lymphocytes and their role in immune modulation and HIV infection is important for 

the development of an effective intervention against HIV transmission. The response of mucosal-

associated invariant T (MAIT) cells to toll-like receptor (TLR) 7/8 stimulation may lead to the 

increased activation, depletion, and impaired functionality of MAIT cells observed during acute 

HIV infection. Stimulation of MAIT cells after TLR8 stimulation may also have implications to 

the reduced acquisition of HIV in HIV-exposed seronegative (HESN) subjects: it was reported that 

peripheral blood mononuclear cells (PBMCs) from HESN were hyporesponsive to TLR7 

(resulting in reduced cytokine responses to the corresponding ligands) but hyperresponsive to 

TLR8 following stimulation with ssRNA40. Proinflammatory cytokines have been shown to 

increase the numbers of HIV target cells in the mucosa, reduce mucosal integrity, and increase 

HIV replication in infected cells, resulting in effective transmission and acquisition of the virus. 

This Thesis is a comparison of TLR 7 and TLR8, both which have been shown to recognize HIV 

genetic material, responses in innate T cells in PBMCs from healthy blood donors. Here is the 

hypothesis tested that TLR7 or TLR8 stimulation of PBMCs or monocyte-derived dendritic cells 

(MDDC) will lead to increased major histocompatibility complex (MHC) related protein 1 (MR1), 

which is a ligand for MAIT cell recognition on the membrane of antigen-presenting cells (APCs), 

and/or the expression of IL-12 and IL-18. Further, TLR7 and TLR8 stimulation of PBMCs will 

lead to stimulation of innate T cells, leading to an increase in proinflammatory cytokines, increased 

immune activation, and increased HIV infection in vitro.  

The results demonstrated that MAIT cells were highly activated by both TLR7 and TLR8, as 

evidenced by increased CD69 expression, but only TLR8 stimulation resulted in elevated cytokine 

responses. Gamma/delta (γδ) T cells were found to be hyporesponsive to both TLR7 and TLR8 

stimulation, as evidenced by reduced CD69 and cytokine responsiveness. MAIT and γδ T cells 

therefore differed in their ability to respond to TLR7/8 stimulation. In contrast, TLR8 stimulation 

of PBMCs in the presence of interleukin 7 (IL-7) led to expression of interferon gamma (IFN-γ), 
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suggesting TLR responses mediated via MAIT/γδ may be a key component in reduced 

susceptibility to HIV. 

These results demonstrate that although innate T cells are known to respond and protect against 

bacterial infections, they may also be activated during HIV infection, and their response may result 

in the activation of other immune cells resulting in enhanced HIV infection in vitro, supporting the 

overall hypothesis tested. This Thesis contributes to growing knowledge of the outcomes of TLR7 

and TLR8 stimulation and the role of MAIT and γδ T cell activation with respect to HIV infection, 

which could be critical information in the design of HIV vaccines, microbicides, or other 

interventions. 
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Chapter 1: Introduction and Literature Review 

1.1 Human immunodeficiency virus 

1.1.1 Origin and history of HIV 

Human immunodeficiency virus (HIV) type 1 and 2 are lentiviruses that cause acquired 

immunodeficiency syndrome (AIDS) (1).  

AIDS was first described in 1981 in a group of men who had sex with men (MSM), who presented 

with opportunistic infection caused by Pneumocystis carinii and a relatively rare cancer called 

Kaposi sarcoma in New York and San Francisco (2,3). Thus, AIDS was initially associated with 

men who have sex with men (3–5), then with drug users (6), people who had received blood 

transfusions (5), and finally, the general population (7). The causative agent, HIV-1 and HIV-2, 

resulted from cross-species transmission of a closely related simian immunodeficiency virus (SIV) 

into humans, probably due to the hunting and butchering of primates for bushmeat, which likely 

led to infectious viruses present in raw primate meat coming into contact with human mucosal 

tissues (8). 

HIV-1 occurs globally, while HIV-2 is found primarily in West Africa (8). HIV-1 is further 

grouped into four groups (M, N, O, and P) (9). HIV-1 groups M, N, and O came about likely due 

to cross-species transmission of SIV from chimpanzees (10), and P came from gorillas (11). The 

HIV-1 group major (M) consists of 11 clades – A, B, C, D, E, F, G, H, I, J, and K – and is 

responsible for most HIV infection globally (12). HIV-1 groups outlier (O), nonmajor, nonoutlier 

(N), and P mainly occur in West Africa (9). For this Thesis, HIV-1 will be referred to only as HIV, 

unless otherwise stated. 

1.1.2 Epidemiology of HIV 

According to UNAIDS, by the end of 2020 there were 1.7 million (1.2 million–2.2 million) new 

HIV infections per year worldwide (13). Despite new HIV cases of infection having been reduced 

to the lowest level since the peak in 1989 and declining by 23% since 2010, the rate per year of 

new infections has remained consistent. Furthermore, the estimated new infection rate per year is 

still three times higher than the UNAIDS 90-90-90 target of less than 500,000 new infections per 
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year needed to end the AIDS epidemic by 2020. Although many countries are making remarkable 

progress, many fail or are unable to adopt proven methods for preventing HIV infection at the 

required scale (13), suggesting that novel HIV prevention methods are still urgently required.  

Some populations have made better progress than others in reducing the number of new HIV 

infections, e.g., the annual number of new infections among women and girls (a 27% decrease 

since 2010) declined more rapidly than among men and boys (an 18% decrease) worldwide. 

Globally, in 2019, 48% of total infections were among women and girls compared to 52% among 

men and boys. Most of these new infections were still occurring in sub-Saharan Africa. Although 

only 9% of new infections occurred in children (aged 0 to 14 years) in 2019, most of these (84%) 

occurred also in sub-Saharan Africa (13).  

Nevertheless, the reduction of new infections worldwide is primarily due to a decrease of new 

infections in eastern and southern Africa (a 38% reduction since 2010), in the Caribbean (29%), 

western and central Africa (25%), western and central Europe and North America (15%), and Asia 

and the Pacific (12%). However, the epidemic has continued to grow in eastern Europe and central 

Asia, with new HIV infections rising by 72% between 2010 and 2019, in the Middle East and 

North Africa (22%), and in Latin America (21%) (13). Due to the success of HIV treatment 

programs, progress has also been made in reducing AIDS-related deaths from 1.7 million (1.3 

million–2.4 million) in 2004 and 1.2 million (860,000–1.6 million) in 2010 to 770,000 (570,000–

1.1 million) in 2018. However, HIV/AIDS still was the leading cause of death among all infectious 

diseases (14). Further, the progress made so far in reducing AIDS-related deaths could be easily 

reversed due to the COVID-19 pandemic seriously disrupting the AIDS response. Even a 20% 

disruption of HIV care and treatment programs could cause an additional 110,000 deaths; 

alarmingly, a six-month complete disruption in HIV care and treatment could generate more than 

500,000 other deaths in sub-Saharan Africa over the next year (2020–2021), bringing the region 

back to 2008 AIDS mortality levels (15). 

1.1.3 HIV structure and genome 

HIV is a member of the Retroviradae family, subfamily orthoretroviridae, in the genus of lentivirus 

(16). HIV is spherical with a diameter of 100 nm and has a lipid envelope derived from the host 
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cell plasma membrane during budding (17). The virus envelope is embedded with trimeric 

transmembrane proteins gp41 (stalk) (Figure 1) and gp120 (head), forming projections (18). 

Beneath the envelope are matrix protein p17 (19) and core proteins p24 and p6, and nucleocapsid 

protein p7 (20). Inside the virus core are two copies of positive-sense viral RNA genome together 

with three enzymes: integrase (IN), reverse transcriptase (RT), and protease (PR) and five 

accessory proteins; viral infectivity protein (Vif), viral protein R (vpr), transactivator of 

transcription (tat), regulator of viral protein expression (Rev), and negative regulatory factor (Nef). 

An additional protein found in HIV-1 but not HIV 2 is viral protein u (vpu) (21–23).  

The HIV genome contains nine open reading frames (ORF) – gag, pol, vif, vpr, vpu, env, nef, nev, 

and tat, encoding 19 different proteins (24). Three genes, gag, pol, and env, encode structural 

proteins for new virus particles (25). An example of gene that encodes structural proteins is the 

gag gene, which encodes the Gag protein that is cleaved to produce four structural proteins: p17, 

p24 (capsid), p7 (nucleocapsid), and p6 (26). The env gene encodes a polyprotein, gp160, that is 

later cleaved by PR into gp120 and gp41 (27), and the pol gene encodes three viral enzymes, PR, 

IN, and RT (28). The remaining six genes, vif, vpr, vpu, nef, rev, and tat, are regulatory genes that 

encode for proteins involved in controlling the ability of HIV to infect cells, replicate, and cause 

disease (20,29,30). 
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Figure 1. Human immunodeficiency virus. HIV is a roughly spherical and enveloped virus with 
trimeric projections consisting of gp120 (head) and gp41 (stalk) and specific host proteins such as 
MHC molecules incorporated into the viral envelope. A layer of matrix protein (p17 or MA) found 
beneath the envelope bilayer surrounds a cone-shaped virus core made up of p24 protein. The virus 
core contains two positive-sense RNA strands encapsulated by a nucleocapsid (p7 protein), 
enzymes: integrase (p31, IN), reverse transcriptase (p66/p51, RT) and protease (p11, PR), and 
accessory proteins (Vif, Vpu, Vpr, Tat, and Nef). Adapted from (31)  
 
1.1.4 HIV life cycle 

HIV replication begins when HIV encounters CD4+ host cells and is divided into 10 distinct steps: 

(i) binding, (ii) fusion and entry, (iii) uncoating, (iv) reverse transcription, (v) nuclear entry, (vi) 

integration, (vii) transcription of viral DNA, (viii) viral protein synthesis, (ix) budding, and (x) 

virion maturation. The first step in replication is HIV entry into the target cells which begins with 

gp120, on the virus’s surface, binding to a CD4 receptor, which is primarily expressed on CD4+ 

T cells or macrophages. This leads to conformational changes on gp120, thus exposing a 

chemokine binding domain on gp120 and enabling interaction between the host CCR5 and the 

viral gp120-CD4 complex for HIV strains that utilize CCR5 as co-receptor (also known as R5 HIV 
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virus) or between CXCR4 and gp120-CD4 complex for HIV-1 strains that utilize CXCR4 as co-

receptor (also known as X4 HIV) (32). The gp120-CD4 complex is stable, allowing the N-terminal 

end of gp41 to penetrate the plasma membrane (33). The conformational change in gp41 leads to 

the interaction of the viral envelope and plasma membrane of the target cell, fusion of viral and 

host membrane, and insertion of the viral core into the cytoplasm (34,35). Uncoating of the capsid 

proteins follows, thus releasing the viral RNA (36–38). Reverse transcription begins with the viral 

ssRNA being converted into a double-stranded DNA that enters the nucleus. The proviral DNA is 

integrated into the host genome to form a provirus by the viral enzyme integrase (36,39). After 

successful integration, transcription of the proviral DNA is initiated at a promoter site termed the 

long terminal repeat (LTR) through a complex process involving a viral transactivator of 

transcription (Tat) and several host transcription factors, including NF-κB leading to new progeny 

virions and viral mRNA transcripts (40). 

The viral mRNA transcripts are exported out of the nucleus, with the help of the Rev protein, as 

spliced, partially spliced, or unspliced RNA (41). They are translated by cellular ribosomes, giving 

rise to different viral proteins. Once in the cytosol, Rev is released from the mRNA and transported 

back into the host nucleus (42,43). The Gag-derived protein MA initiates viral packaging and 

assembly on the inner surface of the plasma membrane (44). The virus core is assembled from the 

gag-pol protein by incorporating Vif, Vpr, and Nef and genomic viral RNA to form the immature 

virion, which then buds off the plasma membrane, producing new but immature virions (45). The 

budding of the new virion is followed by the initiation of virus maturation, during which the Gag-

Pol polyprotein is cleaved by viral protease (PR) to produce structural proteins MA, CA, and NC, 

which then make up the viral core, and viral enzymes IN, RT and PR (46,47). The mature virion 

can then infect a new target cell, thereby initiating a new replication cycle. 

1.1.5 Correlates of protection against HIV 

Like any other infectious disease, exposure to HIV leads to different outcomes. Some individuals 

who are infected after repeated exposure and without treatment show varying progression rates to 

AIDS (48). Others may get infected, but they develop a markedly prolonged course of infection 

that does not show signs or symptoms of AIDS despite the absence of therapy and are referred to 

as long-term non-progressors (LTNP) (49). Finally, some individuals are not infected despite 
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repeated exposure and are referred to as HIV-exposed seronegative (HESN); these include the 

women from the well-described Majengo cohort, who can be epidemiologically defined as 

relatively resistant to HIV (50,51). HESN individuals have been identified in different cohorts, 

including intravenous drug users (52), health care workers accidentally exposed to HIV (53), 

homosexuals or heterosexual subjects that have unprotected sex with their seropositive partners 

(54,55), children born to HIV-infected mothers exposed through natural birth and/or breast feeding 

(56–58), and hemophiliacs who had received HIV-contaminated anti-clotting factors (59). Thus, 

understanding the factors responsible for resistance to HIV acquisition and progression would be 

critically important in offering new insights into HIV transmission as they would facilitate the 

design of preventive measures, including effective vaccines to protect against HIV infection.  

Understanding strategies to prevent and reduce susceptibility to HIV-1 infection is paramount in 

controlling the pandemic. However, defining immune protection correlations against HIV has 

proved difficult due to the diversity of the exposure routes and varied epidemiological backgrounds 

of HIV-exposed, uninfected subjects (60). Individuals meeting the HESN definition are individuals 

who lack anti-HIV immunoglobulin (IgG) seropositivity or evidence of infection despite being 

repeatedly exposed to HIV and/or are frequently involved in high-risk behavior in high HIV 

prevalence areas (61). Thus, HESN subjects may have mucosal IgA responses to HIV, but they 

must be HIV IgG seronegative systemically and HIV-negative by ultrasensitive polymerase chain 

reaction (PCR) testing (55). Exposure to HIV may be quantified in some studies of HIV-discordant 

couples and hemophiliacs (60,62). However, other studies, primarily in commercial sex workers 

and IV drug users, have inferred exposure to HIV based on mathematical models of high-risk 

activity frequency and the prevalence of HIV in the community being studied (63–65). 

1.2 Human immune system 

The human immune system is classified into two general types, depending on the response speed 

and specificity: the innate and adaptive immune systems (66). Both the innate and adaptive 

immune systems work together to protect the body from harmful microorganisms. The innate 

immune system informs the development of the adaptive immune system (67). Although the term 

innate immunity may refer to physical, chemical, and microbiological barriers, in many cases, it 

is used to imply the elements of the immune system (e.g., neutrophils, monocytes, macrophages, 
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complement, cytokines, and acute-phase proteins) that provide immediate host defense (68). The 

innate immune system is essential for survival, as it is found even in single-celled organisms as 

well as invertebrates and vertebrates (69). The adaptive immune system is present in higher 

animals and consists of antigen-specific reactions through T lymphocytes and B lymphocytes (70). 

Although the innate immune system can also have aspects similar to adaptive immune system, 

such as memory in natural killer (NK) cells and trained immunity in macrophages and other cell 

types, it is more rapid and may cause damage to the tissue due to a lack of specificity. The adaptive 

immune system takes longer to develop, is more specific and has memory (71,72). Bridging the 

innate and adaptive immune system are the innate-like lymphocytes, consisting mainly of gamma 

delta (γδ) T cells, mucosal-associated invariant T (MAIT) cells, and invariant natural killer T 

(iNKT) cells (73–76). Innate T lymphocytes utilize restricted T cell receptor rearrangements, 

which recognize conserved microbial elements presented on MHC-like molecules instead of the 

peptide-MHC complexes that activate classical αβ T cells. Thus, innate T lymphocytes are 

essential in recognizing nonpeptide antigens, resulting in the immune response and linking the 

innate and adaptive immune response (77). 

1.2.1 Innate immunity 

The innate immune system is an evolutionarily older line of defense found in all plants and 

animals, including single-celled organisms (78). The innate system is strategically placed in a 

position where it becomes the first to encounter intruding pathogens and is rapid to respond but 

does not maintain memory. Components of the innate immune system include anatomic (e.g., skin 

and mucus membrane), which prevents entry of pathogenic and commensal bacteria (normal 

flora). The innate immune system also comprises mucus found on the surface of the mucosa, which 

traps microbes and limits their access into underlying tissues. It further includes enzymes like 

lysozyme found in tears and digestive enzymes in the gut that can lyse microbial membranes and 

finally consists of a variety of immune cells (e.g., granulocytes including neutrophils, eosinophils 

and basophils as well as mast cells, monocytes, dendritic cells (DCs), NK cells, and innate T 

lymphocytes and innate lymphoid cells (ILCs)) that are phagocytic or cytotoxic to infected cells 

or release a broad array of inflammatory mediators, such as cytokines, chemokines, and proteases.  

1.2.1.1 Innate and genetic immunity and HIV 
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1.2.1.1.1 Immunogenetic correlates of protection against HIV infection  

Genetic variations among human beings can influence susceptibility to HIV infection by 

influencing multiple steps in the viral replication, such as viral entry, packaging, and maturation. 

However, only individuals homozygous for the Δ32 allelic variant of the CCR5 protein, due to a 

32 base pair deletion in the CCR5 (ckr5) gene, which results in the expression of a truncated and 

non-functional CCR5 receptor, display a complete, even if not absolute, protection to sexually 

transmitted HIV infection (79–81). The ccr5δ32 allele is abundant in Caucasian ethnicities, being 

present in 4–15% of the population, although higher frequencies can be observed in Northern 

Europeans (82). The ccr5δ32 variant is absent from people of other ethnicities, including sub-

Saharan African populations, where it is lacking, yet these populations are where most HIV 

infection occurs (82). Only individuals homozygous for ccr5δ32 mutation are wholly protected 

against mucosal HIV transmission (80,81). Although individuals heterozygous for the ccr5δ32 

allele can be infected with HIV, they are characterized by a delayed progression towards clinical 

stages of AIDS. Individuals heterozygous for ccr5δ32 express low levels of functional CCR5 

molecules on their cell surfaces, resulting in a reduced ability of HIV to bind its co-receptor and, 

ultimately, in diminished viral replication (79,83). The ccr5δ32 homozygous genotype has been 

identified in several HESN cohorts, but this genotype is absent in African populations (84). Other 

polymorphisms exist in the regulatory region of the CCR5 gene, but none has been associated with 

HESN individuals (83).  

The CC-chemokines have been shown to play a role in the modulation of susceptibility to HIV 

infections and include regulated on activation normal T cell expressed and secreted (RANTES) 

(CCL5), MIP-1α (CCL3), MIP-1β (CCL4), and MIP1αP (CCL3L1). These bind to CCR5, thus 

competing for receptor binding with R5-tropic virus (85). High expression of RANTES in genital 

mucosa has been observed among HESN, suggesting a role for RANTES in preventing HIV 

infection. A possible explanation for the observed differences detected in RANTES expression 

comes from identifying genetic variants in its promoter region (86–88). Another CC-chemokine, 

CCL3L1, considered the most potent agonist of CCR5, can also limit HIV infection in target cells. 

The gene for CCL3L1, together with those for CCL3, CCL4, and CCL5, came about due to a 

duplication of a common ancestral gene. These nonallelic copies are found in variable numbers in 

the human population. Gene duplication may contribute to the overexpression of the corresponding 
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protein, which is likely to modulate immune responses (89). Increased CCL3L1 secretion has also 

been associated with reduced CCR5 expression on CD4+ T cells (89). Although CCL3L1 may 

reduce HIV target cells, it has been associated with increased susceptibility to HIV in South 

African women, suggesting that higher expression of the CCL3L1 gene may not be protective 

against HIV acquisition (90). Analysis of single nucleotide polymorphisms (SNP) on chromosome 

17 led to the discovery of the ccl2-ccl7-ccl11 or the h7 haplotype in HESN of Caucasian ethnicity. 

Since the proteins encoded by these genes do not bind to CCR5 or CXCR4, they do not modulate 

virus entry. However, the authors suggested that their role in the immune mechanism, including 

the chemokine-mediated recruitment of monocytes, eosinophils, and dendritic cells to the 

inflammation site, could mediate the protective effect of the h7 haplotype (91). Similarly, an SNP 

in the stromal-cell-derived factor-1 (SDF-1) gene, was reportedly overrepresented in a group of 

HESN (92) but failed to be associated with HIV resistance in other cohorts (93). SDF-1 is a natural 

ligand for CXCR4, which is a co-receptor for X4 HIV strains, SDF-1 3′A, results in increased 

transcript stability and, thus, enhances SDF1 production.  

The human leukocyte antigen (HLA) genes encode cell surface molecules responsible for antigen 

presentation to T lymphocytes (94), are ligands for inhibitory NK cells (95) and are highly 

polymorphic. Several HLA genotypes, including HLA-B*57:01, HLA-B*58:01, HLA-B27, and 

HLA-B51, have been associated with delayed HIV disease progression. The HLA-B*57:01, HLA-

B*58:01, HLA-B27, and HLA-B51 genotypes enable cytotoxic T lymphocyte (CTL) to target 

multiple HIV peptides and recognize conserved HIV-Gag epitopes in individuals who express 

them (96). There are two groups of HLA-B*35 antigens: Py and Px. Only B*35Px is associated 

with more rapid HIV disease progression (97,98). Some DQB1 alleles and haplotypes in the 

Pumwani sex worker cohort have been associated with HIV resistance (99). Discordance in HLA 

class I alleles between the HIV-infected subject and the uninfected sexual partner was also 

associated with reduced HIV transmission (100,101). Likewise, a study of pregnant mothers in 

Nairobi found that incompatibility in HLA class I alleles between mothers and their newborns 

decreased the risk of perinatal HIV transmission to the newborns (102). Soluble factors expressed 

by CD8+ T cells have also been shown to protect against HIV infection in newborn babies who 

remain HIV seronegative  although they are born to HIV+ mothers(103). 



 

10 
 

Interferon regulatory factors (IRF) are transcription factors that have been shown to play a central 

role as transcriptional regulators of type I interferon (IFN-α and -β) biology (104). IRF-1 is 

expressed in all cell types except early embryonal cells and plays a pivotal role in many aspects of 

the immune response, including immune cell development and differentiation as well as regulation 

of the response to pathogens (105,106). Given their role, IRFs have been implicated in the 

pathology of several autoimmune and autoinflammatory conditions, including systemic lupus 

erythematosus (SLE), in which overexpression of type I IFNs is thought to be a major contributor 

to pathology. IRF-1/NF-κB are essential facilitators of the early transactivation of the HIV-1 

genome (107,108). The presence of SNPs 619A and 6516G on the IRF-1 gene has been shown to 

reduce the IRF-1 protein expression and protect against HIV infection. Binding of IRF-1 to an 

interferon-stimulated response element (ISRE)-like sequence of the HIV 5′-LTR results in Tat-

independent initiation of the transcription of HIV genes. Thus, reduced IRF-1 expression 

downregulates HIV transcription and replication at the initial stages of infection, possibly allowing 

the immune response to respond effectively (109). 

Interferon-stimulated genes (ISGs) are expressed in response to stimulation with interferons (IFN) 

(110), which are antiviral cytokines that are mainly classified into two: type I and type II (111,112). 

In humans, type I IFN binds a common cell surface receptor, known as the type I IFN receptor, 

and they include IFN-α, IFN-β, IFN-ε, IFN-κ, and IFN-ω (111–113). However, only one type II 

IFN, IFN-γ, binds to the type II IFN receptor (114–116). Recently, a new class of IFNs known as 

IFN-λ has emerged (111,117). Both the type I IFN receptor and the type II IFN receptor have 

multichain structures composed of at least two distinct “subunits”, which interact with a member 

of the Janus-activated kinase (JAK) family: IFNAR1 and IFNAR2 for the type I IFN receptor 

interacts with tyrosine kinase 2 (TYK2) and JAK1, respectively. In the case of type II IFN receptor, 

the IFNGR1 subunit binds to JAK1, whereas IFNGR2 binds to JAK2 (118,119). The binding of 

IFN to its receptor leads to type-I- and type-II-IFN-mediated signalling activation of receptor-

associated JAKs, followed by autophosphorylation and activation of the associated JAKs as well 

as activation of the classical JAK–STAT (signal transducer and activator of transcription) 

signalling pathway (120). The STAT proteins homo- or heterodimerize and form complexes with 

other transcription factors to activate the transcription of ISGs (121). The gene products regulated 

by IFNs are the primary effectors of the IFN response. ISGs are commonly expressed in response 
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to viral infection, but also during bacterial infection and in the presence of parasites (110,122). 

Although the functions of most ISGs remain to be elucidated, some of the best-studied ISGs play 

pivotal roles in host defense (123). ISGs function to inhibit virus replication through viral RNA 

degradation, viral translation inhibition, or both (123). Several innate ISGs have been described 

that can interfere directly with HIV replication. These ISGs, including apolipoprotein B editing 

complex (APOBEC3), sterile alpha motif histidine aspartate domain containing protein 1 

(SAMHD1), tripartite motif 5 alpha (TRIM5α), tetherin, and serine incorporator 5 (SERINC5), 

restrict HIV replication at multiple stages in the replication cycle (124). The expression of high 

levels of several of these host restriction factors, including APOBEC3G and myxovirus resistance 

2 (MX2/MXB) is associated with reduced susceptibility to HIV infection in vitro (125,126). 

1.2.1.1.2 Mucosal immunity and HIV susceptibility 

The vagina and ectocervix epithelia in women are composed of a multilayer of keratin-containing 

cells, the stratified squamous epithelium, that does not have a polarized plasma membrane or tight 

junctions. Thus, this barrier is permissive to passage of small particles less than 30 nm in diameter. 

Therefore, HIV being 80–100 nm in diameter, is physically barred from crossing the genital 

mucosa (127). However, the lack of tight junctions in the genital mucosa allows CD4+ T cells, 

macrophages, and DC migration into the vaginal and ectocervical epithelium, where the cells may 

take up HIV that has gained access to “leaky” epithelium (128),(129). The anal mucosa, 

endocervix uterus, and Fallopian tubes are a single layer of polarized, columnar epithelial cells 

with tight junctions (127)(130). Adult human foreskin is a stratified epithelium consisting of the 

highly keratinized outer foreskin, a “wet” mucosal epithelium, and less keratinized inner foreskin. 

The inner foreskin is enriched with HIV target cells such as CD4+ T lymphocytes, macrophages, 

and DCs (131–134). Thus, the inner foreskin is more susceptible to HIV infection than the outer 

foreskin (134–136). Circumcision in men has been shown to lower the risk of HIV infection by 

60% (137). Also, in vitro studies have demonstrated that mucosal foreskin epithelium removal 

leaves a dry keratinized epithelial surface, which is more resistant to HIV infection (137,138). The 

penile urethra in both non-circumcised and circumcised men has the potential for HIV 

transmission. It too has stratified squamous epithelia and contains immune cells such as 

macrophages and T cells but not Langerhans cells, which are target cells for HIV (131,132,135). 

Thus, the risk of HIV acquisition depends on the characteristic of the mucosal epithelial layer, with 
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anal intercourse having a high risk of HIV transmission (0.3–5%) per coital act (139) followed by 

the female genital epithelium (0.05–0.5%) per coital act (139) and male genital epithelium (0.04–

0.14%) per coital act (139,140). The oral mucosa has the lowest risk of HIV transmission (0.01%) 

per coital act (139), probably due to the highly stratified epithelium with tight junctions observed 

between the more superficial monolayers, obstructing viral access particles to the submucosa. 

These tight junctions are formed due to dimerization of transmembrane proteins, such as occludin 

and claudins, with the cytoplasmic protein zonula occludens (ZO)-1; these together maintain the 

polarized structure of the epithelium (141).  

HIV mucosal transmission also depends on the surface area. Thus, women have a higher per-act 

risk of HIV acquisition after virus exposure than men because the surface area of cervicovaginal 

mucosa is larger than that of the penis and foreskin (142). However, circumcision in men may 

lower the risk of HIV acquisition by reducing the susceptible surface area (143). 

Cell-free or cell-associated HIV can penetrate the epithelium into the subepithelial lamina propria 

due to the disruption of cervicovaginal mucosa caused by trauma or infection-associated mucosal 

inflammation, ulceration, and erosions (144). Mechanical micro-abrasions induced by sexual 

intercourse, chemical use (e.g., topical microbicides), and genital ulcers caused by sexually 

transmitted diseases (e.g., syphilis, chancroid, and those caused by herpes simplex virus) may 

allow HIV to directly access target cells, such as DCs, T cells, and macrophages, at the basal 

epithelium and stroma (145). 

Although cell-free or cell-associated HIV can penetrate the epithelium, the transmission of cell-

associated HIV seems to be more efficient than cell-free virions in the male and female genital 

mucosa and anorectal mucosa (146)(147). A virus can cross the mucosal epithelium by either 

paracellular passage or transcytosis. The choice of method is determined by the type and the 

intrinsic characteristic of the epithelium (148). Paracellular passage can happen in all mucosal 

surfaces, mainly due to disruption of mucosal integrity. For instance, HIV gp120 proteins can 

disrupt tight junctions and lead to the formation of gaps at the epithelial monolayers through which 

the virus may reach the submucosa (149–151). This is mainly due to gp120 binding to either the 

coreceptors CCR5, CXCR4, or galactosylceramide (GalCer), which are expressed on epithelial 

cells, leading to a reduction of the expression of occludin, claudins, and ZO-1. This may increase 
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calcium ion (Ca2+) levels and activation of the mitogen-activated protein (MAPK) and 

phosphatidylinositol 3-kinase (PI3K) pathways, resulting in disruption of ZO-1 and 

Claudins/Occludin interactions and tight junctions, internalization of surface proteins, and 

disruption of epithelial monolayers (151–153). Other effects, such as stimulation of TLR2 and 

TLR4 on endometrial and endocervical epithelial cells by gp120 may lead to NF-kB activation 

and increased proinflammatory cytokines, including tumor necrosis factor (TNF)-α (154). 

Proinflammatory cytokines expressed by HIV-infected cells, including, TNF-α, IFN-γ, IFN-α, and 

IL-1β, have been shown to disrupt epithelial junctions (141). Paracellular passage of HIV may be 

responsible for transmitting 0.1% of virus in vitro (150). However, their impact on HIV 

transmissions in vivo is not known. HIV can also cross the mucosal epithelial by transcytosis. The 

viral particles bind to molecules expressed on epithelial cells such as heparan sulfate proteoglycans 

(HSPGs) or Glacier, followed by transportation into the intracellular compartment (155,156). 

However, this mechanism is less efficient, as it results in transcytosis of only 0.01% of the initial 

inoculum of HIV (156). 

Despite the low transmission rate per sexual act, sexual intercourse still accounts for most HIV 

infections worldwide, making it the main transmission route (157). For HIV sexual transmission 

to occur, the HIV has to cross the mucosal epithelium barrier, produce a productive infection in 

subepithelial mononuclear cells, and be delivered to lymph nodes to initiate systemic infection 

(158). As discussed, the structure of the exposed epithelium is crucial in terms of susceptibility to 

viral entry. Since not all episodes of sexual intercourse result in HIV infection, the efficiency of 

HIV transmission depends on the infectiousness of the HIV-infected partner and the susceptibility 

of the uninfected person (159). If the infected person has high blood viral load, it increases the 

probability of transmission (160). Sexually transmitted diseases (STDs; e.g., herpes outbreaks) 

have been associated with increased blood HIV viral load and may result in increased HIV 

transmission (161). Other STDs including bacterial vaginosis (BV), herpes simplex virus (HSV), 

human papillomavirus (HPV), Chlamydia trachomatis, Neisseria gonorrhoeae, Candida, genital 

ulceration and vaginal discharge have been shown to correlate with increased HIV shedding and 

may increase HIV transmission (162). STDs also increase the HIV susceptibility of the uninfected 

partner of an HIV-infected individual. For instance, infections in the female genital tract, including 

HPV, C. trachomatis, and N. gonorrhoeae, may lead to upregulation of proinflammatory cytokines 
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(e.g., IL-1, IL-6, TNF-α) and immunoregulatory cytokines (e.g., IL-12, IL-10) that modulate HIV 

replication (163). Proinflammatory cytokines can increase HIV replication by activating the LTR 

sequence of HIV, especially the HIV clade C virus, as it has been shown to have additional LTR-

binding sites for TNF-α (164). This implies that increased levels of proinflammatory cytokines in 

the mucosal area would be associated with increased HIV acquisition (165). Thus, a 

proinflammatory environment such as the one created by STDs encourages HIV acquisition (166). 

In support of this, the HESN individual’s natural resistance to HIV acquisition has been 

hypothesised to be linked to immune quiescence in the mucosa (167). The establishment of HIV 

infection at the mucosa depends on the availability of susceptible target cells, particularly memory 

CD4+ T cells (168). Thus the presence of CD4+ cells in the mucosa, especially those expressing 

CCR5, is associated with increased susceptibility to HIV infection (169). Therefore, HIV can gain 

direct access to the mucosal microcirculation in cases of mucosal trauma, inflammation, and 

ulceration. This may disrupt the epithelial barrier and provide directional signals to recruit highly 

susceptible and activated inflammatory monocytes and T cells (170). 

With respect to mucosal secretions, proteins of small molecular weight with anti-HIV activity have 

been described in several HESN cohorts including, the saliva protein, a secretory leukocyte 

protease inhibitor (SLP1) (171), lactoferrin (172), defensin (173), and elafin/ trappin-2 (174). The 

Pumwani sex workers who were HIV resistant also expressed high levels of antiprotease inhibitors, 

including serpins (serine protease inhibitors), elafin, alpha-2-microglobulin 1 (A2ML1), cystatin 

A, and cystatin B in the genital mucosa (175). 

1.2.1.2 Monocytes 

Monocytes make up to 10% of circulating leukocytes (176). In inflammatory conditions, 

monocytes are recruited to tissue sites to differentiate into monocyte-derived macrophage or 

monocyte-derived dendritic cells (MDDCs) (177–179). They also express a wide range of 

scavenging receptors that can recognize lipids and bind to microorganisms and apoptotic cells, 

enabling monocytes to play an essential role in the phagocytosis of pathogens and clearance of 

apoptotic cells and toxic compounds at the end of an inflammatory process (180).  
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Human monocytes can be classified based on CD14 and CD16 expression as classical (CD14+ 

CD16-), intermediate (CD14+ CD16+) or nonclassical (CD14dim/- CD16+) monocytes (181). 

Although monocytes act as antigen-presenting cells (APCs), they are not as efficient as DCs in 

presenting antigens to T cells (182). Monocytes are the precursor cells to “ professional” APCs, 

such as macrophages and DCs (177,183,184). Therefore, monocytes patrol the bloodstream and 

tissues to replenish dying APCs or, in case of infection, to provide enough of these cells for the 

body to respond to invading pathogens effectively (185). Although undifferentiated monocytes 

may live for only a few days in the bloodstream once activated or differentiated, their lifespan is 

significantly prolonged for up to several months (186). DCs, B cells, and monocytes can act as 

APCs by presenting bacterial vitamin B metabolites intermediates by MR1 to MAIT T cells (which 

are key innate lymphocytes), leading to T-cell receptor (TCR)- mediated MAIT cell activation 

(187). Toll-like receptor (TLR) stimulation of DCs and monocytes may also lead to cytokine 

production, including IL-12 and IL-18, which activate MAIT cells (187). Activation of MAIT cells 

can lead to induction of proinflammatory cytokines (188,189) which may modulate and increase 

immune activation. Thus, this Thesis focuses on understanding whether and how the 

differentiation of monocytes into MDDC and maturation of MDDCs with TLR7 and TLR8 may 

lead to activation of MAIT cells and expression of proinflammatory cytokines. 

1.2.1.2.1 Monocytes in HIV infection 

Although HIV can infect monocytes, in some cases leading to latent infection, the infection of 

monocytes, macrophages, and DCs by HIV is relatively rare compared to the infection of CD4+ T 

cells. Monocytes and macrophages express host restriction factors such as SAMHD1 as well as 

VIPERIN (virus-inhibitory protein, endoplasmic reticulum–associated, interferon-inducible) and 

APOBEC3G, reducing their susceptibility to HIV (190,191). Infected monocytes can disseminate 

the virus as they migrate into peripheral tissues (192,193) and are likely to differentiate into 

MDMs, which transforms them into a long-lived reservoir for the virus (194–196). Furthermore, 

differentiated MDMs are more susceptible to new infection compared to freshly isolated 

monocytes due to increased expression of the HIV co-receptor CCR5 (197). 

1.2.1.3 Dendritic cells 
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DCs are a heterogeneous family of innate cells that act as potent APCs linking the innate and 

adaptive immune responses (184). Thus, DCs play an essential role in initiating and regulating the 

immune response (198). Depending on the subtype and anatomical location, DCs can survive for 

a few weeks, and they can be replaced through proliferating hematopoietic progenitors, monocytes, 

or tissue-resident cells (199). DCs in the human blood lack lineage (lin) markers for T cells (CD3), 

B cells (CD19 or CD20), and NK cells (CD56). However, they express very high levels of MHC 

class II markers, including HLA-DR, -DP, -DQ antigens, and high levels of MHC class I markers, 

including HLA-A, -B, and -C surface antigens (200,201). Human DCs make up to 1% of human 

blood mononuclear cells and can be classified as plasmacytoid DCs (pDCs) or myeloid or 

conventional DCs (cDCs) (202). The pDCs are lin-HLA-DR+, CD123+, CD300+ blood DC 

antigen 2 (BDCA2) CD304+ blood DC antigen 4 (BDCA4). The cDCs are lin-HLA-DR+, and just 

like macrophages and monocytes, they express CD11C (198,200). pDCs and cDCs express unique 

pattern recognition receptors (PRR), such as TLRs, C-type lectins, and intracellular nucleic acid 

sensors, enabling them to recognize different PAMPs (203–205). DCs play a central role in 

immune surveillance whereby upon exposure to antigens (Ags), they home into lymphoid organs 

through the lymphatic system to localize in the T-cell zone. In the T-cell zone, DCs process and 

then present Antigens to the resident T cells, leading to potent CTL responses (206). The cDCs 

produce IL-12, IL-15, and IL-18 crucial for developing T helper 1 (Th1) responses, and promoting 

CTL development critical during viral infections (207).  

1.2.1.3.1 DCs in HIV infection 

In the mucosa, DCs are, in most cases, the first immune cell to encounter HIV (208). One of their 

prime functions is immunosurveillance at mucosal surfaces capturing incoming pathogens, then 

migrating to secondary lymphoid organs for antigen presentation to T cells (209). Once the HIV 

enters the submucosa, it can be captured by DCs, which act as a trojan horse carrying the virus to 

the lymph nodes, resulting in systemic infection (210,211). Although HIV can directly infect 

different DC subtypes (known as cis infection), this infection efficiency is thought to be lower than 

infection of activated CD4+ T cells. Therefore, only a small percentage of circulating DCs get 

infected with HIV. The lifespan of DCs in the lymph nodes is prolonged due to cytokine 

stimulation in the microenvironment (212), which may help spread HIV-1 infection and maintain 

viral reservoirs.  
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Langerhans cells are a specialized DC subset that populate the epidermis or mucosal epithelia as 

immune sentinels (209). Interestingly, Langerhans cells are resistant to HIV infection due to the 

expression of Langerin, which causes internalization and break-down of HIV particles, thus 

blocking viral transmission (213). However, in the case of skin abrasion (214) or co-infection with 

other sexually transmitted organisms such as the bacterium Neisseria gonorrhoeae and/or the 

fungus Candida albicans (215), Langerhans cells can become more susceptible to HIV and can 

transmit HIV to CD4+ T cells effectively. 

1.2.1.4 Innate recognition 

The innate immune system comprises germ-Line-encoded PRRs that recognize pathogen-

associated molecular patterns (PAMPs) on pathogenic microorganisms (216). Innate recognition 

enables the immune system to distinguish self from non-self (217). PAMP recognition by PRR 

leads to an intracellular signalling cascade resulting in the activation of transcription factors 

encoding inflammatory cytokines, chemokines, co-stimulatory, and antimicrobial peptides (218). 

The PRRs can be classified into three categories: secreted, transmembrane, and cytosolic. The 

secreted family of PRRs include collectins, ficolins, and pentraxins (219). The transmembrane 

family of PRRs includes TLRs and C-type lectins; the cytosolic family of proteins includes 

nucleotide binding oligomerization domain (NOD) like receptors (NLRs) and retinoic acid-

inducible gene (RIG)-like receptors (RLRs) (220).  

1.2.1.4.1 Toll-like receptors 

TLRs are transmembrane proteins characterized by an extracellular domain containing varying 

numbers of leucine-rich-repeat (LRR) motifs that mediate recognition of PAMPs via 

transmembrane domains and an intracellular signalling domain homologous to that of the 

interleukin-1 receptor (IL-1R), termed the Toll/IL-1R homology (TIR) domain (220). In humans, 

10 TLRs have been discovered that recognize several PAMPs, including lipids, lipoproteins, 

proteins, and nucleic acids derived from a wide range of microbes such as bacteria, viruses, 

parasites, and fungi (220). TLR can be categorized into two groups depending on cellular location 

and the PAMPs they recognize. TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10 are expressed on 

the cell surface and recognize mainly lipids, lipoproteins, and proteins. TLR3, TLR7, TLR8, and 
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TLR9 are expressed intracellularly and recognize viral, bacterial, and self nucleic acids, typically 

RNA or DNA (220). TLR2 forms a heterodimer with TLR1 or TLR6 (221). The ligand for the 

TLR2-TLR1 heterodimer is triacylated lipopeptides from Gram-negative bacteria and 

mycoplasma (222). The TLR2-TLR6 heterodimer ligates diacylated lipopeptides from Gram-

positive bacteria and mycoplasma (223,224). TLR4 complexes with myeloid differentiation factor 

2 (MD2) to respond to bacterial lipopolysaccharide (LPS), a component of the outer membrane of 

Gram-negative bacteria (225). TLR5 is highly expressed in CD11c+CD11b+ lamina propria DCs 

in the small intestine, and it recognizes the bacterial flagellin (216). TLR3 recognizes double-

stranded RNA (dsRNA) from reoviruses, self RNAs from damaged cells, and dsRNA produced 

during the replication of positive-sense single-stranded RNA (ssRNA), e.g., respiratory syncytial 

virus (RSV) (216,226). TLR7 is highly expressed in DCs, and it recognizes ssRNA leading to high 

type I IFN expression during viral infections (216,220). TLR8 that also senses ssRNA is expressed 

in various tissues, with its highest expression in monocytes, and is upregulated after bacterial 

infection (220,227). Although TLR7 and TLR8 are closely related and both recognize ssRNA, 

TLR7 and TLR8 agonists have been shown to differ in their target cell selectivity and cytokine 

induction profile. Although TLR7 agonists directly activated purified pDCs and, to a lesser extent, 

monocytes, TLR8 agonists directly activated purified cDCs, monocytes, and MDDC. Furthermore, 

TLR7-selective agonists were more effective than TLR8-selective agonists at inducing IFN-α and 

IFN-regulated chemokines such as IFN-inducible protein and IFN-inducible T cell 

chemoattractant from human PBMC. In contrast, TLR8 agonists were more effective than TLR7 

agonists at inducing proinflammatory cytokines and chemokines, such as TNF-α, IL-12, and MIP-

1 (228). Furthermore, humanTLR7 was shown to recognize guanosine-uridine (GU)-rich and  

human TLR8 recognize both GU-rich and uridine (U)-rich ssRNA (229).  TLR9 recognizes 

unmethylated 2′-deoxyribo (cytidine-phosphate guanosine) (CpG) DNA motifs present in bacteria 

and viruses but rare in mammalian cells. Synthetic ligands of TLR9 have been shown to stimulate 

DCs, macrophages, and B cells and drive strong TH1 responses.  

1.2.1.4.1.1 TLR signalling  

TLR recognition of PAMPs triggers a signalling cascade leading to the induction of genes involved 

in antimicrobial host defense. Once TLR ligand binding occurs, the receptor undergoes 

dimerization and conformational changes, leading to the recruitment of TIR-domain-containing 
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adaptor molecules to the TIR domain of the TLR. There are four adaptor molecules: myeloid 

differentiation primary response 88 (MyD88), TIR-associated protein (TIRAP) / MyD88-adaptor-

like (MAL), TIR-domain-containing adaptor protein-inducing IFN-β (TRIF)/TIR-domain-

containing molecule 1 (TICAM1) (230,231), and TRIF-related adaptor molecule (TRAM). The 

differential responses mediated by distinct TLR ligands can be explained in part by the selective 

usage of these adaptor molecules. There are two major pathways involved in TLR signalling: 

MyD88 or TRIF. The MyD88-dependent pathway predominantly leads to the production of 

inflammatory cytokines (e.g., TNF-α, IL-6, IL-1) and chemokines (e.g., C-C motif ligand 4, 

CCL4), while the TRIF-mediated pathway leads to type I IFNs production e.g., IFN𝛼/𝛽 (232). 

1.2.1.4.1.1.1 MyD88 dependent signalling pathway 

All TLRs except TLR3 use the MyD88 signalling pathway. TLR ligation leads to stimulation of 

MyD88, thus leading to binding to the TIR domain and then recruitment of IL-1R-associated 

kinase 4 (IRAK-4) and IRAK-1. In TLR2 and TLR4 signalling, another adaptor, the TIRAP/MAL, 

is required for recruiting MyD88 to the receptor (233). After IRAK-1 associates with MyD88, it 

is phosphorylated by the activated IRAK-4 and subsequently associates with TNF receptor-

associated factor 6 (TRAF6), which acts as a ubiquitin protein ligase (E3) (234). This then 

catalyzes the formation of an Ly63 (K63) polyubiquitin chain on IRAK1, NF-κB modulator 

(NEMO), and on the TRAF6 itself (Figure 2). The K63-linked polyubiquitin chain recruits 

transforming growth factor beta (TGF-β)-activated kinase 1 (TAK-1), and the TAK-1 binding 

proteins (TAB)1, TAB2, and TAB3, are also recruited to TRAF6 (235). TAK1 then phosphorylates 

I kappa B (IkB) kinase (IKK)-β, an NF-κB inhibitory protein, which then undergoes proteasome 

degradation, releasing the NF-kB. NF-κB will then translocate into the nucleus to induce 

proinflammatory gene expression (Figure 2). TAK1 activation also results in phosphorylation of 

MAPK6, thus initiating the MAPK signalling cascade resulting in the inactivation of MAPK 

family members such as ERK1/2, p38, and JNK. The phosphorylated MAPK6 mediates activation 

of transcription factor activator protein 1 (AP-1) leading to inflammatory responses (Figure 2) 

(236). 



 

20 
 

1.2.1.4.1.1.2. TRIF-mediated signalling 

TRIF is a MyD88 independent pathway utilized by TLR3 and TLR4 leading to the expression of 

IFN-β (237). Although TLR3 and TLR4 signal through the adaptor TRIF, TLR3 can directly 

associate with TRIF, whereas TLR4 requires the bridging adaptor TRAM to interact with TRIF 

(231,232,238). TLR3 interaction with TRIF leads to recruitment of the enzyme 3 ubiquitin (E3 

Ub) ligase TRAF3, which then activates TRAF family member-associated NF-kB activator 

(TANK)-binding kinase 1 (TBK1). This leads to IRF3 phosphorylation, dimerization, and 

translocation to the nucleus, to mediate the expression of type I IFNs (Figure 2). The TLR3-TRIF 

interaction may also lead to the recruitment of TRAF6, which interacts with receptor-interacting 

serine/threonine-protein kinase 1 (RIPK1) via their respective RIP homotypic interaction motif 

(RHIM) domains. This leads to the formation of Ub scaffold for the formation of the TAK1 

complex. The TAK1 complex then drives NF-kB activation and MAPK pathways (239). 
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Figure 2: TLR signaling pathway. TLRs have a specific ectodomain that recognize different 
pathogen-associated molecular patterns (PAMPs) and a conserved cytoplasmic Toll/IL-1 receptor 
domain. TLR signalling pathways. TLR1, 2, 5, and 6 are located on the cell surface, while TLR 7, 
8, and 9 are in the endosomal vesicles. TLR1-TLR2 heterodimer senses triacylated lipopeptides; 
TLR2-TLR6 heterodimer senses diacylated lipopeptides; TLR4 senses lipopolysaccharide; TLR5 
senses bacterial flagellin; TLR7 senses imidazoquinolines or guanine rich ssRNA TLR8 senses 
uridine rich ssRNA and TLR9 senses bacterial CpG. TLR engagement, leads to recruitment of 
TIR-domain-containing adaptors including MyD88 and TIRAP to the receptor.  MyD88 forms a 
complex with IRAK kinase family members, referred to as the Myddosome. During Myddosome 
formation, IRAK-4 activates IRAK-1, which is then autophosphorylated at several sites and 
released from MyD88. IRAK-1, TRAF6 and IRF-5 form a complex and TRAF6 acts as an E3 
ubiquitin ligase and catalyzes the K63-linked polyubiquitin chain on TRAF6 itself and NEMO 
with E2 ubiquitin ligase complex of Ubc13 and UeV1A. This ubiquitination activates the TAK-1 
complex, resulting in the phosphorylation of NEMO and activation of the IKK complex. 
Phosphorylated IkB undergoes K48-linked ubiquitination and degradation by the proteasome. 
Freed NF-kB translocates into the nucleus and initiates the expression of proinflammatory 
cytokine genes. Simultaneously, TAK1 activates the MAP kinase cascades, leading to the 
activation of AP-1, which is also critical for the induction of cytokine genes. Stimulation with 
TLRs recruits a complex of MyD88, IRAK-4, IRAK-1, TRAF6, and IRF-7. Phosphorylated IRF-
7 translocates into the nucleus and upregulates the expression of type I IFN genes. TLR4 triggers 
the MyD88-independent, TRIF-dependent signaling pathway via TRAM to induce type I IFNs. 
TRIF activates NF-kB and IRF-3, resulting in the induction of proinflammatory cytokine genes 
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and type I IFNs. TRAF6 and RIP1 induce NF-kB activation and TBK1/IKK-i phosphorylate IRF-
3, which induces the translocation of IRF-3. Adapted from (216) 
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1.2.1.4.1.1.3 TLR recognition of bacteria 

Most bacteria can be broadly classified as Gram-positive or Gram-negative (240). Gram-positive 

bacterial cell walls are composed of thick layers of peptidoglycan and stain purple when subjected 

to a Gram stain procedure (241). Gram-negative bacteria have cell walls with a thin layer of 

peptidoglycan and stain pink when subjected to a Gram stain procedure. The cell wall of Gram-

negative bacteria is also embedded with lipopolysaccharide (LPS) molecules (241). Although both 

Gram-positive and Gram-negative bacteria produce exotoxins, only Gram-negative bacteria 

produce endotoxins (242). Some bacterial cell wall components act as PAMPs and are recognized 

by individual TLRs to stimulate immune cells (243). The most potent PAMP is LPS, also known 

to be an endotoxin expressed by Gram-negative bacteria. LPS associates with LPS binding protein 

(LBP), an acute-phase protein present in the bloodstream, and then binds to CD14, a 

glycosylphosphatidylinositol (GPI)-linked protein expressed on the cell surface of monocytes. 

LPS binds to MD2, which then associates with the extracellular portion of TLR4 followed by 

oligomerization of TLR4. The LPS in different bacteria is structurally different due to variations 

in acyl chains and fatty-acid composition. This results in the varied biological activities of lipid A, 

with monophosphoryl having less toxicity. Lipid A is the portion of LPS responsible for most of 

the pathogenic phenomena associated with Gram-negative bacterial infection, e.g., endotoxin 

shock (216). 

TLR2 detects lipoproteins and lipoteichoic acid (LTA) in Gram-positive bacteria and 

peptidoglycan (PG) in Gram-positive and Gram-negative bacteria. TLR2 interacts physically and 

functionally with TLR1 and TLR6, which appear to be involved in the discrimination of subtle 

changes in the lipid portion of lipoproteins. TLR2/TLR6 is also activated by LTA, an amphiphilic, 

negatively charged glycolipid that contains a diacylated moiety (244,245). TLR5 detects both 

Gram-positive and Gram-negative bacteria that have flagellin. Flagellin detected by TLR5 has C-

terminal helix chains (D0), the major helix chains (D1), and the hypervariable central region with 

β sheets (D2 and D3) (246). The central portion of flagellin detected by TLR5 is domain D1, which 

is relatively conserved among different bacterial species (247). TLR5 is expressed by epithelial 

cells, monocytes, and immature DCs. Since TLR5 is basolaterally expressed on intestinal epithelia, 

flagellin is recognized by the host only when bacteria have invaded across the epithelia. TLR5 is 

highly expressed in the lungs and seems to play an essential role in the defense against the 
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pathogens in the respiratory tract. Up to 10% of individuals with impaired TLR5-mediated 

signalling are susceptible to pneumonia caused by the flagellated bacterium L. pneumophila. These 

individuals have a point mutation that introduces a stop codon within the ligand-binding domain 

of TLR5, referred to as TLR5392STOP. The TLR5392STOP mutant protein functions as a 

dominant-negative receptor that severely impairs TLR5-mediated signalling (248). Some bacteria 

may escape the flagellin-specific host immune response, e.g., Helicobacter pylori and 

Campylobacter jejuni, which produce flagellins that lack proinflammatory properties (249). 

TLR9 detects unmethylated CpG dinucleotides that are abundant in bacterial genomes but 

suppressed and highly methylated in mammalian genomes (250), preventing self-recognition by 

TLR9 (216). The CpG-DNA ligation with TLR9 leads to the induction of inflammatory cytokine 

production and Th1 immune responses. Bacterial species differ in their cytosine and guanine (CG) 

frequencies, resulting in differences in DNA-dependent immunostimulatory capacity (251). TLR7 

is also expressed in other immune cells, including cDCs, where it functions by sensing RNA 

species from bacteria such as group B Streptococcus and induces type I IFN (252). 

1.2.1.4.1.1.4 TLR recognition of virus 

Viral nucleic acid, whether DNA, double-stranded RNA (dsRNA), or single-stranded RNA 

(ssRNA), can act as PAMPs for TLR9, TLR3, and TLR7/TLR8, respectively. DNA viruses contain 

genomes rich in CpG-DNA motifs. Therefore, they are recognized by TLR9, leading to activation 

of immune cells and inflammatory cytokines and type I IFN secretion. This has also been shown 

for DNA-containing viruses including herpes simplex virus 1 (HSV-1), HSV-2, and murine 

cytomegalovirus (MCMV) (216,253). The type I IFN expression mediated by TLR9 stimulation 

by DNA virus is limited to pDCs (254). However, other cells also express TLR9, including 

macrophages, but these secrete less IFN-α,TNF-α and RANTES compared to pDCs (253) .  

TLR3 is activated by dsRNA expressed during viral infection by dsRNA viruses or as a replication 

intermediate for ssRNA viruses. The TLR3 ectodomain has a large horseshoe-like shape that may 

be necessary to increase its surface area and facilitate dsRNA recognition. The TLR3 ectodomain 

has N and C termini that bind dsRNA and provides enough stability to allow TLR3 to form a 

homodimer through the C-terminal region (255). The synthetic analog for dsRNA is 
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polyinosinic:polycytidylic acid (poly I:C) and when poly I:C is recognized by TLR3, type I IFN 

is produced (256). TLR3 engagement leading to the production of type I IFN, and inflammatory 

cytokines is crucial in antiviral immunity. Evidence shows that TLR3-deficient mice are 

susceptible to lethal infection with murine cytomegalovirus (257), and in humans, TLR3 

deficiency may increase susceptibility to herpes simplex virus type 1 (HSV-1) (258). 

TLR7 was initially demonstrated to recognize synthetic analogs of ssRNA with antiviral and 

antitumor properties, including imidazoquinoline derivatives such as imiquimod and resiquimod 

(R-848) and guanine analogs such as loxoribine (107,259). TLR7 was also shown to respond to 

ssRNA following infection with RNA viruses such as vesicular stomatitis virus, influenza A virus, 

and HIV (227). TLR7 is mostly expressed in pDCs that can produce large amounts of type I 

interferon after virus infection. This induction of cytokines by pDCs in response to RNA viruses 

is dependent on TLR7 (227,260). TLR7 expressed by pDCs can also recognize replicating 

vesicular stomatitis virus that enters the cytoplasm via autophagy (261). Antiviral responses are 

initiated after the viruses are internalized and recruited to the endolysosomes, where TLR7 detects 

their ssRNA. Thus, pDC autophagy may be essential for delivering cytosolic viral replication 

intermediates to the lysosome where they are recognized by TLR7, thus initiating an antiviral 

response. 

TLR8 phylogenetically resembles TLR7. Human TLR8, like TLR7, can mediate the recognition 

of HIV-derived ssRNA. Although both TLR7 and TLR8 recognize ssRNA, they are expressed 

within the endosomal membrane, indicating that the accessibility of ssRNA may be a key factor 

for cell activation via these receptors. Enveloped viruses are trafficked into the cytosol through the 

endosomal compartment, where they are degraded, releasing the ssRNA, which TLR7 and TLR8 

then recognize. Furthermore, phagocytosed apoptotic cells that are virus-infected release viral 

RNAs (216). Although both TLR7 and TLR8 recognize ssRNA, TLR7 responds to GU-rich 

ssRNA, while TLR8 can sense both GU-rich and U-rich ss RNA (262).  

TLR7 and TLR8 stimulation in APC may lead to expression of proinflammatory cytokines 

including IL-12, and IL-18 (263), which further stimulate innate T cells leading to expression of 

IFN-γ, IL-17, and GM-CSF as well as cytolytic molecules like granzyme B (GrzB) and perforin 

(264,265). During the early stages of infection, IFN-γ and TNF-α antiviral response may protect 
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against HIV infection (266). However, proinflammatory cytokines may also increase immune 

activation and HIV susceptibility (165,267).  

 1.2.2 Adaptive immune system 

The adaptive immune responses depend on host derived custom-tailored receptors. They are 

selected through somatic recombination of an extensive array of gene segments that arose by 

means of gene duplication early in vertebrate evolution to generate highly specific and flexible 

immune responses. The evolution of the adaptive immune system resulted from the overwhelming 

variability of antigenic structures and the ability of pathogens to mutate to avoid host detection 

(268). The adaptive immune system’s main features that are absent from the innate immune system 

include specificity and memory (269). After the initial pathogen encounters, cells expressing these 

immune receptors may persist in the host for life, providing immunologic memory and rapid 

response capacity in the event of re-exposure. 

The adaptive immune system is generally classified into two components: the antibody response 

mediated through B lymphocytes and cellular responses mediated through T lymphocytes. 

Lymphocytes develop in the primary lymphoid organs (thymus and bone marrow). The early 

progenitors of T and B lymphocytes come from multipotent hematopoietic stem cells (270). In 

their early developmental stages, T and B lymphocyte progenitors undergo rearrangement of 

different sets of prototypic immunoglobulins (Ig) variable (V), diversity (D), and joining (J) gene 

segments to generate the antigen-binding regions of their TCRs and B cell receptors (BCRs). 

Further diversification of the antigen-binding regions of the different V(D)J combinations occurs 

through a random enzymatic addition of non-encoded nucleotides in the joints created during 

V(D)J segment assembly. These may result in the generation of some receptors that recognize self-

antigens. T and B lymphocytes bearing potentially harmful, self-reactive receptors may be deleted 

in their thymic and bone marrow birthplaces or otherwise inactivated. The selected populations of 

long-lived T and B lymphocytes then enter the bloodstream to begin their patrol of the body and 

migrate from the blood into strategically located lymphoid tissues, where they may engage 

invading pathogens and subsequently return to the circulation via lymphatic channels.  
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TCRs recognize peptide fragments of antigens presented by other cells, usually innate DCs and 

macrophages, by cell surface molecules encoded by the major histocompatibility complex (MHC) 

class I and class II genes. The T cells then traffic to secondary lymphoid organs, including lymph 

nodes and the spleen, to capture circulating antigens from lymph and blood, respectively. Adaptive 

immune responses originate in the secondary lymphoid organs, often under the influence of innate 

immune system signals provided either directly by circulating pathogens or indirectly by pathogen-

activated cutaneous or mucosal APCs migrating to the secondary lymphoid organs. Lymphocytes 

emigrating from the spleen and lymph nodes can then travel to many sites in the body to exert 

effector functions. Thus, lymphocytes are highly mobile, and their movement is regulated by an 

array of adhesion molecules and chemokine receptors. For example, the cutaneous lymphocyte-

associated antigen 1 positive (CLA1+) CC-chemokine receptor 4 (CCR4)-bearing lymphocytes 

traffic to the skin, whereas cells bearing the α4β7 integrin binds to mucosal addressin cellular 

adhesion molecule-1 (MadCAM-1) on gut endothelial cells and therefore preferentially home to 

the gastrointestinal tract.  

1.2.2.1 B lymphocytes 

B lymphocytes are cells that express clonally diverse cell surface Ig receptors that recognize 

specific antigenic epitopes. B cells arise from hemopoietic stem cells in the bone marrow, referred 

to as progenitor B cells (Pro-B cells). Commitment to the B-cell lineage depends on several 

transcription factors including PU.1, IKAROS family zinc finger 1 (IKAROS), early B cell factor 

1 (E2A, EBF), paired box gene 5 (PAX5), and interferon regulatory factor (IRF8) (271,272). The 

B cells undergo different developmental stages in the bone marrow in the absence of exogenous 

antigens. Following lineage commitment, further differentiation depends on the successful 

rearrangement of Ig gene loci. The genes coding for the heavy chain of Ig are assembled from 4 

segments, mainly VH, D, JH, and CH, while the genes encoding the light chain are assembled from 

3 segments, mainly VL, JL, and CL. There are 9 different heavy chain types (IgM, IgD, IgG1-4, 

IgA1 and IgA2, and IgE) and 2 light chains, kappa and lambda. 

Mature B cells expressing IgD and IgM traffic throughout the blood. Activation of B cells can be 

T-cell dependent or T-cell independent. Certain molecules mediate the T-cell independent 

activation of B cells, such as some plant lectins (e.g., pokeweed mitogen), which can induce 
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proliferation and antibody production from mature B cells (273). However, most B cell responses 

to proteins and glycoproteins require T cell participation, and these antigens are called T 

dependent. As the mature B cells recirculate to lymph nodes, the spleen, and mucosal-associated 

lymphoid tissues, they may encounter antigens presented on the surface of APCs. This will lead to 

crosslinking of the Ig receptor with antigen on the APC surface, which will result in the activation 

of intracellular signalling pathways that render the cell capable of interacting with T cells and 

thereby receiving a second maturation signal (274). B cells can act as APCs by internalizing 

antigens and presenting them to T cells along with MHC-II. If the B cell, which an APC previously 

activated, contacts a CD4+ T cell-specific for such a peptide with self-MHC class II, the T cell can 

activate the B cell for further differentiation into memory cells or plasma cells (275). The activated 

B cells can either become short-lived plasma cells secreting low-affinity antibodies without 

somatic mutation or enter a follicle to establish a germinal center (276). B cells can undergo class 

switching in the germinal center whereby they change from IgM and IgD to other isotypes, such 

as IgG, IgA, and IgE (277). The process of class switching is partly controlled by cytokines. For 

example, IL-4 and IL-13 promote switching to IgE (278), but IFN-γ can antagonize this effect. 

Switching to IgA is encouraged by IL-10 and TGF-β (279). 

1.2.2.1.1 B cells and HIV infection 

HIV has been shown to activate B cells in a T cell-independent manner leading to proliferation 

and differentiation of normal human peripheral blood B lymphocytes in vitro (280). Although B 

cells do not express CD4+ receptors, they can be infected with HIV via complement receptor 2 

(CR2) or CD21, establishing latent infection (281). HIV can also bind to CD21 expressed on B 

cells leading to stimulation and activation of B cells. The HIV bound to CD21 may be passed to 

nearby activated CD4+ T cells, leading to increased HIV infection (282). HIV has been detected 

in B cells of HIV-infected patients (283). In the same way that follicular DCs (FDCs) infected with 

HIV serve as a source of infection of CD4+ T cells, these B cells containing HIV then can migrate 

into lymphoid tissue germinal centers (284), B cells complexed with virus can also be presented 

to activated CD4+ T cell targets. Furthermore, since B cells circulate through peripheral blood and 

migrate within lymphoid tissues to the border of follicles for cognate B–T interactions (285), they 

may have even better opportunities than FDCs to transmit the virus to CD4+ T cells. B cells are 
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dysregulated during acute HIV infection due to the high level of HIV replication and the 

inflammatory environment (286). 

Infection with HIV-1 may lead to antibody responses of multiple isotypes to proteins encoded by 

HIV env, gag, and pol genes (287). The first HIV specific antibodies are antibodies directed to 

HIV-1 env, and they appear in a sequential order, with anti-gp41 IgM appearing in the first 13 

days, and the initial binding antibody response to gp120 is appearing at 28 days after detectable 

viral RNA (288). IgG antibodies to Gag may appear 33 days following detectable plasma viral 

RNA. Antibodies to p31 (integrase) are elicited at a median time of 53 days. However, these 

antibodies generally do not control virus replication in most patients. They are not responsible for 

the initial decline in plasma viral load, as evident through mathematical modelling of the early 

HIV-1-specific IgM and IgG antibody responses. Furthermore, the antibodies elicited during the 

first 40 days after detectable plasma viremia did not inhibit virus in standard TZM-bl neutralization 

assays and did not mediate antibody-dependent cell-mediated virus inhibition (ADCVI) (289).  

There is evidence that both neutralizing and non-neutralizing HIV-specific antibodies can 

contribute to protection or exert immune pressure on the virus leading to escape. Moreover, HIV-

specific broadly neutralizing antibodies (NAbs) have been shown to prevent the virion from 

infecting the host cells by binding cell-free virus, thereby disrupting subsequent rounds of 

replication (290,291). However, the first neutralizing antibodies are detected at approximately 13 

weeks post infection in acute clade B-infected patients and at 3–8 weeks post infection for clade 

C-infected patients (292). In macaques, the passive transfer of modest titers of potent and broadly 

neutralizing anti-HIV monoclonal antibodies has been shown to block simian human 

immunodeficiency virus (SHIV) infection (291). 

Non-neutralizing antibodies that bind to HIV antigens on the surface of HIV-infected cells by their 

Fab fragments can recruit by their Fc fragment innate immune cells that possess an Fc-gamma 

receptors (FcγR), including APCs, NK cells, or monocyte/macrophages. Such FcγR-mediated 

recruitment of innate immune cells can lead to either killing of the infected cell, referred to as 

antibody-dependent cellular cytotoxicity (ADCC), or to inhibition of viral replication, referred to 

as ADCVI, AD cellular phagocytosis, AD cellular trogocytosis, and AD complement deposition 

(293). 
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Two kinds of HIV-specific antibody-mediated immune responses have been described in HESN 

individuals: antibodies to self cellular proteins involved in HIV infection or entry process, and 

HIV-specific mucosal antibodies. These self antibodies to cellular proteins involved in HIV 

infection are directed to CD4+ T cells and HLA class I molecules. Anti-HLA class I antibodies 

were first associated with long-lasting exposure to blood derivatives, as observed in hemophiliacs 

(294,295). These anti-HLA class I antibodies cross-react with gp120 and have also been found in 

sera of other HESN individuals, including people who inject drugs (PWID) (296). Although HIV-

seropositive individuals and some healthy blood donors may have anti-CD4 antibodies, their anti-

CD4 antibodies recognized epitopes different from those seen by antibodies found in sera of HESN 

individuals (297). HIV-specific IgA and IgG antibodies expressed at the mucosal and systemic 

level target CCR5, leading to downregulation of CCR5 (298). Although both anti-CD4 and anti-

CCR5 antibodies have been observed as specific HIV-exposure markers in Asian and Caucasian 

HESN, it has not been described in African HESN individuals (299). Thus, differences in the 

genetic background, in the route of exposure, or the different environmental conditions, and 

modulating immune responses to microbes may determine the antibody response to HIV in HESN 

(300–302). Neutralization of HIV by IgA that recognizes epitopes on gp41 has been described in 

multiple HESN cohorts (303–308). In ex vivo assays, IgA from HESN has been shown to neutralize 

HIV with the most neutralizing epitopes found in gp41 and gp120 (303,309). HIV-specific IgA 

responses may also inhibit transcytosis across epithelial barriers and trigger ADCC of infected 

target cells in conjunction with innate immune cells bearing the IgA-specific Fc receptor CD89 

(310,311). 

1.2.2.2 T lymphocytes 

T lymphocytes develop in the thymus from common lymphoid progenitors originating from the 

bone marrow or fetal liver (312,313). Progenitor movement into the thymus is promoted by the 

interaction of platelet selectin glycoprotein 1 on the progenitors with the adhesion molecule P-

selectin on the thymic epithelium. Newly arrived progenitor cells rapidly expand under the 

influence of interleukin-7 (IL-7), the receptor of which signals through the common γ chain, which 

is encoded on the X chromosome and is shared by several other cytokine receptors (IL-2, IL-4, IL-

9, IL-15, and IL-21). This early thymocyte expansion is accompanied by induction of transcription 
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factors including Notch, which commits precursors to the T cell lineage and induces the expression 

of genes essential in TCR assembly (314). The expanded progenitor then differentiates in an 

antigen-independent process in which a coordinated series of genomic rearrangements lead to the 

creation of functional genes encoding the α and β or γ and δ chains of the TCR. Thus, the 

configuration of TCR loci contains arrays of the genes encoding V, D, and J segments. Although 

all the TCR loci have the V and J, only the β and δ loci have the D segment. One V, one D (for β 

and δ), and one J segment are randomly spliced together in a spatially and sequentially ordered 

process mediated by an enzymatic complex known as the V(D)J recombinase. The V(D)J 

recombinase comprises 2 proteins encoded by the recombinase-activating genes 1 and 2 (RAG1 

and RAG2). Each assembled V-D-J cassette represents one of a vast number of possible 

permutations of recombinations of component V, D, and J segments. The resulting structure 

dictates the amino acid sequence and binding specificity of the TCR referred to as combinatorial 

diversity (315). Additional diversity, known as junctional diversity, develops through some 

inherent imprecision in the DNA-joining reactions involved in the ligation of double-strand DNA 

breaks, resulting in some addition or removal of bases. More significant variability is produced by 

the template-independent addition of several (generally 1-5) nucleotides at the joints that encode 

the third complementarity determining region of the antigen-binding pocket of the TCR. The 

enzyme terminal deoxyribonucleotidyl transferase catalyzes this. The transition from a pre-T to 

double positive T cells expressing CD4 and CD8 occurs through sequential rearrangements of 2 

TCR genes, leading to surface expression of an αβ or γδ TCR. The TCR chains are assembled at 

the cell surface as a complex with the proteins constituting CD3, including the γ, δ, € and Ɀ chains 

(316). 

The resting state of the T lymphocyte is actively maintained (317,318). Upon ligation of TCR, T 

cells may become activated, resulting in expansion and cytokine expression (319). However, 

sometimes TCR ligation of antigen is insufficient to induce a T cell response and results in T cell 

anergy (320). However, T cell anergy can be prevented by co-stimulatory signals provided by 

accessory molecules or the interleukin 2 receptor (IL-2R) (321).  

The quiescent state is characterized by low metabolic rates, low transcription levels limited to basic 

housekeeping genes, small cell size, and very long periods of survival (318). Although HIV can 
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infect quiescent CD4+ T cells, viral replication is inefficient in this cell phenotype, making it 

difficult for the virus to establish a productive infection (322). However, infection of quiescent 

CD4+ T cells may result in latent infection, which may be reactivated upon activation of the CD4+ 

cells (323,324). Thus, for HIV to establish a productive infection, it requires activated CD4+ T 

cells. Cytokines such as IL-4, IL-7, and IL-15 can render quiescent CD4+ T cells permissive 

without being fully activated (325). 

T cells can be classified based on how fast they respond to an immune challenge or the type of 

antigen they detect as conventional or unconventional T cells. Conventional T cells recognize 

peptide antigens presented by MHC-I or MHC-II molecules. In contrast, unconventional T cells 

recognize nonpeptide antigens, bound and presented by diverse nonpolymorphic antigen-

presenting molecules. Although unconventional T cells have some adaptive immune response 

characteristics, they are often referred to as innate T cells. This is because their immune response 

is faster and occurs within hours, as opposed to that of conventional T cells, which takes several 

days to develop. T cells can also be classified based on TCR expression into either αβ or γδ T cells. 

The majority of αβ T cells are conventional T cells restricted to recognizing peptides bound to 

MHC molecules. However, some αβ T cells, including mucosal-associated T cells (MAIT) and 

natural killer T (NKT) cells, recognize nonpeptide antigens and are restricted by MR1 and CD1d, 

respectively. In contrast, γδ T cells do not require MHC antigen presentation to recognize 

nonpeptide antigens (326). Unconventional T cells may be involved in linking the innate and 

adaptive immune responses through differentiation and maturation of MDDCs and T cell priming 

(73,75,327). 

1.2.2.2.1 Chemokine receptors involved in T-cell trafficking  

There are 23 human chemokine receptors, classified depending on their biological functions as 

constitutive or inflammatory receptors depending on whether they are mostly involved in 

development and homeostasis, or in host response to inflammation and infection (328). 

Unnecessary movement of cells can result in immune activation and increased target cells thus 

leading to increased risk of HIV infection. The ligands for CCR6 are CCL20, also known as 

macrophage infiltrating factor protein-3 α (MIP-3 α), and liver activation regulated chemokine 

(LARC) (329). The interaction between CCR6 and CCL20 has been shown to be involved in 
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several autoimmune and inflammatory processes such as rheumatoid arthritis, (329) multiple 

sclerosis (330,331), psoriasis (332), and inflammatory bowel disease (333). Naïve T cells 

expressing high CCR7 continuously circulate between blood and secondary lymphoid organs in 

search of their cognate antigen whereas the CCR7 ligands CCL19 and CCL21 are homeostatically 

expressed. On activation by both antigen and innate stimuli, such as type I interferons, T cells alter 

their expression of chemokine receptors (334) so that some receptors (such as CCR7) are 

downregulated while inflammatory chemokine receptors, such as CXCR3, CXCR6, and CCR5 are 

upregulated (335). In humans, CXCR6 is expressed by a subset of CD4+ and CD8+ T cells and is 

upregulated after stimulation. CXCR6 may be used as a co-receptor by HIV and SIV to enter target 

cells. The ligand for CXCR6 is CXCL16. Thus, CXCR6 plays an important role in homing of 

polarized Th1 cells to inflamed tissues (336–338). High CXCR6 expression has been associated 

with severe pulmonary Mycobacteria tuberculosis infections, influenza virus infections (339), and 

symptomatic cytomegalovirus infection (CMVI) in lung tissue transplant recipients (340). CCR5 

is a major HIV co-receptor (341) and is expressed on immature (Th0) and memory/primed Th1 

cells, monocytes, macrophages, and immature DCs; on neurons, astrocytes, and microglia; on 

epithelium, endothelium, vascular smooth muscle, and fibroblasts. The ligands for CCR5 include 

macrophage inflammatory protein MIP-1α (CCL3) and RANTES, also known as CCL5, CCL4 

(MIP-1β) (342), CCL2 (monocyte chemoattractant protein -1) (MCP-1), CCL7 (MCP-3), CCL8 

(MCP-2), CCL11 (eotaxin1), and CCL13 (MCP-4) (343,344). The level of CCR5 expression on 

human cells varies, with some expressing high and others low levels of CCR5 (345). Chemokine 

binding to CCR5 activates cells expressing this receptors and has been shown to lead to its 

internalization, with the participation of clathrin-coated pits and caveolae, followed by recycling 

to the cell surface via recycling endosomes (346,347). Stimulation of γδ T cells with heat-killed 

extracts of Mycobacterium tuberculosis down-modulated cell surface expression of CCR5 on γδ 

T cells in a macrophage-dependent manner, while synthetic phosphoantigen isopentenyl 

pyrophosphate and CCR5 ligands directly triggered CCR5 down-modulation on γδ T cells (348). 

CCR6 has been shown to be expressed by T helper 17 (Th17) and T regulatory (Treg) and mediate 

migration of these cells to inflamed tissues (331). CCR6 has also been shown to promote migration 

of IL-17-producing γδ T cells to injured liver (349). MAIT cells have been shown to have an 

effector memory phenotype and to express high CCR5 and CCR6, indicating preferential homing 

to tissues and particularly the intestine and the liver (350,351). CXCR3 is an inflammatory 
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chemokine expressed on CD4+ T cells, CD8+ T cells (352), NK cells, NKT cells (353) pDCs (354) 

and subsets of B cells (355) where it may play a role in the migration of these cells to inflamed 

tissues. CXCR3 binds to monokine induced by gamma-interferon (MIG) (also known as CXCL9), 

interferon-induced protein of 10 kDa (IP-10) (also known as CXCL10), and interferon-inducible 

T cell alpha chemoattractant (I-TAC) (also known as CXCL11), to induce migration of activated 

T cells in vitro and in vivo (356–359). CCR3 is highly expressed in effector T cells and has been 

shown to be important in the recruitment of effector CD8+ T cells to allografts and sites of viral 

infection within the central nervous system (CNS) and genital tract, where its ligands, CXCL9 and 

CXCL10, are induced by IFN-γ (360). CXCR4 binds to CXCL12 also known as stromal cell-

derived factor-1 (SDF-1) leading to several physiological and pathological processes including 

cell localization, chemotaxis, activation, migration, proliferation and differentiation (361–363). 

CXCR4 can also be used as a co-receptor by HIV to infect cells (364). CD161+CD8+ cells have 

been shown to express high levels of tissue-homing markers including CCR6, CCR5, CXCR6 and 

CXCR4 (365,366). Also, functional studies have reported migration of γδ T cells in response to 

MCP-1 (367), RANTES, MIP-1α or CCL3), and MIP-1β (CCL4), but not in response to CXC 

chemokines IL-8 (CXCL8) or IP-10 or CXCL10) (368). However, in this study, the corresponding 

chemokine expression was not investigated. A study comparing the chemokine receptor expression 

of γδ and αβ T cells revealed higher CCR5 expression on γδ T cells compared to the αβ T cells 

(348). MAIT cells and γδ T cells have an effector memory phenotype that enable them to respond 

quickly following stimulation leading to expression of cytokines (369,370). 

1.2.2.2.2 CD4+ T cells 

The CD4+ T cells are major MHC class II (HLA-DR, HLA-DQ, and HLA-DP) restricted cells that 

mediate adaptive immune responses. The MHC class II molecules are present on APCs and are 

inducible by innate immune stimuli, including ligands for TLRs. Activation of naïve T cells leads 

to differentiation into different subsets depending on the cytokine microenvironment. Subsets of 

CD4+ T cells include naïve T cells (Th0), T helper 1 (Th1), Th2, Th17, T regulatory (Treg), 

follicular Th (TfH), and Th9 cells, each with a characteristic functions and cytokine profile (371). 
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1.2.2.2.2.1 CD4+ T cells in HIV infection 

Not all subsets of CD4+ T cells are infected during the early stages of HIV transmission. It was 

demonstrated in a SIV infection model that during the early stage of viral infection, HIV 

preferentially infects CD4+CCR6+, RORγT+ Th17 cells (372). In one study, HIV-positive female 

sex workers in Kenya were found to have depleted Th17 cells in the cervix while uninfected 

individuals maintained  high Th17 cell levels in the cervix, suggesting that HIV preferentially 

replicates within Th17 cells (169). The ectocervix also has more intraepithelial CD4+ T cells and 

macrophages than the endocervix and vaginal area, suggesting that most transmission could be 

occurring in the ectocervix. Susceptibility of CD4+ T cells also depends on the activation status 

of the CD4+ T cells. Although HIV can infect quiescent CD4+ T cells (373), it preferentially 

replicates in activated CD4+ T cells leading to HIV dissemination (374). 

1.2.2.2.2.2 Immune quiescence and HIV risk  

Immune quiescence is characterized by CD4+ T cells expressing low activation markers, including 

CD69 and low basal gene transcription (375). Vatakis et al. (376) demonstrated the reduced ability 

of HIV to infect quiescent CD4+ T cells in vitro. HIV relies on cellular resources to replicate, 

which are only present in replicating cells, thus it cannot efficiently infect quiescent CD4+ T cells 

due to their low metabolic rate and transcription (376). Multiple studies have linked low immune 

activation with natural resistance against HIV infection in HESN individuals (375,377–381), 

suggesting the importance of understanding how immune modulation may result in immune 

activation to lower the risk of HIV infection. Reduced activation in CD4+ T cell subsets and higher 

levels of Treg cells in HESN CSW were associated with resistance to HIV infection (382,383). 

Another study reported CD4+ and CD8+ T cells expressing low levels of activation markers HLA-

DR, CD38, CD70, and Ki67 in a cohort of HESN MSM (88). A similar study found low expression 

of the activation markers CD38, HLA-DR, and CCR5 on CD4+ T cells on uninfected partners of 

serodiscordant couples (384,385), suggesting the need to maintain immune system quiescence to 

protect against HIV infection. Epithelial and cervical mucosal cells in HESN have been shown to 

have reduced expression of PRRs that recognize HIV proteins and nucleic acids, including RIG-

1, TLR2, TLR4, TLR7, and TLR8 (378). However, in this study, it was also reported that TLR 

stimulation of CMC resulted in a robust antiviral response (378). Recognition of PAMPs by TLRs 
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leads to proinflammatory cytokines, which may modulate the immune system, resulting in immune 

activation (386). Inflammatory cytokines, TNF-α and IL-1, were shown to influence HIV 

replication by activating the NF-κβ transcription factor, which binds to the HIV promoter region 

(387). Furthermore, HESN CSWs have been found to have low levels of proinflammatory 

cytokines, including IL-1β and IFN-γ-regulated chemokines MIG and IP-10. HIV-specific CD4+ 

cells that express a high level of IL-2 have been demonstrated in HESN subjects (388). Low CD4+ 

T cell gene expression has also been demonstrated in PBMCS and in whole blood from HESN 

CSWs (51). 

CD4 is the primary receptor for HIV while the CCR5 and CXCR4 receptors act as HIV 

coreceptors. Human T lymphocytes can remain quiescent cells (in the G0 phase of the cell cycle) 

and only proliferate upon activation. Activated CD4+ T cells can be infected by HIV, leading to 

their depletion and immune dysfunction (288). T cells that are susceptible to activation and 

depletion include effector memory CD4+ T cells, Th17 cells, and MAIT cells. Depletion of CD4+ 

T cells in gut lamina propria occurs early and is associated with increased microbial translocation 

across the gut wall and immune activation due to microbial products in the blood. Antiretroviral 

therapy does not restore CD4+ T cells in the gut mucosa (389,390).  

Some individuals who have reduced progression to HIV disease have been reported to express 

CD4+ T cells that are polyfunctional following Gag stimulation (391). Higher HIV-specific Th17 

cells expressing lower checkpoint inhibitors such as CTLA-4, PD-1 and Tim3 have also been 

reported in LTNPs compared to HIV progressors (392,393). Additionally those with reduced HIV 

disease progression have been reported to express higher numbers of the CD4+ Treg subset than 

progressors and CD4+ T cells express lower level of IL-10 in response to p24 stimulation in non-

progressors compared to progressors (393). Taken together this shows that CD4+ T cells are 

important in the control of HIV progression.  

1.2.2.2.3 CD8+ T cells 

CD8+ T cells are immune cells that play an essential role in the adaptive immune response against 

pathogenic microorganisms and malignancies (394). Activation of naïve CD8+ T cells requires 

three signals, including TCR recognition of peptide antigens presented by MHC class I antigen, 
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binding of the CD28 receptor on CD8 T cells to the co-stimulatory receptors on APCs including 

CD80 and CD86, and cytokines expressed by innate cells in response to PAMPs, for example, IL-

12 and type I IFN (395,396). Activated CD8+ T cells undergo clonal expansion, producing a large 

pool of effector cells that perform effector functions, such as the expression of cytokines, cytotoxic 

molecules, and a high capacity for degranulation (397–400). After undergoing clonal expansion, 

CD8+ T cells undergo apoptosis, and the remaining antigen specific CD8+ T cells become memory 

cells. Although HIV-specific T-cell responses have been identified in several HESN individuals 

from multiple cohorts, there have been controversial results in quantitative and qualitative 

differences in the T-cell response (384,401–404). Ritchie et al. (405) reported a higher magnitude 

of specific CD4+ T cell responses in HESN than HIV unexposed seronegative controls. However, 

in this study, even unexposed HIV individuals responded to the pool of HIV peptides, raising 

questions with respect to specificity of the experimental method in identifying HIV-specific T cell 

responses (405). Less proliferation and expression of IFN-γ has been observed in CD4+ T cells 

stimulated with p24 in HESN compared to HIV-seropositive patients (406). The blood and genital 

tract of HESN women have increased Tregs (407,408), lower CD4 T cell expression of the 

activation markers, CD69 (407) HLA-DR (384,409) and CD38, and reduced expression of the 

proinflammatory cytokines IL-17, IL-22, IL-1β, IL-6, and TNF-α (410,411). In HESN individuals, 

HIV-specific CD4+ T cells have also been shown to express high IL-2 and CC-chemokines, 

including RANTES and MIP1-β (412). HIV-specific T-cell responses in HESNs may be markers 

for previous exposure to HIV rather than playing a role in preventing HIV infection. 

1.2.2.2.3.1 CD8+ T cells in HIV infection 

HIV infection has been shown to result in a robust CD8+ T cell response in most individuals, 

including those who fail to control the infection (413–415). Although, antigen-specific IFN-γ 

expressed by CD8+ T cells exposed to HIV antigens is widely used as a marker for CD8-specific 

T responses, it is not associated with HIV control (415–417).  Although HIV-specific CD8+ T 

cells do not protect against HIV infection, there is considerable evidence to suggest that they are 

essential in suppressing HIV replication, which leads to slower diseases progression (418). In a 

rhesus macaques model immunized with virulent attenuated SHIV, the CTL response at the 

mucosal site of viral transmission was shown to be protective against mucosal challenge with 
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pathogenic SIVmac (419). Prior MHC class I tetramer-based studies demonstrated that the 

frequency of HIV-specific CD8+ T cells was inversely correlated with viral load (420). However, 

subsequent studies looking at the frequency of functional HIV-specific CD8+ T cells and HIV 

viral load have been inconclusive (414,415,421).  

The number of epitopes recognized by HIV-specific CD8+ T cells does not correlate with control 

of viral replication or protection from disease progression (417). Also, HIV-specific CD8+ T cells 

that secrete IFN-γ were reported to be different from those that kill infected target cells (422). 

However, polyfunctional HIV-specific CD8+ T cells that secrete cytokines and effector molecules 

are more abundant in those that progress more slowly to HIV disease (423,424). HIV-specific 

CD8+ T cells have been associated with a lower viral load, smaller viral reservoirs, and the least 

culturable virus (425,426). Upon in vitro antigenic stimulation, HIV-specific CD8+ T cells from 

those progressing more slowly to HIV disease demonstrated a greater capacity to proliferate and 

develop cytolytic potential compared to progressors (427,428). Also, HIV-specific CD8 responses 

against Gag were shown to be polyfunctional, expressing more than one cytokine. Ex vivo CD8+ 

T cells from these individuals showed an ability to target and eliminate activated and non-activated 

CD4+ T cells infected with HIV (429).  

HIV-specific CTL mediated by CD8+ T cells have also been demonstrated in HESN individuals 

(388). MHC Class I-restricted CTL to HIV-1 has also been reported in HIV-negative children of 

HIV-1-positive mothers (430,431). HIV-specific CD8 T cells have been described in HIV-resistant 

partners of HIV patients (432,433) and in HESN women from the Pumwani CSW cohort 

(434,435), who can be epidemiologically defined as resistant to HIV infection. However, HIV-

specific CD8+ T cells in the peripheral blood and genital tract do not correlate with protection and 

resistance to HIV infection (432,433).  

1.2.2.2.4 Unconventional T cells 

Unlike conventional T cells that recognize peptide antigens presented by polymorphic MHC class 

I or class II molecules and require clonal expansion when they encounter an antigen, 

unconventional T cells recognize nonpeptide antigens presented by nonpolymorphic MHC-like 

molecules. Immune responses mediated by unconventional T cells are rapid since they do not 
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require clonal expansion. Therefore, these cells are sometimes referred to as innate T cells. 

Unconventional T cells can be classified as ether alpha beta (αβ) or gamma delta (γδ) T cells (436).  

1.2.2.2.4.1 Mucosal-associated invariant T cells 

MAIT cells are unconventional T cells that express an invariant TCR consisting of an αβ chain 

and recognize nonpeptide antigens presented by the MHC class I related protein (MR1) (437,438). 

MAIT cells are abundant in humans making up to 10% of peripheral blood and 45% of liver T 

cells (439–441). Human MAIT cells express a unique invariant TCRα chain consisting of TRAV1-

2 joined to TRAJ33 with a constrained TCRβ-chain repertoire (TRBV6 and TRBV20) (442). 

MAIT cells are restricted by the monomorphic MR1 (443), a β2-microglobulin-associated antigen-

presenting molecule (444). In humans, MR1 mRNA has been detected in the placenta, lung, liver, 

kidney, spleen, thymus, prostate, testis, ovary, small intestine, colon, and peripheral blood 

leucocytes (445). However, it is difficult to tell which cell types within these tissues express MR1, 

nor whether the expression is restricted to hematopoietic cells. Although surface expression of 

MR1 has been reported in different cell lines transinfected with MR1, it has been challenging to 

detect MR1 on primary isolated human cells by flow cytometry. Thus, surface expression of MR1 

was not detected on primary peripheral blood leucocytes, MDM, or DCs using conformation-

dependent monoclonal antibodies, 12.2 and 26.5, or a rabbit polyclonal serum, RAMRN-2 (446). 

However, some studies have reported detecting small amounts of MR1 at the surface of DC and B 

cells by flow cytometry (447,448). In one study, human airway epithelial cells and DCs were 

infected with Mycobacterium tuberculosis and compared the ability of infected epithelial cells and 

DCs to activate CD8+ T cells. This study showed that airway epithelial cells activated MAIT cells 

via MR1 presentation of antigens. They also showed that airway epithelial cells expressed more 

MR1 on the cell surface than DCs did (447). In another study on the origin, location, and surface 

expression of MR1, cell surface proteins were biotinylated and then precipitated for MR1-specific 

immunoblot analysis. The authors suggested that MR1 was found in the endoplasmic reticulum, 

but surface expression required recognition of its vitamin B2 metabolite ligands. 

MAIT cells can be activated in a TCR-dependent or TCR-independent manner (Figure 3). B cells 

were the first identified as APCs for MAIT cells. B cells are necessary to select and expand MAIT 

cells as they express beta 2 microglobulin (β2m)-dependent, transporter associated with antigen 
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processing (TAP)- and invariant chain (Ii)-independent MHC class Ib that selects MAIT cells 

(449). Different B cell subsets express different TLRs, resulting in differences in antigen 

presentation, antibody, and cytokine production by different B cell subsets (450,451). For example, 

TLR9 stimulation has been shown to increase MR1 surface expression on B cells, exclusively, but 

not other APCs like monocytes DCs (452). Lung epithelial cells and DCs have also been shown to 

express MR1 (447,448). MAIT cells respond to many bacteria and yeast, but they fail to respond 

either to some bacterial strains that lack a vitamin B metabolite pathway or to viruses (439). MR1 

binds vitamin B metabolites, including 6-formyl pterin (6-FP) and intermediate of vitamin B2 

biosynthesis, presenting them to MAIT cells (Figure 3). Activation of MAIT cells leads to the 

expression of proinflammatory cytokines and cytolytic molecules (Figure 3) (188). The most 

potent intermediates of vitamin B biosynthesis recognized by MAIT cells are 5-(2-

oxopropylideneamino)-6-D-ribityl amino uracil (5-OP-RU) (188).  

TCR-independent activation of MAIT cells is mediated by cytokines, including IL-12 and IL-18 

produced by APCs following stimulation through TLRs or viral infections (Figure 3) (189). MAIT 

cells express several cytokine receptors, including IL-1R, IL-7R, IL-12R, IL-15R, IL-18R, and IL-

23R, which bind their respective cytokine leading to stimulation of MAIT cells. However, 

stimulation requires at least two cytokines; for example, IL-12 and IL-18 increase IFN-γ, TNF-α, 

and GrzB production (Figure 3). IL-15 activates MAIT cells only in the presence of monocytes 

that produce IL-18, and this leads to the production of IFN-γ, TNF-α, GrzB, and perforin (453). 

Activated MAIT cells have been shown to express cytokines, including IFN-γ, TNF-α, IL-17, and 

granulocyte colony stimulating factor (GM-CSF) (454). 

In early studies, MAIT cells were defined as cells that were CD3+, TRAV1-2+, and CD161++ 

(455,456). However, these surrogate markers to define MAIT cells were inaccurate because 

immature MAIT cells lack CD161 (457). Also, CD161 may be downregulated on MAIT cells 

following activation (458–460). Some conventional αβ T cells also express TRAV1-2 (461). The 

creation of an MR1 tetramer (MR1AgTet) loaded with 5-OP-RU led to improved MAIT cell 

identification. Thus, MAIT cells can be defined as cells that express CD3, TRAV1-2, and CD161 

and stain positively with MR1AgTet loaded with 5-OP-RU. MAIT cells can now be classified into 

five subsets based on the expression of CD4 and CD8 receptors: CD4+CD8–, CD4+CD8+, CD4–
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CD8–, CD4– CD8αα+ and CD4– CD8αβ+ (440). The CD8+ and double negative (DN) MAIT 

cells differ in their transcriptional programs and functional characteristics. CD8+ MAIT cells 

respond more to activating factors by producing more IFN-γ, TNF-α, and GrzB consistent with 

their higher basal expression of IL-12R, IL-18R, coactivating receptors, cytotoxic molecules, and 

the transcription factors Eomes and T-bet. The DN MAIT cells produce more IL-17 upon 

stimulation, consistent with their higher RORγt expression (462). The CD4+ subset make up to 2-

11% of MAIT cells but their function is not well known. 

In humans, MAIT cell development begins in the thymus, and it involves three stages. Stage 1 

thymic cells can be identified as CD3+, MR1AgTet+ CD27– CD161–. Stage 2 cells are CD3+, 

MR1AgTet+ CD27+ CD161- and mostly found in the thymus. However, a small population is also 

found in the blood. The transition of MAIT cells from stage 2 to 3 involves increased expression 

of promyelocytic leukemia zinc finger protein (PLZF) and IL-18R and acquisition of functionality. 

Stage 3 MAIT cells reside primarily outside the thymus and are CD3+, MR1-tet+ CD27+ CD161+ 

IL18R+(456). MAIT cells continue to expand after leaving the thymus until their numbers in the 

circulation peak (making up to 10% of T lymphocytes at 20–29 years of age) before starting to 

decline gradually thereafter, with individuals 70 years or older having less than 1% MAIT cells in 

the blood. As MAIT cells mature in the blood, they transition from CD8αβ+ low IL-18R and PLZF 

expression to CD8αα+, high IL-18R, and PLZF associated with a marked increase in cytokine 

producing potential (457,463). MAIT cells have been shown to respond rapidly to infections 

caused by bacteria or viruses, including Francisella tularensis (464), Klebsiella pneumoniae (465), 

Legionella spp. (466), and influenza (467,468), thus their classification as innate T cells (469). 

1.2.2.2.4.1.1 MAIT cells and HIV infection 

During HIV infection, MAIT cells play an essential role in immunity against Mycobacterium 

tuberculosis infections (470,471) and other opportunistic infections (472), making the study of the 

impact of HIV infection on the MAIT cell population a subject of significant interest. Several 

studies have demonstrated that both acute and chronic HIV infections lead to peripheral MAIT 

cell depletion that is not fully reversed upon highly active ART (473–476). Although the 

mechanism that leads to MAIT cell depletion is unknown, some studies have reported activation 

and exhaustion of these cell populations (458,477,478). During chronic HIV infection, bacterial 
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product translocation is increased due to gut barrier dysfunction (458,479). These could be the 

leading cause of activation, exhaustion, and loss of function of MAIT cells. Thus, the depletion 

and loss of MAIT cell function during HIV infection may contribute to an elevated risk of 

acquiring tuberculosis and other bacterial infections (469,472).  

MAIT cells express high levels of chemokine receptors that enable them to migrate to the site of 

inflammation (480). In humans, MAIT cells have been shown to express high tissue-homing 

chemokine receptors, including CCR5, CCR6, CXCR6, as well as α4β7 (481)(454). During viral 

infections, MAIT cell activation via APC's cytokines led to IFN-γ and cytotoxic factors expression 

by MAIT cells (468). Expression of IFN-γ has been associated with immune protection against 

HIV infection in HESN individuals (482). Cytotoxic factors expressed by CTLs have been 

implicated in eliminating HIV-infected CD4+ cells, thus preventing HIV acquisition and 

dissemination (429). However, activated MAIT cells have been shown to express high levels of 

proinflammatory cytokines, including IFN-γ, TNF-α, IL-17, and GM-CSF (454). Proinflammatory 

cytokines, including IFN-γ, TNF-α, and GM-CSF expression by MAIT cells, may modulate the 

immune system by increasing maturation of the DCs and priming of CD4+ T cells. Also, 

stimulation of MAIT cells may lead to upregulation of CD40L, leading to priming of CD4+ T cells 

and rendering them susceptible to HIV infection (73,327). Thus, this Thesis focused on 

investigating the nature of MAIT cell responses to TLR7 and TLR8 stimulation, to understand 

how innate recognition in immune activation relates to further susceptibility to HIV infection. This 

information might help understand how MAIT cells modulate immune activation and therefore 

HIV acquisition.  
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Figure 3. TCR-dependent and -independent activation of MAIT cells. TCR (Vα7.2) recognizes 
bacterial vitamin B metabolites (5-A-RU) presented by MHC related protein 1 (MR1) leading to 
TCR-dependent activation of MAIT cells. Additionally, either independently, or in concert with 
TCR signalling, cytokines including IL-12 and IL-18 expressed by antigen-presenting cells can 
also activate MAIT cells. Other costimulatory molecules include lectin-like transcript 1 (LLT1) 
that recognize CD161 and natural killer group 2D (NKGD2) that sense MHC class I chain-related 
proteins (MIC-A).  Activated MAIT cells express IFN-γ, TNF-α, IL-17a and type I IFN.   Further, 
MAIT cells mediate cytotoxicity of infected cells by expressing cytotoxic molecules including 
granzyme.(Adapted from (189)). 
 
1.2.2.2.4.2 Gamma delta T cells 

Gamma delta (γδ) T cells are an evolutionarily conserved subset of lymphocytes found among 

almost all jawed vertebrates, indicating their importance in the immune system (483). Discovered 

35 years ago after isolation of the TCR γ chain gene (484), γδ T cells represent the subgroup of T 

cells that have γ and δ-glycoprotein chains linked by disulfide bonds. The function of γδ T cells 

varies depending on the species, tissue, and immunological milieu (483,485–487). They can 

recognize, expand, and develop effector responses against infections by Mycobacteria, (488) 

Plasmodium, (489,490) Cytomegalovirus (CMV) (491,492) and HIV (493). Additionally, γδ T 
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cells were shown to be effective in inducing antitumor responses (360,494). Unlike αβ T cells, γδ 

T cells do not require MHC presentation of antigens; they can develop naturally as shown in β2-

microglobulin knockout mice. The γδ TCR consists of two chains, which are generated by the 

recombination of the variable (V), diversity (D, only in δ-chain), and joining (J) fragments. 

Development of γδ T cells occurs in the thymus from CD4− CD8− DN progenitor cells. Although 

CD4– and CD8– DN may also result in the generation of αβ T cells, the cell lineage depends on 

the type of V(D)J rearrangements and the pre-TCR signal strength. Strong signals result in the 

development of γδ T cells and a weak signal results in αβ T cells (495,496). In humans, γδ T cells 

have a smaller repertoire of Vδ and Vγ genes compared to that for αβ T cells (497). The most 

frequently used Vδ gene segments include Vδ1, Vδ2, and Vδ3 chains paired with one of the several 

functional Vγ gene segments: Vγ2, Vγ3, Vγ4, Vγ5, Vγ8, Vγ9, or Vγ11. Although some 

combinations are more likely than others, the two major γδ T cell subsets are Vδ2 and Vδ1, with 

Vγ9Vδ2+ constituting the majority of γδ T cells in the peripheral blood of healthy donors. 

However, Vγ9Vδ2+ T cells are a minority in the gut, liver and other epithelial tissues, whereas 

Vδ1+ γδ cells are present at higher frequencies at these sites (498). Although γδ T cells express 

CD3 (a complex forming part of the TCR), they are mostly CD4– CD8– (DN), however, they may 

express variably CD4 or CD8 (499,500). In humans, γδ T cells are involved in immunosurveillance 

(501) and immune response to viruses, intracellular bacteria, and parasitic protozoa (502–506) and 

the pathogenesis of autoimmune diseases (507). In addition, γδ T cells are being explored in cell-

based immunotherapy (508,509). Thus, in the peripheral tissues like liver, Vδ1 T cells are essential 

in maintaining epithelial tissue integrity via receptors that recognize the stress-inducible ligands 

MHC class I chain-related proteins (MIC) A and MICB expressed by virus-infected and 

transformed cells, and self-glycolipids presented by CD1c/d molecules (510). The Vδ2 subset is 

also found in other species, e.g., in non-human primates (511,512) and alpacas but not rodents 

(513). Although there are six subsets in total of γδ T cells in humans, the 2 main subsets of 

γδ T cells in humans are classified by their Vδ chain rearrangement. The Vδ1 cells are 

predominantly found in the gut and other peripheral tissues (such as lung, kidney, and spleen), 

whereas the Vδ2 cells represent the major fraction of circulating γδ T cells in blood (514). Some 

γδ T cells express CD161, a C-type lectin, and such cells have been found to be involved in the 

pathogenesis of inflammatory disease such as multiple sclerosis (515).  
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The Vγ9Vδ2+ TCRs detect small non-protein phosphorylated molecules termed phosphoantigens 

(p-Ags) independent of MHC presentation (516). Although Vδ2 recognizes p-Ag, including 

isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) present in both 

prokaryotes and eukaryotes, the most potent p-Ag is (E)-4-hydroxy-3-methyl-but-2-enyl 

pyrophosphate (HMBPP), an intermediate of the prokaryotic non-mevalonate pathway of 

isoprenoid biosynthesis. During stress situations like infection or malignant transformation, IPP 

and DMAPP can accumulate inside eukaryotic cells, whereas HMBPP is produced directly by 

pathogens such as Gram-positive bacteria, Plasmodium, or Toxoplasma gondii (517). Butyrophilin 

3 A1 (BTN3A1), a protein that belongs to the B7 receptor family-like proteins, is essential for γδ 

TCR-mediated p-Ag-recognition (518,519). BTN3A1 consists of two extracellular Ig-like 

domains, transmembrane and juxta membrane domains, and an intracellular B30.2 domain (520). 

The majority of γδ T cells in the peripheral blood of healthy individuals are Vγ9Vδ2+. This is 

because Vδ2 but not Vδ1 express a memory phenotype CD45RO as early as one month after birth; 

therefore, early exposure to bacteria leads to the expansion and proliferation of the γδ T cell subset, 

Vδ2 (521). Human γδ T cells have been shown to have the ability to recognize a wide variety of 

antigens in an MHC-independent manner, leading to cytolysis of infected cells, or modulation of 

the immune system, thus bridging the gap between the innate and adaptive immune systems (522). 

Human γδ T cells have also been shown to express TLR and can be activated directly through 

TLRs 7 and 8, recognizing their ligands (523,524) or by cytokines that are expressed by APC 

following TLR7 and TLR8 stimulation including IL-18 and IL-12 (525).  
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Figure 4. Expression of a wide range of receptors by γδ T cells. TCR dependent and independent 
activation of gamma delta (γδ) T cell.  TCR- dependent recognition of (E)-4-hydroxy-3-methyl-
but-2-enyl pyrophosphate (HMBPP) or isopentenyl pyrophosphate (IPP) via butyrophilin 
subfamily 3 members A1 (BTN3A1) and BTN2A1 antigen presentation. TCR independent 
recognition of CD80/CD86 by CD28, TLR ligands by TLR, cytokines by cytokine receptors 
including IL-12 receptor (IL-12r), IL-18 receptor (IL-18r) that recognize IL-2, IL-8, natural killer 
group 2D (NKGD2) that sense MHC class I chain-related proteins (MIC-A/B or ULBPS), FC 
gamma receptor II (FCγRII) that bind to ligand specific for ADCC, FAS ligand (FASL), natural 
cytotoxicity receptor (NKP30/44) that bind to FAS, D7H6 NKP44L and CD40 that bind to CD40L. 
Adapted from (526). 
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Table 1 Subsets of gamma delta T cells  
Subset VγVδ 

pairing 
Tissue 
distribution 

Functions References 

Human 
Vδ1 Undefined Blood, 

epithelia, 
dermis, 
spleen, and 
liver 

Recognize CD1c lipid antigen-
presenting cells expressed on APCs 
Infiltrate tumors of epithelial origin 
Reactive against MHC class I chain-
related (MICA/MICB) stressed 
induced proteins antigens expressed 
on epithelial cells 
Lyse tumor cells expressing 
MICA/MICB ligands for NKG2D 
Produce TH1 cytokines 

(527–533)  

Vδ2 Vγ9Vδ2 Blood TCR-dependent recognition of 
microbe- and host-derived 
phosphorylated prenyl metabolites 
(phosphoantigens) 

 
(511,512,518,519,534–
536) 

Vδ3 Undefined 0.2% 
peripheral 
blood T cells 
Enriched in 
Liver and 
Gut epithelia  

Recognize CD1d 
kill CD1d+ target cells 
released Th1, Th2, and Th17 
cytokines 
Induce DC maturation of 
monocyte-derived dendritic cells  

(537) 

Mouse 
Vγ1 Vγ1Vδ6.3 Blood, 

spleen, Liver 
and lymphoid 
tissue 

Produce IL-4. Promote Treg cells’ 
function 

(538) 

Vγ2 Not 
defined 

Very rare   

Vγ4  Lymphoid 
tissue, lungs, 
liver, CNS 
and inflamed 
dermis 

Produce IL-17 and express IL-23R 
Promote virus-induced encephalitis 

(538–543) 

Vγ5 Vγ5Vδ1 Epidermis Regulate skin inflammation by 
maintaining epidermal homeostasis 

(544,545) 

Vγ6 Vγ6Vδ1 Mucosal 
tissues, 
reproductive 
tract lungs, 
tongue, liver, 
placenta and 
kidney 

Produce IL-17, IL22, IFN-γ and 
express IL-23R 

(541) 

Vγ7 Vγ7Vδ4 
Vγ7Vδ5 
Vγ7Vδ6 

Intraepithelial 
lymphocytes 
and intestinal 
mucosa 

Prevent colitis by protecting the 
intestinal barrier 

(546–548) 
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1.2.2.2.4.2.1 Gamma delta T cells and immune activation 

Although γδ T cells have a less diverse range of TCR compared to αβ T cells, they recognize a 

wide range of molecules, including nonpeptide metabolites of isoprenoid biosynthesis, stress 

molecules (MICA and MICB), heat shock proteins, and IL-12 together with IL-18 cytokines. 

Human γδ T cells have also been shown to express TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, 

TLR7, and TLR8 (549). Activation of γδ T cells may lead to the expression of proinflammatory 

cytokines, including TNF-α, IFN-γ, IL-4, IL-6, and cytotoxic molecules, which may increase 

immune activation. Gamma delta T cells have also been shown to be crucial in linking the innate 

and adaptive immunity by encouraging MDDC maturation, differentiation of B cells into APCs, 

and therefore priming of αβ T cells (75,550). The CD1c-restricted Vδ1 γδ T cell subsets, in direct 

contact with CD1c+ myeloid DC cells (mDCs) can induce the maturation of MDDC in vitro (551), 

suggesting that similar interactions may also occur at mucosal sites in vivo. Vδ1 γδ T cell subsets 

-induced maturation of CD1+ mDC is not directly dependent on a foreign antigen but is mediated 

by TNF-α activation of the Vδ1 γδ T cell subsets (552–554). Gut-tropic γδ T cells can promote 

Th1/Th17 differentiation of CD4+ T cells in vivo, and this has been associated with exacerbated 

colitis in murine models (555,556). The Vδ2 γδ T cell subsets expressing the PD1 isoform Δ42 

may promote DC maturation during gut inflammation in humanized mice (557). Most of the Vδ2 

γδ T cell subsets  tissue tropic cells express homing receptors for the mucosal barrier, including 

the skin cutaneous lymphocyte-associated antigen (CLA) (558) and intestine integrin α4β7 and 

CCR9 (557,559); these play a role in epithelial barrier protection against pathogenic bacteria and 

epithelial barrier integrity. The Vδ2 γδ T cell subsets  express high levels of IL-22, which is 

involved in maintaining epithelial barrier integrity (559).  

1.2.2.2.4.2.2 Gamma delta T cells and HIV infection 

HIV infection results in an altered distribution of γδ T cell subsets within the blood of an infected 

individual that results in more Vδ1 cells than Vδ2  γδ T cell subsets (560). This may be due to the 

observation that unlike Vδ1 γδ T cell subsets, the Vγ9Vδ2 γδ T cell subsets are more susceptible 

to activation-induced cell death. In contrast, Vδ1 γδ T cell subsets can persist in the circulation for 

many years, although they have an activated phenotype as evidenced by their expression of HLA-

DR (560–562). The inverted ratio of Vδ2/Vδ1  γδ T cell subsets may also be due to Vδ1 γδ T cell 
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subsets expansion as observed during early HIV infection (505,563). It is suggested that the 

expanded Vδ1 γδ T cell subsets contribute to the control of HIV replication at mucosal sites of 

entry (564).  

Peripheral blood Vγ9Vδ2 γδ T cell subsets isolated from uninfected rhesus monkeys (naïve to viral 

antigens) were directly cytotoxic for SIV-infected target cells (564), suggesting a role for Vγ9Vδ2 

γδ T cell subsets in protection against HIV infection. Furthermore, healthy Vγ9Vδ2 γδ T cell 

subsets have been reported to produce large amounts of IFN-γ, TNF-α, and the chemokines 

RANTES or MIP-1β, which are associated with antiviral immunity (565). RANTES, MIP-1β, and 

MIP-1α have also been shown to block HIV entry by competing for the CCR5 on CD4+ cells. 

Peripheral blood Vγ9Vδ2 γδ T cell subsets can also produce proinflammatory IFN-γ and TNF-α 

or regulatory cytokines that modulate the innate and acquired immunity (566). 

1.2.2.2.4.3 Effect of MAIT and γδ T cells activation on T cells during HIV infection 

MAIT cells rapidly respond against bacterial as well as viral infections in an innate-like manner. 

In bacterial infection, MR1 presents small molecule ligands from the riboflavin biosynthesis 

pathway to MAIT cells, activating them and leading to effector functions. Viruses lack metabolic 

pathways to activate MAIT cells through MR1. However, during viral infections, the activation of 

MAIT cells is mediated by cytokines expressed by APCs following TLR stimulation (567). MAIT 

cells can be activated by cytokines, including IL-7, IL-12, IL-15, IL-18, and type I IFNs (477,567–

569). IL-12, together with IL-18, produced from APCs in response to TLR ligands, stimulates 

MAIT cells to produce IFN-γ and potentiate MR1-dependent bacterial MAIT cell activation.  

Although T cells expresses TLRs, their levels of TLR are lower compared to expression in NK 

cells, B cells, and APCs (570–572). TLRs signalling can also indirectly modulate T cell functions 

through activation of pDCs and mDCs, facilitating the presentation of HIV antigens and cytokines 

priming of T cells, potentially leading to HIV-specific T cell responses (573). The γδ T cells 

express low levels of TLRs and receptors for cytokines including IFN-α, IL-12, and IL-18 

(523,574–576). Thus, TLRs can activate γδ T cells directly or indirectly via cytokines expressed 

by APCs, leading to modulation of the immune system (523). Activation of the Vδ2 subset of γδ 

T cells by TLRs agonist has been shown to promote early IFN-γ expression.  
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In response to different cytokines, γδ T cells have been shown to differentiate resulting in a highly 

polarized phenotype of γδ T cells. For example, in the presence of IL-12 and IL-18, human adult 

Vγ9Vδ2 T cells differentiate into Th1-like T cells producing IFN-γ and TNF-α. In the presence of 

IL-4, Vγ9Vδ2+ cells differentiate to Th2-like cells expressing transcription factor GATA binding 

protein 3 (GATA-3) that produce IL-4, and in the presence IL-15 and TGF-α, Vγ9Vδ2 

differentiates to Treg-like Foxp3 producing IL-10 and IL-4 (577,578). This characteristic is 

referred to as plasticity (579). Thus, differentiation of γδ T cells can result in regulatory γδ T cells 

that supress the immune system reducing immune activation, and this may be important in 

preventing HIV infection. In the female genital mucosa, γδ T cells makeup 20% of T cells. 

Although γδ T cells are FOXP3 and CD25 negative, they have been reported to express high levels 

of IL-4, IL-10, and TGF-β, which will inhibit T cell proliferation, thus developing a regulatory 

profile that may play a role in suppressing the immune system (580).  

Although the role of MAIT cells and γδ T cells during HIV acquisition is not known, activated 

MAIT cells and γδ T cells express granzyme that may kill infected cells, thus preventing further 

spreading of HIV to uninfected cells. MAIT cells and γδ T cells activation may lead to GM-CSF 

expression that promotes monocyte differentiation into MDDC which may promote early priming 

of naïve CD4+ T cells, thus increasing HIV target cells and promoting HIV infection. Activation 

of MAIT and γδ T cells also leads to IFN-γ, TNF-α, and CD40L expression, which enable the 

maturation of immature MDDC. This will increase T cell priming, thus increasing HIV target cells 

and promoting HIV infection (73,327,581). TNF-α may also increase HIV target cells by triggering 

vascular endothelial cells expression of leukocyte adhesion molecules that stimulate immune cell 

infiltration. TNF-α has been shown to play a role in the early response against viral infection by 

enhancing the infiltration of lymphocytes to the site of infection. In HIV, this is a disadvantage 

because it leads to an increase in HIV target cells. Thus, this thesis focuses on understanding how 

TLR7 and TLR8 stimulation of PBMCs may lead to activation of MAIT and γδ T cells and their 

expression of cytokines, modulating the immune system and increasing immune activation. 
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Chapter 2: Rationale, Hypothesis, and Objectives 

Prevention of HIV transmission remains a global priority. Therefore, it is crucial to understand the 

correlates of protection against HIV infection. Susceptibility to HIV has been clearly shown to 

depend on inflammation (60,375). Several recent studies have shown that CD161++ CD8+ T cells 

and MAIT cell subset are located at the mucosal epithelia – in particular in the lamina propria, a 

potential site of HIV entry (449,582,583). MAIT and γδ T cells express high levels of chemokine 

receptors, including CCR5 and CCR6, that enable the MAIT and γδ T cells to be rapidly trafficked 

to the mucosal site during infection or inflammation. Activated MAIT and γδ T cells have also 

been shown to express high levels of proinflammatory cytokines including IFN-γ and other 

proinflammatory cytokines and chemokines, which modulate the immune system leading to 

increased immune activation. This facilitates HIV infection by recruiting and activating HIV target 

cells, reducing epithelial barrier integrity, and promoting HIV replication through NF-kB 

activation. Although MAIT and γδ T cells are not preferentially infected by HIV, they play an 

important immunomodulatory role. 

Previously, it was shown by Were et al. (unpublished data) that HIV-resistant women had 

differential cytokine responses to TLR7 and TLR8 stimulation. This suggests a link between TLR 

signalling and altered susceptibility to HIV. However, little is known about the effects of TLR7 

and TLR8 stimulation of PBMCs on MAIT and γδ T cell activation and cytokine expression. This 

study seeks further understanding of the regulatory role that MAIT and gd T cells stimulated by 

TLR7 and TLR8 ligands may play towards enhancing or reducing HIV infection of CD4+ T cells 

in vitro.  

2.1 Hypothesis 

TLR7 or TLR8 stimulation in PBMCs will lead to MAIT and γδ T cell activation and expression 

of proinflammatory cytokines. Furthermore, TLR7 or TLR8 stimulation will lead to increased 

MR1 expression on APCs and/or IL-12 and IL-18 expression, and TLR7 or TLR8 stimulation will 

alter functional characteristics of MAIT and γδ T cells. 
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2.1.1 Sub-hypotheses 

TLR7 and TLR8 stimulation in PBMCs will lead to MAIT and γδ T cells activation and expression 

of proinflammatory cytokines including IFN-γ, TNF-α, GM-CSF, and IL-17a. 

TLR7 and TLR8 stimulation in PBMC will stimulate MAIT and gd T cells leading to increased 

proinflammatory cytokines, and this contributes to immune activation and advanced HIV 

infection. 

MDDCs matured after TLR7 and TLR8 stimulation express high levels of interleukin (IL)-12 and 

IL-18 and surface MR1 molecules. 

TLR7 or TLR8 stimulation will alter functional characteristics of MDCC’s, MAIT and γδ T cells 

including cytokine receptor expression. 

MAIT cell stimulation with IL-12 and IL-18 increases HIV infection of CD4+ T cells. 

2.2 Objectives 

• To assess the effect of TLR7 and TLR8 stimulation of in vitro PBMCs on MAIT and 

γδ T cell activation and cytokine and chemokine expression 

• To assess the effect of media supplementation with recombinant IL-12 (rIL-12) and rIL-2 

on MAIT and γδ T cell cytokine expression following stimulation of in vitro PBMCs with 

TLR7 and TLR8 

• To quantify IL-12 and IL-18 cytokine responses and MR1 surface expression in MDDCs 

following in vitro TLR7 and TLR8 stimulations 

• To assess the effect on HIV infectivity of in vitro stimulation of purified MAIT cells with 

rIL-12 and rIL-18  
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Chapter 3: Materials and Methods 

3.1 Study participants  

The study participants in this study are local donors from Winnipeg, Manitoba, Canada. 

Blood samples for all experiments were obtained from a healthy local donor cohort consisting of 

students and employees of the Public Health Agency of Canada, Winnipeg. 

3.2 Ethics statement 

Informed consent was obtained from each study participant prior to sample collection, and the 

study was performed according to Helsinki declaration and guidelines for conducting of research 

involving human subjects. Ethical approval for this study was obtained from the Public Health 

Agency of Canada, Winnipeg. 

3.3 General reagents 

3.3.1 TLR agonists and other stimulants 

TLR ligands used in the study were imiquimod (TLR7 agonist) and ssRNA40/LyoVec (TLR8 

agonist) (all from Invivogen, San Diego, CA).  

Positive controls: A combination of phorbol 12-myristate 13-acetate (PMA) and ionomycin (ION) 

(all from Sigma-Aldrich, St Louis, MO), or paraformaldehyde (PFA) fixed E. coli (Invitrogen, San 

Francisco, CA) were variously used as positive controls for TLR stimulations. 

 E. coli culture inoculation 

Lysogeny broth (LB)-Miller (Sigma-Aldrich,) was aseptically transferred to a 500 mL sterile 

Erlenmeyer flask (Millipore Sigma, Burlington MA). A vial of One Shot® TOP10 E. coli 

(Invitrogen, San Francisco, CA) was inoculated into the LB-Miller media and incubated at 4oC 

overnight while shaking at 150 revolutions per minute (rpm). Optical density was measured using 

a Synergy H1 microplate reader (Bio Tek, Santa Clara, CA) by transferring 200 µL of culture to 



 

54 
 

each well in a flat-bottom 96 well plate (Thermofisher, San Francisco, CA) Also, a dilution of 2-1 

was made and measurements were done in triplicates. The concentration of the bacteria was 

calculated using the following formula: OD600=8×108 cells/mL. The E. coli was stored at -80°C. 

Paraformaldehyde fixation (PFA) of E. coli 

Fixing E.coli with PFA was done according to reference (475). Frozen E. coli was thawed and 

6.25 µL of 16% PFA (Sigma-Aldrich, St Louis, CA) was added to a 100 µL aliquot of the E. coli. 

The mixture was vortexed and incubated at room temperature for 5 min before washing with 

400 µL phosphate-buffered saline (PBS) at pH 7.4 (Gibco-Invitrogen Thermo Fisher Scientific, 

Waltham, MA) twice. The E. coli was resuspended in 100 µL RPMI media supplemented with 

10% fetal calf serum (FCS) (R10 media). 

Recombinant human interleukin 18 (rIL-18) (IL-1F4) and rIL-12 (both obtained from R&D 

Systems, Minneapolis, MN)) were combined and used in the study to stimulate MAIT cells. rIL-4 

(InvivoGen) and recombinant granulocyte monocyte colony stimulating factor (rGM-CSF) (from 

Miltenyi Biotech, San Diego, CA) were used for the experiment in monocyte differentiation to 

MDDCs. 

3.3.2 Culture media and tissue processing reagents 

Roswell Park Memorial Institute (RPMI) 1640 medium with 10% fetal bovine serum (R10) 

culture media was made from RPMI 1640 complemented with 10% fetal bovine serum (FBS) 

(heat inactivated at 56o C for 1 h) and 2% of 100x antibiotic-antimycotic solution (all from Gibco-

Life Technologies-Thermo Scientific, ON, Canada). 

Freezing media was made from 90% FBS (heat inactivated at 56oC for 1 h) (Gibco-Life 

Technologies-Thermo Scientific, ON, Canada) and 10% dimethyl sulphoxide (DMSO) (Sigma-

Aldrich). This was used to freeze PBMCs for storage. 
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3.3.3 Flow cytometry reagents 

Antibodies. Fluorochrome conjugated antibodies to the following markers were used for 

phenotyping and intracellular staining: 

BV421-CD161 (clone HP-3G10), PerCP-Cyanine 5.5-Vα7.2 TCR (clone 3C10), BV605-CD4 

(clone RM4-5), BV650-CD8 (clone SK1), and Alexa Flour 700-CCR5 (clone J418F1) (all from 

Biolegend San Diego, CA), TCR PAN GAMMA/DELTA-PC5 (clone IMMU510) (from 

Beckman, Indianapolis, IN), APC-H7-CD3 (clone SK7), PE-Cy™7-CD56 (clone B159), V500-

IFN-γ (clone B27), Alexa Flour700-TNF-α (clone MAB11), PE-CF594-GM-CSF (clone BVD2-

21C11), BV786-IL-17a (clone N49-653), APC-CCR6 (clone 11A9), BV786-CD69 (clone FN50), 

BUV395-IFN-γ (clone B27), FITC-CD80 (clone BB1), PE-Cy™7-CD19 (clone SJ25C1), 

BUV395-CD14 (clone M5E2), BB515-CD56 (clone B159), PE-Cy5-CD11C (B-Ly6), BV605-

HLA-DR (clone G46-6), BV786-HLA-DR (clone Tu39), BV711-CD83 (clone HB15e), (all from 

BD Bioscience, San Jose, CA), APC-MR1 Tetramer (National Institute of Health (NIH) Tetramer 

Core Facility, Atlanta, GA) and Live/Dead Aqua (Life Technologies, NY) (see Table 2). 

FACS Wash, used to wash cells before and after extracellular staining, was prepared from PBS 

(PH 7.4) (Gibco-Invitrogen Thermo Fisher Scientific, Waltham, MA), 2% FBS (heat inactivated 

at 56oC for 1 h) and 2 mM ethylenediaminetetraacetic acid (EDTA) (both from Sigma-Aldrich). 

Perm/WashTM Buffer (BD Bioscience, San Jose, CA) is commercially available as 10X stock 

solution. The working solution of Perm/Wash used for washing flow cytometry samples was 

prepared by diluting the 10X perm/wash with double distilled water in a ratio of 1:10. 

Cytofix/cytopermTM Solution (BD Bioscience) is commercially available at working 

concentration. 

3.3.4 Monocyte isolation kit 

EasysepTM Human monocyte isolation kit (StemCell, Vancouver, BC, Canada) was used to 

isolate CD14+CD16- cells from fresh PBMCs sample. The kit contains isolation cocktail, Platelet 

removal cocktail, and magnetic beads. 
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EasySepTM Magnet (StemCell™ Technologies) used to separate monocyte. 

EasysepTM Isolation media used was made from PBS (Gibco-Invitrogen Thermo Fisher 

Scientific), 2% FBS heat inactivated at 56O C for 1 h and 1 mM EDTA (both from Sigma-Aldrich). 

3.3.5 HIV p24 Enzyme Linked Immunosorbent Assay (ELISA) reagents Kit (Cat# 5447, 
Advanced Bioscience Laboratories (ABL), Rockville, MD) 

HIV p24 was quantified by using p24 antigen capture ELISA as previously described (584), in 

accordance with manufacturers instructions (ABL, Rockville, MD). The HIV p24 Kit included the 

following reagents: Micro Elisa Plate precoated with murine monoclonal antibodies to HIV-1 p24, 

disruption buffer consisting of Triton® X-100 detergent and phosphate buffer, conjugate solution 

consisting of horseradish peroxidase labeled with, immunoaffinity purified, human antibodies to 

HIV-1 p24, and peroxidase substrate consisting of hydrogen peroxide and tetramethylbenzidine in 

acidic buffer. The kit also contained Wash buffer (20X) consisting of phosphate buffered saline 

and Tween 20® concentrates. The wash buffer working concentration was prepared by diluting 

25ml of wash buffer in 475ml distilled water.  Stop solution was also included in the kit at a 

working concentration of sulfuric Acid. A standard was included in the kit as purified native HIV-

1 IIIB p24 at 1ng/ml. Working concentration of the standard was prepared by diluting 50µl of 

1ng/ml HIV-1 p24 in 450 µl R-10 media and further diluting into final concentration of 100 pg/mL, 

50 pg/mL, 25 pg/mL, and 12.5 pg/mL. 

Protocol: To a micro-ELISA plate disruption buffer was added to each well followed by addition 

of 100 µL of each diluted HIV-1 p24 standard in duplicate, 100 µL of R10 media to 4 wells (to 

serve as a negative control) and 100 µL of prepared test sample to appropriate wells. The side of 

the plate was gently tapped to mix contents, the plate covered with a plate sealer and incubated at 

37°C for 60 min. The plate was washed by aspirating the well content into a waste tray then filling 

the well with wash buffer (PBS/Tween 20® concentrate; working concentration prepared by 

diluting 25 mL of wash buffer in 475 mL distilled water). The plate was left to soak for 15 s before 

aspirating into the waste tray. This washing step was repeated four times. The plate was tapped 

firmly on absorbent paper. 
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To each well of micro-ELISA plate, 100 µL of conjugate solution (working concentration of 

horseradish peroxidase-labelled, immunoaffinity purified, human antibodies to HIV-1 p24) was 

added, the plate covered and incubated at 37°C for 60 min. The washing step described above was 

repeated and 100 µL of peroxidase substrate (working concentration of hydrogen peroxide and 

tetramethylbenzidine in acidic buffer) was added to each well. The plate was incubated uncovered 

for 30 min at room temperature (19–23°C). In the same manner that peroxidase substrate was 

added, 100 µL of stop solution (working concentration of sulfuric acid) was added to each well 

and the plate read at 450 nm in a micro-ELISA plate reader (Synergy Hi multi-reader machine, 

BioTek) within 20 min. 

3.3.6 Human IL-18 duo set ELISA kit (R&D Systems Cat# DV318, Minneapolis, MN) 

IL-18 levels in in culture supernatants were determined by ELISA following the manufacturer’s 

instructions (IL-18 Duo-Set ELISA kit, R&D Systems Cat# DV318). A flat-bottom 96-well Nunc 

MaxiSorp™ flat-bottom microplate (Cat# 12565136, Gibco-Invitrogen Thermo Fisher Scientific) 

was precoated by adding 100 µL of capture antibody diluted to the working concentration in PBS 

pH 7.4 (Gibco-Invitrogen Thermo Fisher Scientific), without carrier protein, and incubating 

overnight at room temperature. After washing the plate four times with PBS containing 0.05% 

Tween®20 (Sigma-Aldrich) the plate remaining binding sites were removed by adding 300 µL of 

reagent diluent (75 µL of 7.5% BSA, (Sigma-Aldrich), in PBS pH 7.2–7.4, (Gibco-Invitrogen 

Thermo Fisher Scientific) to each well and incubating at room temperature for 30 min. The 

standard was provided in the kit as human recombinant IL-18. Each vial was reconstituted with 

0.5 mL of reagent diluent. A seven-point standard curve using 2-fold serial dilutions in reagent 

diluent was prepared. After washing four times with PBS containing 0.05% Tween®20, 100 μL 

of samples of MDDC culture supernatant or standards in reagent diluent was added in duplicate. 

The plate was covered with an adhesive strip and incubated for 2 h at room temperature. The plate 

was then washed four times with PBS containing 0.05% Tween®20, and 100 μL of the biotinylated 

mouse anti-human IL-18 detection antibody reconstituted with reagent diluent to 500 ng/mL 

working solution and added to each well. The plate was covered with a new adhesive strip and 

incubated for 2 h at room temperature. After washing four times with 100 μL PBS containing 

0.05% Tween®20, a working dilution of streptavidin conjugated to horseradish peroxidase (HRP) 

was added. The plate was covered and incubated for 20 min at room temperature in the dark. The 
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substrate solution was provided in the kit as colour reagent A (H2O2) and colour reagent B 

(tetramethylbenzidine) (R&D Biosystems, Cat# DY999). A working solution of the substrate 

solution was prepared by adding reagent A to reagent B at a ratio of 1:1. The plate was washed 

four times with PBS containing 0.05% Tween®20, 100 μL of substrate solution added, and the 

plate was incubated for 20 min at room temperature in the dark. The reaction was stopped by the 

addition of 50 mL of Stop Solution (provided in the kit as 2N H2SO4 (R&D Systems, Cat# DY994) 

to each well. The plate was gently tapped to ensure thorough mixing, and the optical density of 

each well was determined immediately using a microplate reader (Synergy Hi multi-reader 

machine, BioTek) set to 450 nm and a wavelength correction set to 570 nm.  

3.3.7 IL-12(p70) reagents and kit  

IL-12(p70) levels in culture supernatants were determined by ELISA following the manufacturer’s 

instructions (ABCAM, Cat# ab213791, Waltham, MA). IL-12p70 standard was prepared not more 

than 2 h prior to the experiment by adding 1 mL sample diluent buffer to 10 ng to create 10,000 

pg/mL of human IL-12(p70) stock solution. The tube was kept at room temperature for 10 min and 

then mixed thoroughly. Standard concentration of 500 pg/mL IL-12(p70) solution was prepared 

by adding 50 µL of the 10,000 pg/mL IL-12(p70) stock solution into a tube with 950 µL sample 

diluent buffer. Six dilutions were prepared: 250 pg/mL, 125 pg/mL, 62.5 pg/mL, 31.25 pg/mL, 

15.625 pg/mL and 7.8125 pg/mL. A 96-well microtiter plate precoated with anti-human IL-

12(p70) was rinsed with sample diluent buffer followed by addition of 100 μL of each standard 

and 100 μL of sample of MDDC culture supernatant to the appropriate wells in duplicate. After 

preparing working solution of biotinylated anti-human IL-12(p70) by diluting biotinylated anti-

human IL-12(p70) antibody in diluent buffer in 1:100, 50 μL of biotinylated anti-IL-12(p70) was 

added to all wells and the plate covered and incubated for 3 h at room temperature. The plate was 

washed four times by aspirating the liquid from each well and adding 300 μL of 1x wash buffer 

into each well before adding 100 μL of streptavidin-HRP solution into all wells. The plate was 

covered and incubated at room temperature for 30 min. After washing the plate, 100 μL of 

Chromogen TMB substrate solution was added into each well and incubation in the dark for 12 to 

15 min at room temperature. Stop reagent (100 μL) was added into each well and the results taken 

immediately after. The absorbance of each well was read on a spectrophotometer using 450 nm as 

the primary wavelength and a reference wavelength of 620 nm. 
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3.4 Routine procedures 

3.4.1 Specimen preparation 

Blood samples were collected from study participants of a Winnipeg cohort of healthy laboratory 

staff. Blood was drawn using sterile needles with syringes and collected in heparinized BD 

Vacutainer tubes (BD, Zelienople, PA, USA), and later used in isolation of PBMCs (section 

3.3.1.2). 

3.4.2 PBMC isolation 

Whole blood was centrifuged at 1200 rpm for 7 min with brakes to remove plasma and diluted 1:1 

with sterile PBS containing 2% FCS (both Gibco-Invitrogen Thermo Fisher Scientific, Waltham, 

MA). The diluted blood was layered onto Lymphoprep (Ficoll-Histopaque) (Stem Cell 

Technologies) and centrifuged at 1400 rpm for 25 min without braking. The white cell layer of 

PBMCs was collected into 6 mL R10 in a 50 mL tube and diluted to 40 mL with sterile PBS 

followed by centrifugation at 1400 rpm for 10 min with braking. The supernatant was poured off 

from the cell pellet and the cells gently resuspended. The viability testing of isolated PBMCs was 

done using the Trypan Blue (Sigma-Aldrich) exclusion method (378). Three tubes of blood (10 

mL each) collected per study participant yielded 40–60×106 PBMCs. Most experiments were 

performed using fresh samples. 

PBMC freezing. After PBMC isolation, the PBMCs that were used primarily for optimization 

experiments were counted using a haemocytometer (from Sigma-Aldrich St Louis, MO) using the 

Trypan Blue exclusion method. After counting, 10×106 PBMCs were suspended in 1 mL of 

freezing media containing 90% FBS and 10% dimethylsulfoxide (DMSO) solution (all from 

Gibco-Life Technologies, Thermo Scientific, ON, Canada) and stored in sterile 2 mL vials. The 

cells were gradually frozen to -80°C in Mr FrostyTM containers (Gibco-Invitrogen Thermo Fisher 

Scientific) filled with isopropanol (Gibco-Invitrogen Thermo Fisher Scientific). 
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3.4.3 TLR stimulation and cell culture 

Freshly isolated PBMCs were cultured in R10 culture media under seven conditions: (1) a negative 

or unstimulated control; (2) PFA-fixed E. coli (at ratio of bacteria to PBMCs 5:1); (3&4) 1μg/mL 

or 5μg/mL imiquimod-TLR7 (Cat No. Hkb-htlr7, Invitrogen); (5&6) 2.5μg/mL or 5 μg/mL 

ssRNA40/LyoVec-TLR8 (Cat. No tlrl-lrna40, Invitrogen); and (7) PMA (Cat No. P8139, Sigma-

Aldrich) with 0.01 μg/mL ION (Cat. No I3909, Sigma-Aldrich). The incubation occurred at 37°C 

in a humidified 5% CO2 incubator for 24 h (or different durations for kinetic experiments). Where 

appropriate, combination cytokine release blockers 1.0 μL of 1µg/mL brefeldin A (GolgiplugTM) 

and 1.0 μL of 1µg/mL monensin (GolgistopTM) (both from BD Biosciences), were added to 1mL 

of (106) PBMCs 2 h after PMA/ION stimulation or 6 h in unstimulated control, PFA-fixed E. coli. 

For TLR7 and TLR8 stimulations, four time points (2, 6, 14, or 24 h) were selected for kinetic 

experiments. PBMC culture supernatants (without protein transport inhibition) were harvested and 

frozen at -80°C for later use in cytokines and chemokines assays. 

3.4.5 Flow cytometry 

3.4.5.1. Flow cytometry panels 

The monoclonal antibodies listed in 3.3.3 above were used in phenotyping of different populations 

of T cells, monocytes and DCs. The antibodies were combined into flow panels as indicated in the 

tables below: 

Table 2. Flow cytometry antibody panel  

Table 2.1 T cell activation and chemokine receptor panel 
 Phenotyping 

marker 
Vendor Clone Cat# 

CD3 APC-H7 T cells  BD Bioscience SK7 560176 
CD8 BV650 T cells  Biolegend, San Diego, CA SK1 301042 
CD4 BV605 T cells  Biolegend RM4-5 300556 
Vα7.2 TCR 
PerCP/Cyanine5.5 

MAIT cells  Biolegend 3C10 351710 

CD161 BV421 T cells  Biolegend HP-3G10 339914 
Γδ TCR PE-Cy5 Γδ T cells  Beckman, Indianapolis, IN IMMU510 IM2662U 
CD56 PE-Cy7 T cells  BD Bioscience B159 56)0916 
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CD69 BV786  T cells activation BD Bioscience, San Jose, CA FN50 563834 
CCR5 Alexa Flour 700 Chemokine 

receptor 
Biolegend J418F1 359116 

CCR6 APC Chemokine 
receptor 

BD Bioscience 11A9 560619 

Live/dead aqua Live or dead cells ThermoFisher, Live 
technologies, Grand Island, 
NY 

 L34957 

 
 
 
Table 2.2. ICS cytokine panel 

 Phenotyping 
marker 

Vendor Clone Cat# 

CD3 APC-H7 T cells  BD Bioscience SK7 560176 
CD8 BV650 T cells  Biolegend SK1 301042 
CD4 BV605 T cells  Biolegend RM4-5 300556 
Vα7.2 TCR 
PerCP/Cyanine5.5 

MAIT cells  Biolegend 3C10 351710 

CD161 BV421 T cells  Biolegend HP-3G10 339914 
MR1Tetramer(5-OP-
RU) APC 

MAIT cells  NIH Tetramer Core facilities 
Atlanta GA 

  

Γδ TCR PE Cy5 Γδ T cells  Beckman, Indianapolis, IN IMMU510 IM2662U 
CD56 PE Cy7 T cells  BD Bioscience B159 560916 
V500 IFN-γ IFN-γ cytokine BD Bioscience B27 561980 
IL-17a BV786  IL-17 cytokine BD Bioscience N49-653 563745 
TNF-α Alexa Flour 
700 

TNF-α cytokine BD Bioscience MAB11 557996 

GM-CSF PE-CF594 GM-CSF 
cytokine 

BD Bioscience BVD2-
21C11 

562857 

Green Live/Dead Live or dead cells ThermoFisher, Live technologies  L23101 
 

Table 2.3. Chemokine receptor surface staining panel 
 Phenotyping 

marker 
Vendor Clone Cat# 

CD3 APC-H7 T cells  BD Bioscience  SK7 560176 
CD8 BV650 T cells  Biolegend SK1 301042 
CD4 BV605 T cells  Biolegend RM4-5 300556 
Vα7.2 TCR PerCP-/Cyanine5.5 MAIT cells  Biolegend 3C10 351710 
CD161 BV421 T cells  Biolegend HP-3G10 339914 
CXCR6 APC  Chemokine receptor Biolegend  356006 
γ δ TCR PE Cy5 γ δ T cells  Beckman,  IMMU510 IM2662U 
CCR4 PE Cy7 Chemokine receptor  BD Bioscience B159 561034 
CCR6 BV786  Chemokine receptor BD Bioscience 11A9 563704 
 Chemokine receptor Biolegend J418F1 359116 
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CXCR3 PE-CF594 Chemokine receptor BD Bioscience  1C6/CXC
R3 

562451 

Green live/dead Live or dead cells ThermoFisher, 
Live technologies,  

 L23101 

 

Table 2.4. MAIT cell and CD4+ T cells sorting panel 
 Phenotyping 

Marker 
Vendor Clone Cat# 

CD3 APC-H7 T cells  BD Bioscience SK7 560176 
CD4 BV605 T cells  Biolegend RM4-5 300556 
Vα7.2 TCR 
PerCP/Cyanine 5.5 

MAIT cells  Biolegend 3C10 351710 

CD161 BV421 T cells  Biolegend HP-3G10 339914 
MR1 tet (5-OP-RU) 
APC 

MAIT cells  NIH Tetramer core facilities   

Live/dead aqua Live or dead cells ThermoFisher, Live technologies  L34957 
 

Table 2.5. Monocyte purity panel 
 Phenotyping 

marker 
Vendor Clone Cat# 

CD3 APC-H7 T cells  BD Bioscience SK7 
B159 

560176 

CD19 PE-Cy™7 T cells  BD Bioscience SJ25C1 34113 
CD56 BB515  NK cells BD Bioscience B159 564489 
CD14 BUV395 Monocytes  BD Bioscience M5E2 563561 
Live/Dead Aqua Live or dead cells ThermoFisher, Live technologies  L34957 

 
 
Table 2.6. Monocyte-derived dendritic cell (MDDC) maturation panel 

 Phenotyping 
marker 

Vendor Clone Cat# 

CD11C PE-Cy5 MDDC  BD Bioscience B-Ly6 551077 
CD80 FITC MDDC maturation BD Bioscience BB1 555683 
HLA-DR BV786  MDDC  BD Bioscience Tu39 740983 
CD14 BUV395 Monocyte  BD Bioscience M5E2 563561 
CD83 BV711 MDDC maturation BD Bioscience HB15e 740802 
MR1 APC MDDC  Biolegend,  8F2F9 396104 
Live/dead Aqua Live or dead cells ThermoFisher, Live technologies  L34957 

 

3.4.5.2. Surface staining 

Freshly isolated or TLR-stimulated PBMCs were transferred from culture plates (or centrifuge 

tubes) into appropriately labelled polypropylene tubes (BD Bioscience, San Jose, CA), and washed 
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once with 2 mL FACS wash at 1500 rpm for 5 min. This was followed by the addition of a cocktail 

of monoclonal antibodies for phenotyping surface markers on T cells, monocytes or MDDCs (see 

Table 2). The cells were stained for 30 min at 4°C in the dark, and subsequently washed to remove 

excess antibodies using 1 mL of FACS wash and centrifugation at 1500 rpm for 5 min. The stained 

cells were then fixed using 300 μL of 1% paraformaldehyde (PFA) solution (Sigma-Aldrich) prior 

to flow analysis. 

3.4.5.3 Intracellular cytokine staining (ICS) 

The PBMCs stimulated with TLR were cultured with protein transport inhibitors. The PBMCs 

were first stained for surface markers (using the method in section 3.4.2 above); then permeabilized 

using 150 μL of cytoperm/cytofix mixture (BD Bioscience) for 20 min, washed once using 2 mL 

of Perm wash and centrifuged at 1500 rpm for 5 min. ICS followed with the addition of specific 

cocktails of antibodies for intracellular markers (see Table 2.2), and incubation in the dark for 1 h. 

Excess antibody was removed after staining using a single wash with perm wash ( BD Bioscience) 

prior to flow analysis. Flow data acquisition was done using FACS DIVA version 6.0 (BD 

Bioscience), and flow data analyzed using FlowJo version 10.6.5TM (BD Bioscience). 

 3.4.5.4 Gating strategy for MAIT and γδ T cells 

Fluorescence minus one (FMO) experiments were used to optimize the gating strategy for MAIT 

cells and γδ T cells. PBMCs from a healthy donor were stained with all antibodies on table 2.1 

except for one of the following fluorochrome conjugated antibodies: TCR PAN 

GAMMA/DELTA-PC5-γδ-TCR (IMMU510), BV650-CD8 (SKI), BV605-CD4 (RM4-5), 

BV421CD161 (HP-3G10), PerCP/Cyaninine 5.5-Vα7.2TCR (3C10).  To optimize for gating of 

MAIT and γδ T cells, gates were set in the following order: Singlets gate on forward scatter (FSC)-

height and FSC-area (FSC-A), live cells that were negative for live dead aqua stain, CD3+, γδ 

TCR- and CD3+, γδ TCR+ off live cells , CD8+ off CD3+, γδ TCR-, CD4+ T cells off CD3+, γδ 

TCR-, Vα7.2 TCR off CD3+, CD8+, CD4-CD8- (DN), CD161 off CD3+, CD8+, CD4-CD8- 

(DN), CD8+ and CD4+ of CD161++Vα7.2-TCR. A representative flow cytometry plotting 

showing how gates were established is shown in Figure 5. CD3+, γδTCR+ were classified as γδ 

T cells (Figure 5). The gating strategy was used for subsequent experiments. 
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Figure 5. Fluorescence minus one (FMO) gating for: γ δ TCR PE Cy5, BV650 CD8, BV605 CD4, 
BV421 CD161, and PerCP-/Cyanine5.5 Vα7.2TCR. Representative flow cytometry plot of one 
healthy blood donor showing how gates for γ δ TCR PE Cy5, BV650 CD8, BV605 CD4, BV421 
CD161, and PerCP-/Cyanine5.5 Vα7.2TCR were established. MAIT cells were gated as CD3+, 
γδTCR-, CD161+, Vα7.2TCR+ cells or as CD3+, γδTCR-, CD8+, CD4/CD8 DN, CD161+, 
Vα7.2TCR+ cells. Cells that were CD3+, γδTCR+ were classified as γδ T cells.  Forward scatter-
height (FSC-H) and FSC-A gating for singlets to isolate singlets from doublets. Live cells were 
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selected by gating on live/dead aqua stain negative off singlets’ gate. γδTCR FMO was used to 
gate for CD3+ γδ-T cells off live cells. CD8 FMO was used to gate for CD8+ T cells off the CD3+ 
γδ TCR- gate. CD4 FMO was used to gate for CD4+ cell off the CD3+γδTCR- gate. CD8+CD4-
CD8-(DN) and CD4 was gated off CD3+ γδTCR- gate CD3+ γδTCR- gate was gated off the live 
cells gate. CD161++ Vα7.2TCR gate was gated off the CD3+ γδTCR-. CD161 FMO was used to 
establish CD161 gate on CD8+ CD4-CD8- (DN) cells. Vα7.2TCR FMO was used to establish 
Vα7.2TCR gate on CD8+CD4-CD8-(DN) cells. CD161++ Vα7.2TCR+ was gated on CD8+CD4-
CD8-(DN) cells, lastly, CD8 FMO was used to gate for CD8+ MAIT cells on CD161++ Vα7.2TCR 
and CD4 FMO was used to gate for CD4+ MAIT cells on CD161++ Vα7.2TCR gate  
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To optimize gating for MAIT cells and γδ for chemokine expression, PBMCs from a healthy donor 

were stained with all antibodies in table 2.3 except for one of the following antibodies: Alexa flour 

700-CCR5 (J418F1), PE-Cy7-CCR4 (B159), BV786-CCR6 (11A9) and PE-CF594-CXCR3 

(IC6/CXCR3) and APC-CXCR6. FMO was used to set gates for CCR5+ γδ T cells, CCR4+ γδ T 

cells, CCR6+ γδ T cells, CXCR3+ γδ T cells, and CXCR6+ γδ T cells off CD3+, γδ TCR+ gate 

and CCR5+, CCR4+ s, CCR6+, CXCR3+, and CCXR6+ MAIT cells off CD161+Vα7.2-TCR gate 

(Figure 6). 
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Figure 6: Fluorescence minus one (FMO) gating for CCR5+, CCR4+, CCR6+, CXCR3+ and 
CXCR6+ -MAIT cells and -γδ T cells. Representative flow cytometry plotting showing how 
CCR5+, CCR4+, CCR6+, CXCR3+ and CXCR6+ γδ T cells, and CCR5+, CCR4+, CCR6+, 
CXCR3+ and CXCR6+ MAIT cells gates were established. From top left to right: CD3+ γδTCR+ 
and CD3+ γδTCR- were gated off the live cells, CCR5 FMO was used to gate for CCR5+ γδ T 
cells off the CD3+ γδTCR+ gate. CCR4 FMO was used to gate for CCR4+ γδ T cells off the CD3+ 
γδTCR+ gate. CCR6 FMO was used to gate for CCR6+ γδ T cells off the CD3+ γδTCR+ gate. 
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CXCR3 FMO was used to gate for CXCR3+ γδ T cells off the CD3+ γδTCR+ gate and finally 
CXCR6 FMO was used to gate for CXCR6+ γδ T cells off the CD3+ γδTCR+ gate. 
CD161+Vα7.2TCR+ cells were gated off the CD3+, CD3+ γδTCR- cells. CCR5 FMO was used 
to gate for CCR5+ MAIT cells off the CD161+Vα7.2TCR+ gate. CCR4 FMO was used to gate for 
CCR4+ MAIT cells off the CD161+Vα7.2TCR+ gate. CCR6 FMO was used to gate for CCR6+ 
MAIT cells off the CD161+Vα7.2TCR+ gate. CXCR3 FMO was used to gate for CXCR3+ MAIT 
cells off the CD161+Vα7.2TCR+ gate. and finally, CXCR6 FMO was used to gate for CXCR6 
MAIT cells off the CD161+Vα7.2TCR+ gate. 
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To optimize gating for MAIT cells and γδ for activation, PBMCs from a healthy donor were 

stimulated overnight with PMA/ION and stained with all antibodies on table 2.1 except for one 

the following antibodies: TCR PAN GAMMA/DELTA-PC5-γδ-TCR (IMMU510), BV650-CD8 

(SKI), BV605-CD4 (RM4-5), BV421-CD161 (HP-3G10), PerCP/Cyaninine 5.5-Vα7.2TCR 

(3C10), BV786-CD69, APC-CCR6 (11A9), Alexa Flour 700-CCR5 (J418F1).  FMO was used to 

set gates for CD69+ MAIT cells, CCR6+ MAIT cells, and CCR5+ MAIT cells off CD161++ 

Vα7.2TCR and CD69+ γδ T cells, CCR6+ γδ T cells, and CCR5+ γδ T cells off CD3+γδTCR gate 

(Figure 7).  
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Figure 7: Fluorescence minus one (FMO) gating for CD69+, CCR5+ and CCR6+ MAIT cells and 
CD69+, CCR5+ and CCR6+ γδ T cells. Representative flow cytometry of one healthy blood donor 
showing how gates for CD69+, CCR5+ and CCR6+ MAIT cells and CD69+, CCR5+ and CCR6+ 
γδ T cells were established. From top left to right: CD161+Vα7.2TCR+ cells were gated off the 
CD3+ γδTCR- cells. CD69 FMO was used to gate for CD69+ MAIT cells off the 
CD161+Vα7.2TCR+ gate. CCR6 FMO was used to gate for CCR6+ MAIT cells off the 
CD161+Vα7.2TCR+ gate. CCR5 FMO was used to gate for CCR5+ MAIT cells off the 
CD161+Vα7.2TCR+ gate. CD3+ γδTCR+ and CD3+ γδTCR- were gated off the ive cells. CD69 
FMO was used to gate for CD69+ γδ T cells off the CD3+ γδTCR+ gate. CCR6 FMO was used to 
gate for CCR6+ γδ T cells off the CD3+ γδTCR+ gate. and CCR5 FMO was used to gate CCR5+ 
γδ T cells off the CD3+ γδTCR+ gate.  
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To optimize the gating strategy for MAIT and CD4+ T cells sorting, PBMCs from a healthy donor 

were stained with all antibodies in table 2.4 except for one of the following antibodies: APC-H7-

CD3 (SK7), PerCP/Cyanine 5.5-Vα7.2 TCR (3C10), APC-MR1AgTet (5-OP-RU), BV421-

CD161 (HP-3G10), BV605-CD4+ (RM4-5). FMO was used to set gates for CD3+ cells, CD161+ 

MR1AgTet+ T cells, CD161+ acetyl-6-formylpterin (AC-6FP+), CD4+ T cells (Figure 8). 
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Figure 8. Fluorescence minus one (FMO) gating for MAIT and CD4+ T cells. Representative flow 
cytometry of one healthy blood donor showing how gates for MAIT and CD4+ T cells were 
established. MAIT cells were gated as CD3+, CD161+, MR1AgTet+ cells and CD4+ T cells were 
gated as CD3+CD4+ T cell. Cells were gated on singlets by FSC-H/FSC-A then on lymphocytes 
by FSC/SSC and live cells. CD3 FMO was used to gate for CD3+ cells off live cells. CD161 FMO 
was used to gate for CD161+ cells off the CD3+ gate. MR1AgTet FMO was used to gate 
MR1AgTet off the CD3+ gate. MR1AgTet negative control FMO was used to gate MR1AgTet 
negative control off the CD3+ gate. CD4 FMO was used to gate for CD4+ cell off the 
CD3+MR1AgTet- gate.  
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FMO was used to optimize the gating strategy for MDDC. Monocytes were cultured in media 

supplemented with GM-CSF and IL-4 clear flat bottom polystyrene round clear wells plate 

(ThemoFisher Scientific) for 7 days. Fresh media supplemented with GM-CSF and IL-4 was added 

to the culture every 2 days. On day 5 of the culture, PFA-fixed E. coli was added and cultured for 

2 days. Semi-adherent cells were resuspended by adding cold PBS for 5 min before gently scraping 

them off the polysterene plate using a rubber cell scraper. Cells were stained with antibodies in 

table 2.6 except for one of the following antibodies: PE-Cy5-CD11C (B-Ly6), BV786-HLA-DR 

(Tu39), FITC-CD80 (BB1), BV711-CD83 (HB15e), and APC-MR1 (8F2F9) and analyzed by flow 

cytometry. FMO was used to set gates for CD11C+, HLA-DR+, CD80+, CD83+, and MR1+ cells. 
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Figure 9. Fluorescence minus one (FMO) gating strategy for MDDCs. Representative flow 
cytometry plot of FMO showing how CD11C+, HLA-DR+, CD83+, CD80+, and MR1+ cells were 
gated on. Gates were set by SSC-A and FSC-A to show size and granularity, FSC-H by FSC-A to 
gate for singlets, Live/Dead Aqua stain vs. FSC-A to gate for live cells. CD11C+ FMO was used 
to gate on 11C+ cells off the live cells gate, HLA-DR+ FMO was used to gate on HLA-DR+ cells 
off the CD11C+ cells. CD80+ FMO was used to gate on CD80+ cells off the CD11C+ gate. CD83+ 
FMO was used to gate on CD83+ cells off the CD11C+ gate, and MR1 FMO was used to gate on 
MR1+ cells off the CD11C+ gate. 
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3.4.6. Monocyte enrichment 

Monocytes were enriched by negative sorting using EasySepTM (Cat# 19359, StemCell). Freshly 

isolated PBMCs were suspended in isolation buffer to 5×107 cells/mL and transferred to a 

polystyrene round-bottom tube. For the enrichment cocktail media, 50 µL/mL of sample was 

added, followed by a platelet removal cocktail at 50 µL/mL of sample, mixed, and then incubated 

for 5 min at room temperature. The magnetic beads were vortexed for 30 seconds to ensure even 

distribution followed by addition of 50 µL/mL of sample then mixed and incubated at room 

temperature for 5 min. Isolation media was added to top up sample to 2.5 mL. The tube was placed 

without a lid into the magnet (Cat# 18000, StemCell) and incubated at room temperature for 2.5 

min. Magnet and tube were picked up together and in one continuous motion the enriched cell 

suspension was poured into a new sterile tube. 

3.4.6.1. Monocyte differentiation 

Enriched monocytes were counted and cultured in RPMI media supplemented with 10% FCS, 1% 

L-glutamin, 1% penicillin and streptomycin, 75 ng/mL of GM-CSF and 100 ng/mL of IL-4 at 37oC 

for 7 days. Media was changed every 2 days by removing 500 µL culture supernatant and adding 

500 µL fresh RPMI media containing 10% FCS, 1% L-glutamine, 1% penicillin and streptomycin, 

75 ng/mL of GM-CSF and 100 ng/mL of IL-4. On day 4, immature MDDCs were stimulated with 

TLR8-ligand (ssRNA40), TLR7-ligand (imiquimod), and E. coli. On day 7, the culture supernatant 

was removed and stored at -80°C. MDDC were harvested by adding cold PBS and incubating at 

room temperature for 5 min. The PBS was removed into the flow tubes. Rubber scrapers were used 

lift the semi-attached cells off the plate. The cells were centrifuged and stained. 

3.4.7. HIV assays 

3.4.7.1. Viral stock preparation 

Viral stock provided to us by a former student in the lab, HIV-1 Bal l strain (3 vials of HIV-GFP 

ML4.3) was prepared by propagating and expanding in phytohemagglutinin-stimulated, IL-2-

treated PBMCs. PBMCs from HIV-seronegative blood donors were isolated by Ficoll-Hypaque 
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density gradient centrifugation of heparin-treated venous blood. Prior to HIV-1 infection, the cells 

were stimulated with 2 µg/mL of phytohemagglutinin (Gibco-BRL) for 3 to 4 days and maintained 

in R10 media (Cellgro, Fisher Scientific, Ottawa, ON, Canada), supplemented with 10 mM HEPES 

buffer (Cellgro, Fisher Scientific), 1 ng/mL of interleukin (IL)-2 (Gibco, ThermoFisher Scientific, 

Ottawa, ON, Canada ), 100 U/mL of penicillin, and 100 ng/mL of streptomycin (both from Cellgro, 

Fisher Scientific, Ottawa, ON, Canada). After infecting the cells, feeder cells (mainly PBMCs) 

were pretreated with 2 µg/mL PHA in R10 media supplemented with 10 mM HEPES buffer and 

1 ng/mL IL-2 was added every 3 days before harvesting the virus on day 15.  

3.4.7.2. Calculation of TCID50.  

Serial dilutions of 5-1, 5-2, etc. were applied. For each dilution, I indicated the number of replicates 

which were infected (out of 4), identified the dilutions that contained both infected and uninfected 

wells and the nearest dilutions that contain either all infected wells or all uninfected wells. 

Table 3 P24 ELISA 

Row on plate 1 2 4 5 6 7 8 9 10 11 12 
Dilution 5-1 5-2 5-3 5-4 5-5 5-6 5-7 5-8 5-9 5-10 5-11 
Number of 
positive wells 

4 4 4 4 4 4 3 0 2 1` 0 

The values were carried out to Table 4 below.  

Table 4 Cell Mortality ratio calculation  
Dilution P24+ P24- Infected Uninfected Mortality 

Ratio % 
5-7 4 0 10 0 10/10 100 
5-8 3 1 6 1 6/7 85.7142 
5-9 0 4 3 5 3/8 37.5 
5-10 2 3 3 8 2/11 18.18 
5-11 1 0 1 9 1/10 10 
5-12 0 0 0 9 0/9 0 

The infected wells were calculated by adding the total number of p24+ wells starting from the 

bottom and adding towards the top and the uninfected wells by adding the total number of p24- 
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wells starting from the top and adding towards the bottom. The ratio of infected to uninfected wells 

at each dilution was calculated and converted to %.  

The range of dilutions containing the 50% endpoint dilution was used to calculate the TCID50, in 

this case, 50% lies between 5-7 and 5-8 

The extrapolated 50% endpoint dilution equals  
 
X =     (% mortality next above 50%) minus 50%    
 (% mortality at dilution next above 50% minus (% mortality at dilution next to 50) 
   
X =  85.7142 - 50 

85.7142 - 37.5 
 
X = 35.7142/48.0442 
 
X = 0.7432 
 
The interpolated value determines the precise number within the range determined above.  
 
X = 0.7432 means that in the range 5-7 and 5 -8. 
 
The 50% endpoint dilution equals X=5-7.7432.  
 
Dilution of 1/5 were used, so I multiplied the endpoint dilution by log 5        
 
X =  (-7.7432) (log 5) 
 
X = -5.4123 
 
The 50% endpoint dilution is estimated at 105.4123. To calculate TCID50/mL the dilution was 
accounted for.  
Since 100 µL was carried across the plate  
 105.4123TCID50   = 25840445.69 = 2.584×107 per mL 
   0.01  
 
Taken together, the results show that there were 2.584 X107 virus per mL. Based on the TCID50, 
for MOI=3  
9×105     = 39 µL/well was needed for infection. 
2.584×107 
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3.4.7.3. p24 ELISA 

Tissue culture supernatant from infected and noninfected unstimulated CD4+ T cells, unstimulated 

CD4+ T cells co-cultured with unstimulated MAIT cells, unstimulated CD4+ T cells co-cultured 

with stimulated MAIT cells, stimulated CD4+ T cells co-cultured with unstimulated MAIT cells, 

stimulated CD4+ T cells co-cultured with stimulated MAIT cells, and stimulated CD4+ T cells 

were centrifuged at 1500 rpm for 15 min to remove cells and debris and 25 µL of disruption buffer 

was added to each well of microELISA plate used in the assay. To appropriate wells of 

microELISA plate, 100 µL of diluted HIV-1 p24 standard was added in duplicate and 100 µL 

complete tissue culture media containing 10% FBS served as a negative control. This was followed 

by adding 100 µL of test samples in duplicate to appropriate wells containing disruption buffer. 

The plate was gently tapped on the side, covered, and incubated at 37°C for 60 min. The plate was 

washed by aspirating the well contents into a waste tray then filling the well with wash buffer, 

leaving it to soak for 15 s before aspirating into the waste tray. This washing step was repeated 

four times. After the last wash, the plate was inverted and tapped firmly on absorbent paper. 100 

µL of conjugate solution was added to each well, the plate was covered and incubated at 37°C for 

60 min. The washing step was repeated and 100 µL of peroxidase substrate added to each well. 

The plate was incubated uncovered for 30 min at room temperature (19-23°C). In the same order 

peroxidase substrate was added, 100 µL of stop solution was added to each well and the plate read 

at 450 nm in a micro-ELISA plate reader (Synergy Hi multi-reader machine, BioTek) within 20 

min. 

3.4.7.4. MAIT and CD4+ T cells sorting 

MAIT cells were isolated for cell sorting by centrifuging 20 mL blood at 1500 rpm for 7 min and 

removing plasma. The blood was diluted with PBS to approximately 2x the starting volume. In 50 

mL tubes, 10 mL lymphoprep™ (Cat# 07851, Stem cell Technologies) was added (for up to 20 mL 

diluted blood) and diluted blood was carefully layered over the lymphoprep™. The tubes were 

centrifuged with the brake turned off (deceleration at 0) at 1400 rpm for 25 min. The white cell 

layer was carefully collected into R10 in 50 mL tube and sterile PBS added. The tubes were gently 

swirled to mix before spinning. The supernatant was poured off and the cells pellets gently 
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resuspended in 40 µL of buffer per 10⁷ total cells. T cells were enriched by negative selection using 

MACS separator (Cat # 130-096-535, MACS Miltenyi, Friedrich-Ebert-Straße BG, Germany). Per 

10⁷ total cells, 10 µL of Pan T Cell Biotin-antibody cocktail containing monoclonal antibodies 

against CD14, CD15, CD16, CD19, CD34, CD36, CD56, CD123, and CD235a (GlycophorinA) 

was added. After mixing well and incubating for 5 minutes in the refrigerator (2−8 °C), 30 µL of 

buffer per 10⁷ total cells was added. 20 µL of Pan T Cell microbead cocktail per 10⁷ total cells was 

added, mixed well, and incubated for 10 minutes in the refrigerator (2−8 °C), LS Column was 

placed in the magnetic field of MACS separator. The column was rinsed with 3 mL of buffer and 

cell suspension applied onto the column. Flow-through containing unlabeled cells, representing 

the enriched T cells was collected. Enriched T cells were stained with antibodies in table 2.4 before 

sorting the cells on BD FACSAria™ Fusion sorter as per manufacturer’s recommendations. 

3.4.7.5. HIV infection assay 

Enriched MAIT cells were stimulated with 50 ng/mL of rIL-18 and 50 ng/mL of rIL-12 and 

cultured for 18 hrs at 37°C in a humidified, 5% CO2 incubator. CD4+ T cells were stimulated by 

culturing in 96-well plate coated with 4 µL anti-CD3 and 4 µL anti-CD28 antibodies in 200ul 

sterile PBS. The CD4+ T cells were washed to remove unbound anti-CD3/CD8 beads, and the 

MAIT cells washed to remove IL-18 and IL-12. CD4+ T cells were co-cultured with MAIT cells 

and infected with HIV-1 virus for 7 days. 

3.4.7.6 p24 staining  

Seven days after infection, Golgi plug, and Golgi stop were added and incubated for 18h at 37OC 

in in a humidified, 5% CO2 incubator. Cells were collected in 5 mL tubes and centrifuged at 

1800 rpm for 3 min. Supernatant was collected into 10% Triton X media and stored at -30°C. The 

cells were resuspended, and live/dead aqua stain added. The cells were incubated for 20-30 min at 

4°C. Cells were washed with 800 mL FACs wash buffer, and stained for cells surface markers for 

20–30 min at 4°C. The cells were fixed with FoxP3 permfix buffer for 20 min at 4°C, washed with 

FOXp3 perm wash then stained with p24 and incubated for 45 min at 4°C. Cells were washed 

resuspended in PBS and analyzed by flow cytometry. 



 

80 
 

3.5 Data and statistical analysis 

Values are expressed as median, and range were analysed using PRISM program (GraphPad 

Software Inc, CA, USA). Comparison between two paired groups (stimulated versus unstimulated) 

was done using Wilcoxon signed rank tests while two unpaired groups were compared using 

Mann–Whitney U tests. More than two groups were analysed by Friedman’s tests. All P values 

<0.05 were reported as statistically significant. 

3.5.1 tSNE analysis 

To perform t-distributed stochastic neighbour embedding (tSNE) analysis, the data events were 

standardized by down sampling on the FlowJo platform. A column was created on FlowJo for 

merging the samples depending on experimental condition, A value was assigned to separate the 

samples depending on whether they were stimulated or unstimulated. The samples were 

concatenated and used to derive tSNE plots.  
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Chapter 4 Results 

4.1 Defining MAIT cells by surrogate markers 

Rationale. Human MAIT cells are unconventional T cells that express a semi-invariant TCR made 

up of an invariant Vα7.2 coupled with restricted Jα segments (Jα33, Jα12, or Jα20) and limited Vβ 

repertoires. MAIT cells comprise about 10% of circulating CD3+ T lymphocytes (585,586). MAIT 

cells express high level of C-type lectin receptor CD161 (456), IL-18R (439) and CD26 (366). To 

define MAIT cells, ex vivo cells from healthy donors were stained with an antibody panel (Table 

2.1) and analyzed by high-dimensional flow cytometry. Live/dead aqua stain was used to 

distinguish between live and dead cells. CD3% was defined as the percent of the physical 

lymphocyte gate. CD4% and CD8% are presented as percentages of CD3+γδTCR- cells. MAIT 

cells defined by surrogate markers such as Vα7.2-TCR+, CD161++ cells were presented as a 

subset of CD8+, CD4-CD8- (DN) cells. A representative flow cytometry plot for one healthy donor 

showing the gating strategy for defining MAIT cells using antibodies specific for CD161, CD8 

and Vα7.2TCR is shown in Figure 10.  

Of the CD3+, γδTCR- cells, 0.6% were MAIT cells as defined by being CD161++, Vα7.2TCR+. 

Of the CD8+, CD4-CD8- T cells, 2.7% could be identified as positive for the MAIT markers 

CD161++, Vα7.2TCR+. Further, the 2.7% positive cells are in line with other studies using these 

markers(587,588). Of the CD8+ T cells, 2.1% were MAIT cells while of the CD4+ T cells only 

0.04% were MAIT cells as defined by being CD161++Vα7.2+ (Figure 10). Of CD4-, CD8- T 

cells, 4.8% were MAIT cells, whereas of CD4+, CD8+ T cells, only 0.04% were MAIT cells as 

defined by being CD161++, Vα7.2-TCR+.  

These findings are consistent with what was previously reported (455,457,461).,  
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Figure 10. MAIT cells defined by surrogate markers. Representative flow cytometry plot of one 
healthy blood donor showing gating for MAIT cells. MAIT cells were defined as CD4-CD161++, 
Vα7.2-TCR+ T cells. Cells were gated on lymphocytes by FSC/SSC, then on singlets by FSC-
H/FSC-A and live cells.    CD161++Vα7.2+ T cells were gated off the CD3+γδ- T cells gate, 
CD161++Vα7.2+ T cells were gated off the CD4- T cells gate, CD8+ CD4-CD8- T cells and CD4+ 
T cells were gated off the CD3+γδ- T cells gate, CD3+γδ- T cells and CD3+γδ+ T cells were gated 
off the live cells gate, CD161++Vα7.2+ T cells were gated off the CD4+CD8+ T cells gate, 
CD161++Vα7.2+ T cells were gated off the CD8+ T cells gate, CD161++Vα7.2+ T cells were 
gated off the CD4-CD8- gate, CD4-CD8-T cells, CD4+CD8+, CD4+ and CD4-CD8- T cells were 
gated off the CD3+γδ- T cells gate and CD161++Vα7.2+ T cells were gated off CD4+ T cells. 
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4.1.1 Use of MR1btetramers to confirm gating strategy for MAIT cells 

MAIT TCRs are specific for small molecule metabolites produced by microbes, presented by the 

nonpolymorphic MHC class I-like molecule MR1 (436). The most potent MR1 ligand is 5-OP-

RU, a derivative of intermediates produced during bacterial riboflavin biosynthesis (449,589). 

Since the majority of MAIT cell studies were carried out before the MR1 tetramer became 

available, studying MAIT cells relied on a combination of antibodies for cell surface markers, 

referred to as surrogate markers, including CD161, CD26, and Vα7.2-TCR. Although CD161++, 

CD26+ Vα7.2+ showed enrichment for MAIT cells, not all cells identified by these surrogate 

markers may be positively identified has MAIT cells by MR1 tetramer staining, because the Vα7.2 

classification relies on reactivity with an anti-Vα7.2 mAb. However, Vα7.2 usage is not limited to 

MAIT cells, as other T cells also express Vα7.2 including public MHC-restricted T cells, as well 

as CD1b-restricted germline-encoded mycolyl lipid reactive (GEM) T cells (590–592). 

Furthermore, not all MAIT cells are captured by these surrogate markers (440) as some such as 

CD161 are absent from immature MAIT cells (457) and may be downregulated on MAIT cells 

following activation (458–460). For example, in HIV-infected patients, a loss of CD161++Vα7.2+ 

cells was interpreted as a loss of MAIT cells associated with HIV infection (475); however, it was 

later shown that although many MAIT cells persisted, CD161 downregulation rendered them 

undetectable using the CD161++ Vα7.2+ surrogate phenotype (476). Therefore, use of these 

surrogate markers may lead to misclassification of MAIT cells in disease states. Recently, an MR1-

antigen loaded tetramer (MR1AgTet+) has been developed for specific identification of MAIT 

cells (585,589). Therefore, when using surrogate markers to define a MAIT cell population, it is 

important to confirm with MR1 tetramer reactivity. 

To confirm the MAIT cell subset, PBMCs from healthy donors (n=8) were stained with human 

MR1Ag tetramers, and the results were compared with MAIT cell–staining protocol using anti-

CD3, CD161, CD8, CD4, and Vα7.2 markers. Live/dead aqua stain was used to distinguish 

between live and dead cells. CD3% was defined as the percent of CD3+ cells in the physical 

lymphocyte gate, and CD4% and CD8% are presented as the percentage of CD3+γδ- cells. MAIT 

cells defined by surrogate markers as Vα7.2-TCR+, CD161++ cells were presented as a subset of 



 

84 
 

CD4- cells. MAIT cells were also defined by MR1Ag tetramer staining as CD3+, CD161++, 

MR1AgTet+ cells as a subset of CD8+, CD4-CD8-T cells. A representative flow cytometry plot 

for one healthy donor showing the gating strategy for defining MAIT cells using surrogate markers 

CD161, CD8 and Vα7.2-TCR and MR1 tetramer loaded with 5-OP-RU is shown in Figure 11a.  

Of the CD8+DN T cells, 9.1% and 6.6% could be identified as positive for the MAIT markers 

CD161, Vα7.2-TCR and CD161++, MR1AgTet+, respectively (Figure 11a). Of the CD8+ T cells, 

6.9% were MR1AgTet+, while of the CD4+ T cells only 0.01% were MR1AgTet+ (Figure 11a). 

Of the double positive (DP) (CD4+ and CD8+) T cells, 0.5% were MR1AgTet+, while of the 

double negative (DN) (CD4- and CD8-) T cells 2.2% were MR1AgTet+ (Figure 11a). The 

Wilcoxon test was used to compare MAIT cell frequencies as defined by surrogate markers 

CD161++, Vα7.2 vs. CD161++, MR1AgTet+. In the CD3+CD8+, and. DN T cells, the frequency 

of CD161++, Vα7.2+ cells was significantly higher than that of CD161++, MR1AgTet+ (median, 

range, 5%, 31% vs. 3.5%, 18.2%, p=0.002) (Figure 11b). Even though the differences appeared 

to be driven by the two subject data points with higher frequencies than the other 9%, after 

eliminating the outliers a between-group significance was maintained (median, range,4.5%, 7% 

vs. 2.6%, 6%, p=0.002). 

Taken together, these results show that in healthy individuals the frequency of MAIT cells 

identified as CD161++MR1AgTet+ was 4% lower than that of MAIT cells identified as CD161++, 

Vα7.2. This may be due to the detection of other T cells that express surrogate markers CD161 

and Vα7.2 that are not classified as MAIT cells. Also, MR1AgTet cells were mainly CD161++ 

and CD4-. This is consistent with previous studies that reported TRAV1-2 usage by non-MAIT 

cells (366,456,585). Reantragoon et al. (585) reported that Vα7.2 detected 10-24% more MAIT 

cells than the MR1 tetramer.  
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Figure 11. Ag-specific identification of MAIT cells. (A) Representative staining of PBMC of one 
healthy donor blood sample. Cells were gated on lymphocytes by FSC/SSC, then on singlets by 
FSC-H/FSC-A and live cells which were negative for the live/dead aqua discriminant dye. 
CD3+γδ- T cells and CD3+γδ+ T cells were gated off the live cells gate, MAIT cells were gated 
as CD161++, MR1AgTet+ off the CD8+, CD4-CD8- (DN) T cells gate, CD161++Vα7.2+ T cells 
were gated off the CD8+ CD4-CD8- (DN) T cells gate, CD8+ CD4-CD8- (DN) T cells and CD4+ 
T cells were gated off the CD3+γδ- T cells gate, CD8+, CD4+CD8+ (DP), CD4+, and CD4-CD8- 
(DN) T cells were gated off the CD3+γδ- T cells gate, MAIT cells were gated as CD161++, 
MR1AgTet+ off the CD4+CD8+ (DP) T cells gate,  off the CD8+ T cells gate, off the CD4-CD8-
(DN) gate  and off the CD4+ T cells gate. (B) MAIT cell frequency for each participant as defined 
by surrogate markers CD161++Va7.2+ or CD161++MR1AgTet+. Analysis was done using a 
Wilcoxon test. **p≤0.01  
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4.1.2 MAIT cell subsets  

In humans, MAIT cell development occurs in the thymus in three stages through positive selection. 

In the circulation of healthy human adults, MAIT cells are predominantly CD8+ with a smaller 

DN subset (456,457,586). MAIT cells are classified into different subsets depending on CD4 and 

CD8 co-receptor expression and have been shown to be phenotypically and functionally distinct 

in response to bacterial and fungal infection. Majority of peripheral blood CD8+ and DN 

CD161hiVα7.2+ MAIT cells are MR1-restricted compared to CD4+ MAIT cells. Additionally, 

CD8+ MAIT cells express higher levels of coactivating receptors including CD101, CD2 and CD9 

and cytolytic effector molecules than DN MAIT cells (593). Here, CD4 and CD8 co-receptor 

expression by MAIT cells defined by MR1-5-OP-RU tetramer and CD161++Vα7.2 staining was 

examined. 

To assess MAIT cell co-receptor expression, PBMCs from healthy donors were stained for human 

MR1AgTet and anti-CD3, CD161, CD8, CD4, and Vα7.2 markers. Live/dead aqua stain was used 

to distinguish between live and dead cells. CD3% was defined as the percent of the CD3+ cells 

within the physical lymphocyte gate. MAIT cells defined by surrogate markers Vα7.2TCR+, 

CD161++ cells or antigen-specific markers CD161++MR1AgTet+ were presented as a percentage 

of CD3+γδTCR- cells. CD4% and CD8% were presented as a percentage of Vα7.2TCR+, 

CD161++ or CD161++MR1AgTet+ cells. A representative flow cytometry plot for one healthy 

donor showing the gating strategy for defining MAIT cells using surrogate markers CD161, CD8 

and Vα7.2-TCR and MR1 tetramer loaded with 5-OP-RU is shown in Figure 12a. 

In one representative donor, of the CD161++Vα7.2+ cells, 82.6% were CD8+, 1.4% were CD4+, 

1.7% were DP and 14.3% were DN. Out of the CD161++MR1AgTet+ cells, 78.9% were CD8+, 

1.7% were CD4+, 3% were DP and 16.4% were DN. (Figure 12a). The significant difference in 

CD4 and CD8 co-receptor expression between CD161++Vα7.2+ cells and CD161++MR1AgTet+ 

cell was assessed using a Wilcoxon test (Figure 12b). There was no significant difference between 

the frequency of CD8+ (84.7%, 89.6% vs. 71.9%, 82.2%, p=0.7209), CD4+ (0.1%, 5.8 vs. 1.2%, 

3%, p=0.4418), DP (0.4%± 34% vs. 0.9%, 4.4%, p=0.7718) and DN (14.5%, 50.26% vs. 23.3%, 

75.9%, p=0.6454) CD161++Vα7.2+ cells and CD161++MR1AgTet+ cells (Figure 12b). 
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Consistent with what has been reported before, MAIT cells are predominantly CD8+ and CD4-

CD8-(DN) and a very small subset were CD4+ (588,593). 
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Figure 12. MAIT cells are predominantly CD8+ and CD4-CD8-(DN). A Representative staining 
of PBMC of one healthy donor blood sample. Cells were gated on lymphocytes by FSC/SSC, then 
on singlets by FSC-H/FSC-A and live cells which were negative for the live dead aqua 
discriminant dye.  MAIT cells were gated as CD161++, MR1AgTet+ off the CD3+γδ- T cells gate, 
CD8+, CD4+CD8+ (DP), CD4+ and CD4-CD8- (DN) T cells were gated off the  CD161++Vα7.2+ 
T cells gate, CD161++Vα7.2+ T cells were gated off the CD3+γδ- T cells gate, CD3+γδ- T cells 
and CD3+γδ+ T cells were gated off the live cells gate, and CD8+, CD4+CD8+ (DP), CD4+ and 
CD4-CD8- (DN) T cells were gated off the CD161++, MR1AgTet+ gate. B Scatter diagram 
comparing frequency of CD8+, CD4+CD8+ (DP), CD4-CD8- (DN) MAIT cells as defined by 
surrogate markers CD161++Va7.2+ (green) or CD161++MR1AgTet (red) for 8 participants each 
represented by a single dot. Analysis was done using Wilcoxon tests.  
 



 

89 
 

4.1.3 Gamma delta T cells were gated as CD3+γδTCR+ cell 

T cells can be classified as αβ or γδ based on their antigen receptors. The γδ T cells make up 

approximately 0.5–10% of all peripheral blood lymphocytes (594). Cells expressing CD161 have 

been shown to have tissue-homing markers and characteristics, in addition to expressing high 

proinflammatory cytokines and high IL-17 (583,595,596) To define γδ T cells ex vivo, cells from 

healthy donors were stained with the antibody panel shown in Table 2.1 and analyzed by high-

dimensional flow cytometry. The γδ T cells were defined as CD3+γδTCR+ cells. A representative 

flow cytometry plot for one healthy donor showing the gating strategy for defining γδ T cells is 

shown in (Figure 13A). 

Live/dead aqua stain was used to distinguish between live and dead cells. CD3% was defined as 

the percent of the physical lymphocyte gate. To confirm what has been previously observed, two 

subsets of γδ T cells were defined by CD3+γδTCR+: the CD3+γδTCRhigh population made up of 

4.54% while the CD3+γδTCRlow populations made up 1.4% of the live cells. Of the 

CD3+γδTCRhigh cells, 36% were CD161+, 10.5% were CD8+, 0.4% were CD4+, 0% were DP for 

CD4 and CD8, and 89.2% were DN for CD4 and CD8. However, for the CD3+γδTCRlow cells, 3.1% 

were CD161+, 25.5% were CD8+, 1.7%, were CD4+, 0% were DP, and 70% were DN (Figure 

13A). These results align with other studies that have reported two phenotypically different subsets 

of γδ T cells classified by the intensity of γδTC on CD3+γδTCR (597).  

CD161 and co-receptor CD4, and CD8 expression on CD3+γδTCRlow and CD3+γδTCRhigh cells 

were compared by Wilcoxon tests (high vs. low) (Figure 13b). The frequency of CD161+ 

CD3+γδTCRhigh cells was significantly higher compared to the frequency of CD161+ 

CD3+γδTCRlow (median, range frequency: 52.1%, 73.2% vs. 14.5%, 39.4%, p<0.0001) T cells. 

However, the frequency of CD8+ CD3+γδTCRhigh cells was significantly lower than the frequency 

of CD8+ CD3+γδTCRlow cells (2.7%, 26% vs. 5.3%, 71.1%, p=0.0035). The frequency of CD4+ 

CD3+γδTCRhigh cells was also significantly lower than the frequency of CD4+ CD3+γδ TCRlow 

cells (1.1%, 77.2% vs. 12.7%, 33.9%, p<0.0092). No significant difference in frequency of DP 

CD3+γδ TCRhigh T cells and DP CD3+γδTCRlow T cells was observed (0%, 3.5% vs. 0.4%, 3.2%, 

p=0.1099). The frequency of DN CD3+γδ TCRhigh cells was significantly higher compared to the 
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frequency of DN CD3+γδ TCRlow T cells (93.5%, 81.9% vs. 75.8%, 62.7%, p=0.0062) (Figure 

13b). 

Taken together, these results show that there were two subsets of γδ T cells, that is, γδTCRhigh and 

γδTCRlow. Majority of the γδTCRhigh subset was also CD161+ and DN for CD4 and CD8. The 

frequency of CD4+ and CD8+ cells was higher in CD3+γδTCRlow compared to CD3+γδTCRhigh 

cells. 
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Figure 13. Two subsets of γδ T cells defined by γδTCR as γδTCRhigh and γδTCRlow. Top: 
Representative staining of PBMC of one healthy donor blood sample. Cells were gated on 
lymphocytes by FSC/SSC, then on singlets by FSC-H/FSC-A and live cells, which were negative 
for the live dead aqua discriminant dye.  Two subsets of γδ T cells were defined as CD3+γδTCRhigh 
and CD3+γδTCRlow off the live cells gate. CD161+ γδ T cells and CD161- γδ T cells were gated 
off the CD3+γδTCRhigh gate. CD161+ γδ T cells and CD161- γδ T cells were gated off 
CD3+γδTCRlow gate, CD8+, CD4+CD8+ (DP), CD4+ and CD4-CD8- (DN) T cells were gated off 
the CD3+γδTCRhigh gate and finally CD4+CD8 (DP), CD4+ and CD4-CD8- (DN) T cells were 
gated off the CD3+γδTCRlow gate. Bottom: Frequency of γδ T cell subsets in 16 individuals each 
represented by a single dot. Wilcoxon tests were used to compare frequency of CD161+, CD4+, 
CD8+ CD4+ CD8+ (DP), CD4-CD8- (DN) between γδTCRhigh (red dots) and γδTCRlow (green 
dots) of γδ T cells.  **p≤0.01, ****p≤0.0001    
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4.1.4 Frequency of MAIT cells in healthy donors 

MAIT cells have been found in low numbers in human umbilical cord blood. Their frequency 

increases gradually in the human bloodstream until around 20 years of age (585,595,598). The 

frequency of MAIT cells in the blood has been shown to increase gradually, peaking during 

reproductive age before declining to become 10 times lower by the of age 80 and beyond. In this 

same study, it was reported that the frequency of MAIT cells varied in different individuals with 

women of reproductive age having more MAIT cells than men of the same age (599). To assess 

the frequency of MAIT cells in the peripheral blood of n=16 healthy donors, ex vivo PBMCs were 

stained with antibodies and analyzed by high-dimensional flow cytometry.  

MAIT cells were classified by the surrogate markers CD3+, CD161++, DN (CD4- CD8-), CD8+, 

Vα7.2-TCR+. Each dot in Figure 14 represents a healthy blood donor. The median frequency of 

MAIT cells was 6.1% with a minimum of 1.1% and a maximum of 13%. 

Variability in MAIT cells frequency was confirmed, with some individuals expressing high levels 

while others had very low levels of MAIT cells (599). 
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Figure 14. Variability in peripheral blood mucosal-associated invariant T (MAIT) cells frequency 
in healthy blood donors. Frequency of circulating MAIT cells in healthy blood donors expressed 
as a percentage of CD3+, γδ-TCR-, CD4-, CD161++, Vα7.2-TCR+ cells in 16 healthy donors. 
Each dot represents the frequency of MAIT cells in one participant. The last column with orange 
dots represents a summary of the frequency of MAIT cells in all healthy blood donors. The 
horizontal black line represents the median for the data set. The orange vertical line represents 
95% confidence interval.  
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4.1.5 Frequency of γδ T cells in the peripheral blood of healthy adults 

In humans, the pool of peripheral blood γδ T cells is small at birth, and it expands during the first 

decade of life, from less than 2% of cord blood T cells to around 5% of PB T cell in adults (600). 

To assess the frequency of γδ T cells in the peripheral blood of healthy donors, ex vivo PBMCs 

were stained with antibodies and analyzed by high-dimensional flow cytometry. The γδ T cells 

were classified as CD3+, γδ-TCR+ cells (Figure 15).  

Variability in γδ T cells frequency was confirmed, with some individuals expressing high levels 

of γδ T cells while others had very low levels of γδ T cells (599). Although in previous studies γδ 

T cells have been reported to comprise of 1-10% of peripheral blood T lymphocytes, in some study 

participants a higher frequency of γδ T cells was observed (median 5% and range 0.55% to 15.90% 

of the T lymphocytes). 
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Figure 15. Variability in γδ T cells frequency in peripheral blood. Frequency of circulating γδ T 
cells in healthy blood donors expressed as a percentage of CD3+, γδ TCR+ in 16 healthy donors. 
Each dot represents the frequency of γδ T cells in one participant, with the orange dots representing 
a summary of the frequency of γδ T cells in all healthy blood donors. The horizontal black line 
represents the median and the vertical orange line represents the 95% confidence interval for the 
frequency of γδ T cells. 
 
 
 
 
 
 
 
 
 
 
 
 



 

96 
 

4.2. Differential response of MAIT and γδ T cells in bulk PBMC culture to TLR7 and TLR8 

stimulation  

4.2.1. Rationale 

TLR recognition of its ligand has been shown to lead to intracellular signalling resulting in 

expression of cytokines, chemokines, and antimicrobial peptides. MAIT cells and γδ T cells can 

also respond to proinflammatory cytokines including IL-12 and IL-18 that are expressed by APCs, 

following microbial infections leading to their activation and cytokine expression (436,601). I 

sought to understand how TLR7/TLR8 stimulation of bulk PBMCs may result in MAIT cell and 

γδ T cell stimulation and proinflammatory cytokine expression. 

4.2.2. Hypothesis 

Stimulation of PBMCs with TLR7-ligand (imiquimod) or TLR8 ligand (ssRNA40) will lead to 

MAIT and γδ T cell activation and expression of proinflammatory cytokines including IFN-γ, 

TNF-α, GM-CSF and IL-17a.  

To simplify data presentation, MAIT cell data is presented first, followed by γδ T cell responses. 

4.2.3. Time course and establishing MAIT cell culture conditions 

To establish culture conditions for the TLR stimulation experiments, PBMCs from healthy donors 

(n=5) were cultured in the presence of TLR7 ligand, TLR8 ligand, PFA-fixed E. coli, and 

PMA/ION for 2, 6, 14, and 24 h, then stained with antibodies followed by flow cytometry analysis. 

Friedman tests were used to compare within individual differences in a CD69+MAIT cells at 

different time points after stimulation. The median and range for these values were reported 

After stimulation of PBMCs with TLR7-ligand, the frequency of CD69+MAIT cells increased 

with time for up to 24 h (p=0.0025) . The frequency of these cells was significantly higher at 14 h 

(p=0.0004) and 24 h (p<0.0001) compared to 0 h. (Figure 16A). After stimulation of PBMCs with 

TLR8-ligand, the frequency of CD69+MAIT cells increased with time for up to 24 h (p=0.0017). 

The frequency of these cells was significantly higher at 6 h (p=0.0024), 14 h (p<0.0001) and 24 h 

(p<0.0001) compared to 0 h. (Figure 16B). After stimulation of PBMCs with E. coli, the frequency 
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of CD69+MAIT cells increased with time for up to 24 h (p=0.0025). The frequency of these cells 

was significantly higher at 6 h (<0.0001), 14 h (p<0.0001) and 24 h (p<0.0001) compared to 0 h.  

(Figure 16C).  

Taken together, these results show that although MAIT cells were activated following TLR7, 

TLR8 and E coli stimulation as seen by the significant increase in the frequency of CD69+ MAIT 

cells. The frequency of CD69+MAIT cells remains stable between 14 and 24 h post stimulation 

indicating that MAIT cells activation can be analysed even after 24 h of stimulation. 
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Figure 16. Increasing CD69+ MAIT cells with time over the course of a 24 h stimulation. 
Frequency of CD69 expression on MAIT cells at 2, 6, 14, and 24 h following TLR7 (A), TLR8 
(B), and E. coli (C) stimulation. Each dot represents the frequency of CD69+ MAIT cells in a 
single donor. Analysis was done using Friedman tests. **p≤0.01. Dunn’s post-tests were used to 
indicate what time points were significantly different from baseline.  
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4.2.4. MAIT cells are highly activated following TLR 7/8 stimulation 

Based upon the previous results, a 24 h stimulation was used for these next experiments (n=16). 

Analyses were performed using FlowJo V10 and gates were based on FMO and the presence of a 

clear positive population, as shown in Figure 17A. In one representative donor, TLR7 stimulation 

of PBMC led to an 11-fold increase in the frequency of CD69+ MAIT cells while TLR8 

stimulation led to a 14-fold increase in the frequency of CD69+ MAIT cells (Figure 17A).  

The Wilcoxon test was used to compare CD69+ MAIT cells between unstimulated vs. stimulated 

PBMCs from the 16 subjects. The median, and range between minimum and maximum frequency 

of CD69+ MAIT cells were reported. As observed in the time course experiments (Figure 17), 

stimulation of PBMCs with TLR7 ligand (8.6%, 20.6% vs. 80.7%, 89.6%, p<0.0001), TLR8 ligand 

(8.6%, 20.6% vs. 71%, 87%, p<0.0001) and E. coli (8.6%, 20.6% vs. 83.5. 37.6%, p<0.0001) led 

to significant increase in median and range frequency of CD69+ MAIT cells (Figure 17B). The 

mean fluorescence intensity (MFI) of CD69 expression on MAIT cells was compared in 

unstimulated vs. stimulated PBMCs. Stimulation with TLR7 ligand (2362, 4752 vs. 11402, 44416, 

p<0.0001), TLR8 ligand (2362, 4752 vs. 31885, 106095, p<0.0001), E. coli (2362, 4752 vs. 66811, 

120640, p<0.0001) and PMA/Ion (2362, 4752, vs. 31180, 207120, p<0.0001) led to significant 

increase in median and range of CD69 MFI (Figure 17C). To determine if CD69 expression is a 

characteristic of MAIT cells, CD69 + conventional CD4+ and CD8+ T cells was compared in 

PBMC cultured in the presence of TLR7 ligand, TLR8 ligand, or PFA-fixed E. coli for 24 h and 

PMA/ION for 14 h. The median and range frequency of CD69+CD4+ and CD69+ CD8+ T cells 

in (unstimulated vs stimulated) cells are shown. As observed previously by Were et al. 

(unpublished data), TLR7 stimulation led to a significant increase in CD69+CD4+ (1%, 3% vs. 

2.5%, 16.7% p=0.0021) and CD69+CD8+ T cells (1%, 14% vs. 4%, 15.2% p<0.0001) (Figure 17, 

D and E). There was no significant change in frequency of CD69 + CD4+ T cells following TLR8 

stimulation (1%, 3% vs. 1.5%, 14.9%, p=0.0723). However, TLR8 stimulation led to a significant 

increase in the frequency of CD69+ CD8+ T cells (1%, 14% vs. 2%, 33% p<0.0001) (Figure 17, 

D and E). The MFI of CD69 expression on CD4+ and CD8+ T cells was compared in unstimulated 

vs. stimulated PBMCs. Stimulation with TLR7 ligand (554, 1050 vs. 874, 3039 p=0.0052), TLR8 

ligand (554, 1050 vs. 1204, 3748 p<0.0013), E. coli (554, 1050 vs. 1804, 2806 p=0.0156) and 

PMA/ION (554, 1050 vs. 15149, 1541141 p=0.0034) led to significant increase in CD69 MFI in 
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CD4+ T cells (Figure 17E). Stimulation with TLR7 ligand (476.5, 888 vs. 911.5, 2733 p=0.0002), 

TLR8 ligand (476.5, 888 vs. 1110, 2857 p<0.0001), E. coli (476.5, 888 vs. 1262, 1607 p=0.0156) 

and PMA/ION (476.5, 888 vs. 23172, 217507 p=0.0004) led to a significant increase in CD69 MFI 

in CD8+ T cells (Figure 17F). 

Taken together, these results show that TLR7 and TLR8 stimulation of MAIT cells led to increased 

immune activation as measured by increase in frequency of CD69+ MAIT cells and MFI of CD69 

expression by MAIT cells. MAIT cells were highly activated compared to baseline level on 

unstimulated cells but detectable increases in activation levels were also seen for both CD4+ and 

CD8+ T cells.  
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Figure 17. MAIT cells are highly activated following stimulation compared to CD4 and CD8 cells. 
(A) Representative flow cytometry plotting showing the frequency of CD69+ MAIT cells in 
unstimulated cells and after stimulation with TLR7-ligand, TLR8-ligand, E. coli and PMA/ION. 
(B) Frequency of CD69+ MAIT cells. (C) Mean fluorescent intensity (MFI) of CD69 expression 
on MAIT cells. (D) Frequency of CD69+ CD4+ T cells. (E) MFI of CD69 expression on CD4+ T 
cells.  (F) Frequency of CD69+ CD8+ T cells. (G). MFI of CD69 expression on CD8+ T cells. 
Each dot represents the frequency of CD69+ cells in a single donor. Horizontal lines represent the 
median frequency or MFI.  Analysis was done using Wilcoxon test, n=16. **p≤0.01, ***p≤0.001, 
****p≤0.0001. 
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4.2.5 Heterogeneity of MAIT cell activation as revealed by tSNE, UMAP and TriMap 
analysis 

T-distributed stochastic neighbor embedding (tSNE) is an unsupervised nonlinear dimensional 

reduction algorithm that enables visualization of high-dimensional flow cytometry data in a 

dimension-reduced data set. Furthermore, tSNE is based on stochastic neighbour embedding 

(SNE) originally developed by Sam Rowels and Geofrey Hinton (602) and it is a tool used to 

visualize high-dimensional data by giving each datapoint a location in a two- or three-dimensional 

map (603). Proposed by Laurens van der Maaten (603), tSNE can be used independently visualize 

an entire data file in an exploratory manner, as a preprocessing step in anticipation of clustering, 

or in other related workflows (603,604). The optimization of tSNE-generated parameters is in such 

a way that data points that were close to one another in the raw high-dimensional data are close in 

the reduced data space. As an unsupervised learning method, tSNE is commonly used to visualize 

high-dimensional data and provide crucial intuition in settings where ground truth is unknown. 

Uniform manifold approximation and projection (UMAP) is a manifold learning technique for 

dimension reduction constructed from a theoretical framework based in Riemannian geometry and 

algebraic topology. The outcome of UMAP is a scalable algorithm that applies to the real world. 

Although both tSNE and UMAP are dimension reduction algorithms, UMAP results in a better 

visualization quality, as it preserves a more global structure and has a shorter run time. Also, 

UMAP has no computational restrictions on the embedding dimension, making it viable as a 

general-purpose dimension reduction technique for machine learning (605). TriMap is a large-

scale dimensionality reduction technique using triplets. Unlike tSNE and UMAP, TriMap 

preserves the global accuracy of the data. TriMap also has a shorter run time compared to tSNE 

and UMAP (606).  

Expression of CD69 by MAIT cells was explored using t-SNE analysis and the quality of tSNE 

images compared with UMAP and TriMap images. Five independent experiments had either 3 or 

4 participants each. PBMCs from each participant were cultured in the presence of TLR7 ligand, 

TLR8 ligand, PFA-fixed E. coli, and PMA/Iono. Expression of CD69 by MAIT cells was analyzed 

first by cell surface staining, then by flow cytometry.  
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To compare tSNE analysis in MAIT cells only, with MAIT cells as a subset of all live lymphocytes, 

analysis was done starting from the MAIT cell population. MAIT cells were concatenated 

depending on experimental conditions. Three healthy donor PBMC samples were merged to create 

a single t-SNE map. t-SNE analysis was performed using 1,000 iterations, a perplexity of 30, a 

trade-off θ of 0.5, and all phenotypic markers listed on table 2.1. Immune cell subsets were 

identified and manually gated in t-SNE space based on the signal intensity of the phenotypic 

markers. Although analysis was run on bulk PBMCs, MAIT cells were gated out and CD69 

expression on MAIT cells compared between different stimulation conditions. The concatenated 

events were also used to generate UMAP and TriMap plots as indicated in Figure 18. The colour 

scale was used to compare MFI of CD69 marker. Cells with high MFI for CD69 marker expressed 

high CD69 and appeared deep orange and moderate to low CD69 appeared green. Cell that did not 

express CD69 appeared blue on the colour scale. 

Among the stimulated cells, MAIT cells appeared to be highly activated upon TLR7 and TLR8 

stimulation (cells appeared yellow, orange). Stimulation with E. coli led to higher activation as the 

cells appeared deep red. This observation is similar to a previous observation of high percentage 

of CD69+MAIT cells and a high expression of CD69 MFI after stimulation. The images obtained 

by tSNE, UMAP, and TriMap were similar. 

Taken together, visually these results confirm that MAIT cells may be highly activated following 

TLR7 and TLR8 stimulation compared to conventional CD4+ and CD8+ T cells.  
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Figure 18. Heterogeneity in MAIT cell activation. Heatmap of MAIT cell expression of CD69 
after stimulation represented by t-SNE, UMAP, and TriMap. (A) Top row: MAIT cells manually 
selected by gating showing heatmap of MAIT cells CD69 expression generated by tSNE. Middle 
row: UMAP plots showing the heatmap clustering of MAIT cells by CD69 expression.  Bottom 
row: TriMap plots showing the heatmap clustering of MAIT cells by CD69 expression. From left 
to right columns correspond to TLR7, TLR8, E. coli and PMA/ION stimulation. Colour scale 
indicating low (blue) to high (red) MFI is shown.  
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4.2.6. MAIT cells express IFN-γ following TLR8 stimulation  

MAIT cells express cytokines and other proinflammatory proteins after MR1 binding, direct TLR 

ligation and/or costimulation. MAIT cells also express receptors for cytokines including IL-12 and 

IL-18. TLR stimulation may lead to indirect stimulation of MAIT cells via cytokines expressed by 

APCs. TLR stimulation has also been shown to increase the amount of MR1 at the surface of THP1 

but not B cell lines (452), suggesting differential regulation in different cell types. I next sought to 

understand whether TLR7 and TLR8 stimulation of PBMC led to expression of proinflammatory 

cytokines by MAIT cells directly, or indirectly.  

To assess the effect of TLR7 and TLR8 stimulation on IFN-γ, TNF-α, IL-17a and GM-CSF 

expression, PBMCs from 16 donors were cultured in R-10 media in the presence of TLR7 ligand 

(imiquimod), TLR8 ligand (ssRNA40), or PFA-fixed E. coli for 24 h or PMA/ION for 14 h. Golgi 

plug and Golgi stop were added 6 h post TLR7, TLR8, and PFA-fixed E.coli stimulation and 2 h 

post PMA/ION stimulation. Cytokine expression by MAIT cells was assessed by first doing cell 

surface staining, then permeabilizing the cells and ICS staining with antibodies for IFN-γ, TNF-α, 

IL-17a and GM-CSF. Stained cells were analyzed by high-dimensional flow cytometry. A 

comparison of cytokine expression between stimulated and unstimulated PBMCs was analyzed by 

Wilcoxon sign rank tests.  

There was no significant increase in the frequency of IFN-γ+ MAIT cells after TLR7 stimulation 

with either 1 µg/mL or 5 µg/mL of imiquimod (p>0.05). There was also no significant increase in 

the frequency IFN-γ+ MAIT cells after TLR8 stimulation with 2.5µg/mL of ssRNA40. However, 

there was a significant increase in the frequency of IFN-γ+ MAIT cells after TLR8 stimulation 

with 5µg/mL of ssRNA40 (p<0.0001). There also was no significant increase in the frequency of 

IFN-γ+ MAIT cells after stimulation of PBMCs with E. coli (p=0.7230). However, there was a 

significant increase in the frequency of IFN-γ+ MAIT cells after PBMCs stimulation with 

PMA/Ion (p<0.0001) (Figure 19a). 

There was no significant increase in the frequency of TNF-α+ MAIT cells after TLR7 stimulation 

with either 1 µg/mL or 5 µg/mL of imiquimod (p>0.05). There was also no significant increase in 

the frequency of TNF-α+ MAIT cells after TLR8 stimulation with either 2.5 µg/mL or 5 µg/mL 
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of ssRNA40. No significant increase in the frequency of TNF-α+ MAIT cells was observed after 

stimulation of PBMCs with E. coli (p>0.999). However, there was a significant increase in the 

frequency of TNF-α+ MAIT cells after PBMC stimulation with PMA/ION (p<0.0001) (Figure 

19b). 

There was no significant increase in the frequency of IL-17a+ MAIT cells after TLR7 stimulation 

with either 1 µg/mL or 5 µg/mL of imiquimod, or TLR8 stimulation with either 2.5 µg/mL or 5 

µg/mL of sRNA40 (p<0.05). There also was no significant increase in the frequency of IL-17a+ 

MAIT cells after stimulation of PBMC with E. coli (p=0.2863). However, there was a significant 

increase in the frequency of IL-17a+ MAIT cells after PBMC stimulation with PMA/ION 

(p=0.0059) (Figure 19C). 

There was no significant increase in the frequency of GM-CSF+ MAIT cells after TLR7 

stimulation with either 1 µg/mL or 5 µg/mL of imiquimod or TLR8 stimulation with 2.5 µg/mL 

of ssRNA40 (p>0.05). However, there was a significant increase in the frequency of GM-CSF+ 

MAIT cells after TLR8 stimulation with 5 µg/mL of ssRNA40 (p<0.0175). There was no 

significant increase in the frequency of GM-CSF+ MAIT cells after stimulation of PBMCs with 

E. coli (p>0.999). However, there was a significant increase in the frequency of GM-CSF+MAIT 

cells after PBMCs stimulation with PMA/ION (p<0.0002) (Figure 19D). 

Taken together, these results show that TLR7 stimulation did not lead to increase in the frequency 

of IFN-γ+, TNF-α+, IL-17a+, or GM-CSF+ MAIT cells within PBMCs. However, TLR8 

stimulation led to an increase in frequency of IFN-γ+ and GM-CSF+ MAIT cells at the highest 

concentration tested.  
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Figure 19. Expression of cytokines by circulating MAIT cells in PBMC after stimulation. 
Frequency of IFN-γ+ (A), TNF-α+ (B), IL-17a+ (C), and GM-CSF+ (D) MAIT cells was detected 
by high-dimensional flow cytometry (gated on CD161++Vα7.2TCR+) 24 h post stimulation by 
TLR7-ligand, TLR8-ligand, and E. coli and 14 h post stimulation with PMA/ION. Each dot 
represents a single individual. Median are represented by the horizontal bars through the data sets. 
Analysis was done using Wilcoxon sign rank tests n=16 individuals. For E. coli stimulation n=7 
individuals**p≤0.01, ***p≤0.001, ****p≤0.0001 
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4.2.7 Analysis of cytokine expression on MAIT cells by tSNE 

Analysis by tSNE enables identification of subsets of cells that are not obvious, making it highly 

suitable for visually examining complex data. As described, we used tSNE to visualize high-

dimensional flow cytometry data, and it revealed heterogeneity in MAIT cell activation after 

stimulation. In this experiment, tSNE analysis was used to visualize cytokine data by examining 

the response of MAIT cell cytokine expression to TLR7 and TLR8 stimulation.  

Five independent experiments had either 3 or 4 participants each. PBMCs from each participant 

were cultured in the presence of TLR7 ligand, TLR8 ligand, PFA-fixed E. coli, and PMA/ION. 

Golgi plug, and Golgi stop were added 6 h post TLR7, TLR8, and PFA-fixed E. coli stimulation 

and 2 h post PMA/ION stimulation. Cytokine expression by MAIT cells was assessed by first 

doing cell surface staining, permeabilizing the cells, and ICS using antibodies for IFN-γ, TNF-α, 

IL-17a and GM-CSF. Stained cells were analyzed by high-dimensional flow cytometry.  

Analysis by tSNE began with the concatenated file of MAIT cells to produce a common 

dimensionally reduced data space. The tSNE analysis classified cells according to prevalence of 

cells expressing high or low cytokines. Therefore, events were classified according to mean MFI 

according to a colour scale, with cells expressing high cytokines appearing deep orange, and low 

cytokines appearing green. Cells that didn’t express any cytokine appeared blue on the colour 

scale.   

From Figure 20, it is apparent that TLR7 stimulation and TLR8 stimulation with 2.5 µg/mL of 

ssRNA40 did not induce cytokine expression. However, a very small population of orange cells 

was observed expressing high IFN-levels after TLR8 stimulation with 5µg/mL of ssRNA40 

(circled in Figure 20). This is in line with previous observations. Stimulation with E. coli did not 

appear to lead to expression of IFN-γ, TNF-α, and GM-CSF, but a small population expressed IL-

17a (circled in Figure 20). PMA/ION stimulation appeared to lead to expression IFN-γ and TNF-

α (circled in Figure 20). The shape of the heatmap revealed heterogeneity in MAIT cells, as cells 

with similar characteristics tend to be classified together. 
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Taken together, these results show that TLR8 stimulation of PBMC with highest dose of ssRNA40 

used resulted in a small subset of MAIT cell expressing IFN-γ. A small population of MAIT cells 

in the PMA/Ion-stimulated PBMCs expressed IFN-γ and TNF-α.  
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Figure 20. TLR8 stimulation of PBMC with the highest dose of ssRNA40 used resulted in a small 
subset of MAIT cell expressing IFN-γ. Healthy donor PBMC samples were merged to create a 
single t-SNE map (n=3). Heatmap of MAIT cells expression of IFN-γ, TNF-α, IL-17a, and GM-
CSF. Rows correspond to TLR7-ligand, TLR8-ligand, E. coli, and PMA/ION stimulated PBMCs. 
From left to right, columns show clustering of MAIT cells by IFN-γ, TNF-α, GM-CSF, and IL-
17a expression. Circled are a population of cells that appeared to express cytokines: IFN-γ, TNF-
α, and IL-17a. 
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.  
4.3 Time course and establishment of γδ T cell culture conditions 

To establish culture conditions for the TLR stimulation experiments, PBMCs from healthy donors 

(n=5) were cultured in the presence of imiquimod, ssRNA40, PFA-fixed E. coli, and PMA/ION 

for 2, 6, 14, and 24 h, then stained with antibodies followed by flow cytometry analysis. 

Differences in the frequency of CD69+ γδ T cells at different time intervals post stimulation was 

assessed by Friedman test.  

After stimulation of PBMCs with TLR7-ligand, there was no increase in frequency of CD69+ γδ 

T cells (p=0.0708). However, the frequency of these cells was significantly higher at 14 h 

(p=0.0488) compared to 0 h. (Figure 21A). After stimulation of PBMCs with TLR8-ligand, the 

frequency of CD69+ γδ T cells increased with time for up to 24 h (p=0.0024). The frequency of 

these cells was significantly higher at 14 h (p<0.0071) and 24 h (p=0.0055) compared to 0 h. 

(Figure 21B). After stimulation of PBMCs with E. coli, the frequency of CD69+ γδ T cells 

increased with time for up to 24 h (p=0.0032). The frequency of these cells was significantly higher 

at 14 h (p=0.0078) and 24 h (p=0.0052) compared to 0 h.  (Figure 21C).  

Taken together, these results show that although γδ T cells cells were activated following TLR8, 

and E coli stimulation as seen by the significant increase in the frequency of CD69+ γδ T cells. 

The frequency of CD69+ γδ T cells remains stable between 14 and 24 h post stimulation indicating 

that γδ T cells activation can be analysed after 14 h of stimulation. 
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Figure 21. High frequency of CD69+γδ T cells after a 14 h stimulation. Frequency of CD69+γδ T 
cells at 2, 6, 14, and 24 h following TLR7 (A), TLR8 (B), and E. coli (C) stimulation. Each dot 
represents frequency of CD69+ γδ T cells in a single individual. Analysis was done using Friedman 
tests, Dunn’s post-tests were used to indicate what time points were significantly different from 
baseline. n=5 *p≤0.05, **p≤0.01 
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4.3.1. TLR7 and TLR8 lead to activation of γδ T cells  

Based upon the previous experiment, 14 h seemed to be optimal for TLR stimulation. However, I 

was based in a government lab that required special clearance for foreign-born workers and was 

therefore only able to reliably access my experiments on Monday to Friday between 8 am and 5 

pm. I was also required to have a host to sign me into the lab, escort me and sign me out of the lab. 

The pandemic made it hard to get an escort due to social distancing and with many people working 

from home. Furthermore, designing experiments off site was not practical due to the logistics 

involved in moving the sample. Due to the challenges with lab access and security requirements, 

it was decided that I should combine MAIT and γδ T cell culture and analysis with 24 h stimulation 

for TLR7, TLR8, and E. coli, and overnight stimulation for PMA/ION as this would enable me to 

combine experiments.  

In one representative donor, TLR7 stimulation increased the frequency of CD69+ γδ T cell from a 

baseline of 1.8% to 19.5%. TLR8 stimulation led to an increase in CD69+γδ T cells from 1.8% to 

16.6%. Stimulation of PBMC with E. coli and PMA/ION increased the frequency of CD69+ γδ T 

cells from 1.8% to 57.3% and 87% respectively (Figure 22A).  

The Wilcoxon signed rank test was used to compare CD69 expression on γδ T cells between 

unstimulated vs. stimulated PBMCs in 16 subjects. The median and range frequency of CD69+ γδ 

T cells is shown. Stimulation of PBMCs with TLR7 ligand (2%, 11% vs. 23%, 57% p=<0.0001), 

TLR8 ligand (2%, 11%, vs. 20%, 89% p<0.0001), E. coli (2%, 11% vs. 62%, 78.9% p=<0.0001) 

and PMA/ION (2%, 11% vs. 84%,97% p<0.0001) led to a significant increase in CD69+ γδ T cell 

frequency (Figure 22B). The Wilcoxon test was further used to compare CD69+ MFI between 

unstimulated vs. stimulated PBMCs in 16 subjects. Stimulation of PBMCs with TLR7 ligand (791, 

2102 vs. 2998, 9370 p<0.002), TLR8 ligand (791, 2102 vs. 4675, 30088 p<0.0001), E. coli (791, 

2102 vs. 17346, 20712 p<0.0078) and PMA/ION (791, 2102 vs. 25220, 145285 p<0.0001) led to 

a significant increase in CD69 expression by γδ T cells (Figure 22C).  

To assess whether high CD69 expression after stimulation was a characteristic of γδ cells, the 

frequency of CD69+ conventional CD4+ and CD8+ T cells was compared in PBMC cultured in 

the presence of TLR7 ligand, TLR8 ligand, or PFA-fixed E. coli for 24 h and PMA/ION for 14 h. 



 

114 
 

As observed previously by Were et al. (unpublished data), TLR7 stimulation led to significant 

increases in the frequency of CD69+ CD4+ (1%, 3% vs. 2.5%, 16.7% p=0.0021) and CD69+CD8+ 

T (1%, 14% vs. 4%, 10.2 p<0.0001) cells (Figure 22D and F). There was no significant change 

in the frequency of CD69+ CD4+ T cells following TLR8 stimulation (1%, 3% vs. 1.5%, 14.9 

p=0.0723). However, TLR8 stimulation led to a significant increase in the frequency of CD69+ 

CD8+ T cells (1%, 14% vs. 2%, 33% p<0.0001). The MFI of CD69 expression on CD4+ and 

CD8+ T cells was compared between unstimulated vs. stimulated PBMCs. Stimulation with TLR7 

ligand (554, 1050 vs. 874, 3039 p=0.0052), TLR8 ligand (554, 1050 vs. 1204, 3748 p<0.0013), E. 

coli (554, 1050 vs. 1804, 2806 p=0.0156) and PMA/ION (554, 1050 vs. 15149, 1541141 

p=0.0034) led to significant increases in the expression of CD69 on CD4+ T cells (Figure 22E). 

Stimulation with TLR7 ligand (476.5, 888 vs. 911.5, 2733 p=0.0002), TLR8 ligand (476.5, 888 

vs. 1110, 2857 p<0.0001), E. coli (476.5, 888 vs. 1262, 1607 p=0.0156) and PMA/ION (476.5, 

888 vs. 23172, 217507 p=0.0004) led to a significant increase in expression of CD69 on CD8+ T 

cells (Figure 22G). 

Taken together, these results show that TLR 7 stimulation of PBMCs led to higher activation of  

γδ T cells as determined by the frequency of γδ T cells that became CD69+ (compared to the 

minimal activation of CD4+ and CD8+ T cells). TLR8 stimulation also led to high activation of 

γδ T cells and minimal activation of CD8+ T cells. Compared to MAIT cells, which were 

previously reported to have high CD69 MFI after 24 h TLR7 and TLR8 stimulation, γδ T cells had 

low CD69 MFI. Stimulation with E. coli led to high CD69 MFI compared to stimulation with 

TLR7-ligand or TLR8-ligand. 
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Figure 22. Highly activated γδ T cells following stimulation compared to CD4 and CD8 cells. (A) 
Representative flow cytometry plotting showing CD69+ γδ T cells in unstimulated and after 
stimulation with TLR7, TLR8, E. coli and PMA/ION. (B) Frequency of CD69+ γδ T cells (C) 
CD69 expression on γδ T cells. (D) Frequency of CD69+ CD4+ T cells. (E) CD69 expression on 
CD4+ T cells.  (F) Frequency of CD69+ CD8+ T cells. (G). CD69 expression on CD8+ T cells. 
Each dot represents a single individual. Horizontal line represents the median. Analysis was done 
using Wilcoxon tests, n=16 donors. **p≤0.01, ***p≤0.001, ****p≤0.0001. 
 
 
 
 
 
 



 

116 
 

4.3.2. Analysis of γδ T cell CD69 expression after stimulation by tSNE 

Three healthy donor PBMC samples were merged to create a single t-SNE map. t-SNE analysis 

was performed using 1,000 iterations, a perplexity of 30, a trade-off θ of 0.5, and all phenotypic 

markers listed on table 2.1. Immune cell subsets were identified and manually gated in t-SNE space 

based on the signal intensity of the phenotypic markers. Although analysis was run on bulk 

PBMCs, γδ T cells were gated out and CD69 expression on γδ T cells compared between different 

stimulation conditions. The concatenated events were also used to generate UMAP and TriMap 

plots as indicated in Figure 18. 

The tSNE analysis classified cells according to prevalence of cells expressing high or low CD69. 

Therefore, in the tSNE analysis, events were classified according to MFI using a colour scale, with 

cells expressing high CD69 appearing deep orange to yellow on the scale, and low CD69 appearing 

green. Cells that did not express any CD69 appeared blue (Figure 23). The tSNE analysis revealed 

heterogeneity in γδ T cell activation after TLR7 and TLR8 stimulation, with some cells expressing 

high CD69 and others low CD69. There was a population of cells that appeared blue, meaning 

they were not activated.  

Taken together, these results revealed three phenotypically different γδ T cells: those that 

expressed high levels, low levels or no CD69. The shape of the graph revealed heterogeneity of γδ 

T cells with cells that are phenotypically identical being placed closer together in a 2-dimensional 

graph. 
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Figure 23. Heterogeneity in γδ T cells activation. Heatmap of CD69 expression by γδ T cells after 
TLR7, TLR8, E. coli and PMA/ION stimulation. Selection of γδ T cells was done manually by 
gating.  Top row heatmap of γδ T cells CD69 expression generated by tSNE in PBMC cultured in 
media, or after TLR7, TLR8, E. coli and PMA/ION stimulation. Middle row UMAP plots showing 
the heatmap clustering of γδ T cells CD69 expression.   Bottom row TriMap plots showing the 
heatmap clustering of γδ T cells by CD69 expression. Colour scale indicating no (blue) low (green) 
to high (red) expression of CD69 by γδ T cells. 
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4.3.3. TLR8 but not TLR7 stimulates IFN-γ expression by γδ T cells 

In a healthy human peripheral blood, the major subset of γδ T cells is Vγ9Vδ2, which recognize 

pyrophosphate intermediates of the eukaryotic and prokaryotic pathways of cholesterol synthesis, 

collectively termed phosphoantigens (pAg), in a TCR-dependent manner (607,608). Although γδ 

T cells have been shown to be involved in the immune response to viruses, intracellular bacteria, 

and parasitic protozoa (502–506), viruses do not have the non-mevalonate (or Rohmer’s) pathway 

of cholesterol synthesis. Therefore, the γδ T cell immune response to virus may depend on TLR 

stimulation directly or indirectly. Activation of γδ T cells may lead to the expression of 

proinflammatory cytokines, including TNF-α, IFN-γ, IL-4, IL-6, and cytotoxic molecules, which 

may increase immune activation. Purified γδ T cells have been shown to express IFN-γ following 

TLR8 stimulation. (609).  

To assess the effect of TLR7 and TLR8 stimulation on IFN-γ, TNF-α, IL-17a and GM-CSF 

expression, PBMCs from healthy donors (n=16) were cultured in R-10 media in the presence of 

TLR7 ligand, TLR8 ligand, PFA-fixed E. coli for 24 h and PMA/Iono for 14 h. Golgi plug and 

Golgi stop were added 6 h post TLR7, TLR8, and E.coli stimulation and 2 h post PMA/Iono 

stimulation. Cytokine expression by γδ T cells was assessed by first doing cell surface staining, 

then permeabilizing the cells and ICS with antibodies for IFN-γ, TNF-α, IL-17a and GM-CSF. 

Stained cells were analyzed by high-dimensional flow cytometry. Cytokine expression between 

stimulated and unstimulated PBMC was compared by Wilcoxon sign rank tests.  

There was no significant increase in frequency of IFN-γ+ γδ T cells following TLR7 stimulation 

with 1 µg/mL or 5 µg/mL of imiquimod and TLR8 stimulation with 2.5 µg/mL of ssRNA40 

(p>0.05). However, there was a significant increase in the frequency of IFN-γ+ γδ T cells following 

TLR8 (p=0.0009) stimulation with 5 µg/mL of ssRNA40. Stimulation of PBMCs with E. coli 

(p=0.0286) and PMA/ION (p<0.0001) also led to a significant increase in the frequency of IFN-

γ+ γδ T cells (Figure 24A).  

There was no significant increase in the frequency of TNF-α+ γδ T cells following either TLR7 

stimulation with 1 µg/mL or 5 µg/mL of imiquimod or TLR8 stimulation with 2.5 µg/mL or 
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5µg/mL of ssRNA40 (p>0.05). However, stimulation of PBMCs with E. coli (p<0.0001) and 

PMA/ION (p<0.0039) led to significant increase in the frequency of TNF-α+γδ T cells (Figure 

24B).  

There was no significant increase in the frequency of IL-17a+ γδ T cells following either TLR7 

stimulation with 1µg/mL or 5µg/mL of imiquimod or TLR8 stimulation with 2.5 µg/mL or 

5µg/mL ssRNA40 (p>0.05). There was also no significant increase in the frequency of IL-17a+ γδ 

T cells following stimulation of PBMCs with E. coli (p=0.1818). However, stimulation of PBMCs 

with PMA/ION (p<0.0039) led to significant increase in the frequency of IL-17a+ γδ T cells 

(Figure 24C).  

There was no significant increase in the frequency of GM-CSF+ γδ T cells following either TLR7 

stimulation with 1µg/mL or 5µg/mL imiquimod or TLR8 stimulation with 2.5 µg/mL or 5µg/mL 

ssRNA40 (p>0.05). Neither did stimulation of PBMCs with E. coli led to significant increase in 

the frequency of GM-CSF+ γδ T cells (p=0.3860). However, PMA/ION (p<0.0001) led to a 

significant increase in the frequency of GM-CSF+ γδ T cells (Figure 24D).  

Taken together, these results show that TLR7 stimulation led to activation of γδ T cells but did not 

result in cytokine expression. TLR8 stimulation led to activation of γδ T cells and an increase in 

frequency of IFN-γ+ γδ T cells. 
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Figure 24. Frequency of γδ T cells expressing cytokines following stimulation with TLR7-ligand, 
TLR8-ligand, E. coli and PMA/ION. Frequency of IFN-γ+ (A), TNF-α+ (B), IL-17a+ (C) and 
GM-CSF+ (D) γδ T cells after 24 h of TLR7, TLR8, E. coli stimulation and after 14 h stimulation 
with PMA/ION. Each dot represents a single individual. Analysis was done by Wilcoxon signed 
rank tests, n=16 donor, **p≤0.01, ***p≤0.001, ****p≤0.0001 
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4.3.4 Analysis of γδ T cell cytokine expression after stimulation by tSNE 

In previous experiments, tSNE was used to visualize high-dimensional flow cytometry data, which 

revealed activation of γδ T cells after TLR7/8 stimulation. Here, again tSNE analysis was used to 

visualize the cytokine data.  

The expression of cytokines by γδ T cells, following stimulation was examined by culturing 

PBMCs in the presence of TLR7 ligand, TLR8 ligand, PFA-fixed E. coli and PMA/ION. Golgi 

plug and Golgi stop were added 6 h post TLR7, TLR8, and PFA-fixed E. coli stimulation and 2 h 

post PMA/ION stimulation, thereafter, cultured 14 h. Cytokine expression by γδ T cells was 

assessed first by cell surface staining and then by ICS after permeabilizing the cells and staining 

with antibodies for IFN-γ, TNF-α, IL-17a and GM-CSF. Stained cells were analyzed by high- 

dimensional flow cytometry.  

Analysis by tSNE began with all γδ T cells events. A keyword and code were assigned to each 

experimental condition. The γδ T cell population from the study participants was concatenated 

depending on the experimental condition. The concatenated file was loaded into existing space 

and tSNE analysis performed on the concatenated file to produce a common dimensionally 

reduced data space. Gating was used to pull apart the concatenated file into stimulated and 

unstimulated data and compare how each sample is represented in the dimensionally reduced 

data space. A heatmap plot for a single experiment (n=4) showing γδ T cell cytokine expression 

is shown in Figure 25. 

From Figure 25, neither TLR7 stimulation nor TLR8 stimulation with 2.5 µg/mL of ssRNA40 

appear to have led to expression of IFN-γ, TNF-α, IL-17a or GM-CSF. The tSNE analysis revealed 

very small population of cells that expressed IFN-γ after TLR8 stimulation with 5 µg/mL of 

ssRNA40 (circled in Figure 25). However, γδ T cells did not appear to express TNF-α, IL-17a or 

GM-CSF after TLR8 stimulation with 5µg/mL of ssRNA40. Although IFN-γ and TNF-α 

expression was previously reported after stimulation with E. coli, no IFN-γ or TNF-α secreting 

cells were observed in this tSNE analysis. Similar to previous observations, a small population of 

γδ T cells that expressed IFN-γ, TNF-α and GM-CSF after stimulation with PMA/ION was 

observed (circled in Figure 25). 
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Taken together, these results show that TLR8 stimulation of PBMC with a high dose of ssRNA40 

resulted in a small subset of γδ T cell expression of IFN-γ. Also, a very small subset of γδ T cells 

stimulated with PMA/ION appeared to express IFN-γ, and TNF-α (Figure 25).  
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Figure 25. TLR8 stimulation of PBMC with highest dose of ssRNA40 used resulted in a small 
subset of γδ T cells expressing IFN-γ. Heatmaps of γδ T cells expression of IFN-γ, TNF-α, IL-17a, 
and GM-CSF in stimulated cells. Rows correspond to TLR7, TLR8, E. coli, and PMA/ION 
stimulated PBMCs. From left to right, columns show clustering of γδ T cells by IFN-γ, TNF-α, 
GM-CSF, and IL-17a expression in stimulated cells. The colour scale corresponds to MFI. Circled 
are a population of cells that appeared to express cytokines: IFN-γ, TNF-α, and GM-CSF. 
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4.4 MAIT cells supplemented with IL-7 express high IFN-γ, TNF-α, IL-17a and GM-CSF 
after TLR8 stimulation  

IL-7 is a cytokine that is mainly produced by epithelial and stromal cells, and it functions in 

regulating homeostasis, proliferation and survival of T cells (610,611). IL-7 signals through IL7R, 

a heterodimer composed of IL7Rα (CD127) and the common cytokine receptor γ-chain (γc) also 

known as CD132 (612). High expression of IL7R is linked to inflammatory diseases including 

rheumatoid arthritis (613), inflammatory bowel disease, type 1 diabetes (614,615) multiple 

sclerosis (616), colitis (617,618) systemic lupus erythematosus (619), and primary Sjӧgren’s 

syndrome (620). Stimulation with IL-7 has been shown to restore the frequency of MAIT cells 

expressing cytolytic molecules like granzyme B and perforin (621,622). Use of IL-7 alongside 

antiretroviral therapy was also reported to increase the number and frequency of MAIT cells in the 

peripheral blood of patients chronically infected with HIV (623). 

To assess cytokine expression by MAIT and γδ T cells following TLR7 and TLR8 stimulation in 

media supplemented with IL-7, PBMCs from healthy donors (n=7) were cultured in the presence 

of TLR7-ligand, TLR8-ligand, PFA-fixed E. coli, and PMA/ION in R10 media supplemented with 

20 IU of IL-2 and 10 ng/mL of IL-7. Golgi plug and Golgi stop were added 6 h post TLR7, TLR8, 

and E. coli stimulation and 2 h post PMA/ION stimulation, thereafter, cultured 14 h after golgi 

plug/stop. Cytokine expression by MAIT cells and γδ T cells was assessed by first doing cell 

surface staining, then permeabilizing the cells and ICS staining with antibodies for IFN-γ, TNF-α, 

IL-17a, and GM-CSF. Stained cells were analyzed by flow cytometry. The Wilcoxon signed rank 

test was used to compare cytokine expression on MAIT cells between unstimulated vs. stimulated 

PBMCs in media supplemented with IL-7.  

There was no significant increase in the frequency of IFN-γ+, TNF-α+, IL-17a+ or GM-CSF+ 

MAIT cells after TLR7 stimulation (p>0.05 for all) (Figure 26, A–D). However, TLR8 stimulation 

led to significant increase in the frequency of IFN-γ+ (p=0.0156), TNF-α+ (p=0.0210), IL-17a+ 

(p= 0.0312), and GM-CSF+ (p=0.0156) MAIT cells.  
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Taken together, these results show that IL-2 and IL-7 supplementation may increase frequency of 

IFN-γ+, TNF-α+, IL-17a+ and GM-CSF+ MAIT cells after TLR8 stimulation, but not after TLR7 

stimulation.  
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Figure 26. Increased frequency of IFN-γ+ Il-17a, and GM-CSF+ MAIT cells after TLR8 
stimulation. Frequency of IFN-γ+ (A), TNF-α+ (B), IL-17a+ (C) and GM-CSF+ (D) MAIT cells 
after a 24 h stimulation of TLR7, TLR8, and stimulation with E. coli and 14 h stimulation with 
PMA/ION. Each dot represents a single individual. Horizontal line represents median. Analysis 
was done using Wilcoxon sign rank test, n=7 *p≤0.05, **p≤0.01. 
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4.4.1 γδ T cells in media supplemented with IL-7 express high IFN-γ, IL-17a, and GM-CSF 
after TLR8 stimulation 

A significant increase in the frequency of IFN-γ+, TNF α+, IL-17a+ or GM-CSF+ γδ T cells 

following TLR7 stimulation was not observed (p>0.0500). There was also no significant increase 

in the frequency of TNF-α+ γδ T cells after TLR8 stimulation (p=0.0625). However, TLR8 

stimulation led to a significant increase in the frequency of IFN-γ+ (p=0.0156), IL-17a+ (p= 

0.0312) and GM-CSF+ (p=0.0312) γδ T cells (Figure 27).  
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Figure 27. Increased frequency of IFN-γ+ and GM-CSF+ γδ T cells following TLR8 stimulation. 
Frequency of IFN-γ+ (A), TNF-α+ (B), IL-17a+ (C) and GM-CSF+ (D) γδ T cells after 24 h 
stimulation of TLR7, TLR8, and stimulation with E. coli and 14 h stimulation with PMA/ION 
Each dot represents a single individual. Horizontal line represents medians through the data sets. 
Analysis was done using Wilcoxon sign rank tests on n=7 donors *p≤0.05, **p≤0.01, ***p≤0.001. 
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4.4.2 MAIT and γδ T cells cultured in media supplemented with IL-7 express higher levels 
of IFN-γ, IL-17a, and GM-CSF after TLR8 stimulation compared to conventional CD4+ 
and CD8+ T cells 

To determine if IL-7 supplementation increased the responsiveness of TLR7- and TLR8-induced 

cytokine responses, unsupplemented media alone and TLR7 and TLR8 stimulation in media 

supplemented with IL-7 were compared. Conventional CD4 and CD8 T cells cytokine response 

was also included in the analysis.  

There was no significant increase in the frequency of IFN-γ+, TNF α+, or GM-CSF+ MAIT cells 

after TLR7 stimulation (p>0.05 for all) (Figure 28 A). However, there was 150-fold higher 

frequency of IL-17a+ MAIT cells in PBMCs cultured in media supplemented with IL-7 than in 

PBMCs cultured in media alone following TLR7 (p=0.012) stimulation. The frequency of IFN-γ+ 

MAIT cells was 3-fold higher (p≤0.0001), TNF-α+ MAIT cells 600-fold higher (p=0.0010), IL-

17a+ MAIT cells 69-fold higher, (p=0.0004) and GM-CSF+ MAIT cells 264-fold higher 

(p=0.0010) in PBMC supplemented with IL-7 compared to media alone after TLR8 stimulation. 

Also, stimulation of PBMCs with E. coli led to a higher frequency of IFN-γ+ (p=0.0061), TNF-α+ 

(p=0.0119), IL-17a+ (p=0.0273), and GM-CSF+ (p<0.0001) MAIT cells in media supplemented 

with IL-7 compared to media alone. However, the frequency of IFN-γ+ MAIT cells was 6-fold 

lower (p=0.0002) and TNF-α+ MAIT cells 7-fold lower (p<0.0001) in PBMCs supplemented with 

IL-7 compared to media alone after PMA/ION stimulation. The frequency of IL-17a+ MAIT cells 

was 7-fold higher in PBMCs supplemented with IL-7 compared to media alone after PMA/ION 

stimulation (p=0.0014). However, there was no significant difference in the frequency of GM-

CSF+ MAIT cells between with and without media supplementation after PMA/ION stimulation 

(p=0.9282) (Figure 28)  

No significant difference in the frequency of IFN-γ+, TNF-α+, IL-17a+, and GM-CSF+ γδ T cells 

was observed between PBMCs cultured in media with or without IL-7 after TLR7 stimulation 

(p>0.05). The frequency of IFN-γ+ γδ T cells was 5-fold higher (p<0.0001), TNF-α+ γδ T cells 

11-fold higher (p=0.0025), IL-17a+ γδ T cells 10-fold higher (p>0.0188) and GM-CSF+ γδ T cells 

14-fold higher (p=0.0105), with IL-7 supplementation compared to media alone, after TLR8 

stimulation. Furthermore, the frequency of IFN-γ+ γδ T cells was 43-fold higher (p=0.0061), TNF-
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α+γδ T cells 7-fold higher (p>0.0061), and GM-CSF+ γδ T cells 65-fold higher (p>0.0273) after 

stimulation with E. coli with IL-7 supplementation compared to media alone. However, there was 

no significant difference in the frequency of IL-17a+ γδ T cells between PBMCs cultured in media 

with without IL-7 after stimulation with E. coli (p>0.4242). The frequency of IFN-γ+ γδ T cells 

was 8-fold higher (p<0.0001), TNF-α+γδ T cells 5-fold higher (p>0.0034) and GM-CSF+ γδ T 

cells 6-fold higher in PBMCs cultured in media without IL-7 than in PBMCs cultured in media 

with IL-7 after stimulation with PMA/Iono. There was also no significant difference in the 

frequency of IL-17a+ γδ T cells with or without IL-7 supplementation after stimulation with 

PMA/ION (p>0.4692) (Figure 28).  

There was no significant increase in the frequency of IFN-γ+, TNF α+, IL-17+, or GM-CSF+ 

CD4+ T cells after TLR7 stimulation (p>0.05 for all) (Figure 28). The frequency of IFN-γ+ CD4+ 

T cells was significantly higher within PBMC cultured in media supplemented with IL-7 than 

media alone after TLR8 stimulation (p=0.011). However, there was no significant increase in the 

frequency of TNF α+, IL-17+, or GM-CSF+ CD4+ T cells after TLR8 stimulation (p>0.05 for all). 

There was no significant increase in the frequency of IFN-γ+, TNF α+, IL-17+, or GM-CSF+ 

CD4+ T cells after stimulation with E. coli (p>0.05 for all). The frequency of IFN-γ+ CD4+ T 

cells was 10-fold higher (p=0.0002), TNF-α+ CD4+ T cells 65-fold higher (p>0.0004), and GM-

CSF+ CD4+ T cells was 22-fold higher (p=0.0007) without IL-7 supplementation than with IL-7 

after stimulation with PMA/Iono. However, there was also no significant difference in the 

frequency of IL-17a+ CD4+ T cells between PBMCs cultured in media with or and PBMC cultured 

in media without IL7 after stimulation with PMA/ION (p>0.1215) (Figure 28). 

There was no significant increase in the frequency of IFN-γ+, TNF α+, IL-17+, or GM-CSF+ 

CD8+ T cells after TLR7 stimulation (p>0.05 for all). The frequency of IFN-γ+ CD8+ T cells was 

significantly higher with IL-7 supplementation than without after TLR8 stimulation (p<0.0001). 

However, there was no significant increase in the frequency of TNF α+, IL-17+, or GM-CSF+ 

CD8+ T cells after TLR8 stimulation (p>0.05 for all). The frequency of IFN-γ+ CD8+ T cells was 

significantly higher with IL-7 supplementation than without after stimulation with E. coli 

(p=0.0242). However, there was no significant increase in the frequency of TNF α+, IL-17+, or 

GM-CSF+ CD8+ T cells after stimulation with E. coli (p>0.05 for all). The frequency of IFN-γ+ 
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CD8+T cells was 24-fold higher (p=0.0002), and TNF-α+ CD8+ T cells 16-fold higher (p>0.0001) 

without IL-7 than with IL-7 after stimulation with PMA/Iono. However, there was also no 

significant difference in the frequency of GM-CSF+ CD8+ T and IL-17a+ CD8+ T cells with or 

without IL-7 supplementation after stimulation with PMA/ION (p>0.05 for all) (Figure 28). 

Taken together, these results show greater increase in the frequency of IFN-γ+, TNF-α+, IL-17+ 

and GM-CSF+ MAIT cells and in the frequency of IFN-γ+ γδ T cells after stimulation compared 

to conventional T cells in IL-7 supplemented media. 
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Figure 28. MAIT cells and γδ T cells express higher IFN-γ, TNF-α, IL-17a and GM-CSF following 
stimulation compared to conventional T cells. Frequency of IFN-γ+ (A), TNF-α+, (B) IL-17a (C), 
and GM-CSF+ (D) cells. Statistical analyses comparing frequency of cytokine secreting between 
cells cultured with or without IL-7 was performed using Mann–Whitney U tests, Bars represent 
interquartile ranges from 7 individual in media supplemented with IL-7 and 16 individuals in 
media alone. *p≤0.05, **p≤0.01, ***p≤0.001****p≤0.0001 
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4.4.3. Analysis of cytokine expression by MAIT cells by tSNE 

The response of MAIT cells and γδ T cells, cytokine expression after TLR7 and TLR8 stimulation 

was examined by culturing PBMC in the presence of TLR7 ligand, TLR8 ligand, PFA-fixed E. 

coli and PMA/ION in media containing IL-7. Golgi plug and Golgi stop were added 6 h post TLR7, 

TLR8, and PFA-fixed E. coli stimulation and 2 h post PMA/ION stimulation, and thereafter 

cultured 14 h. Cytokine expression by MAIT cells was assessed first by cell surface staining, then 

by permeabilizing the cells and ICS with antibodies for IFN-γ, TNF-α, IL-17a, and GM-CSF. 

Stained cells were analyzed by high-dimensional flow cytometry.  

MAIT and γδ T cells were gated on after first gating on live cells, singlets and T cells. Beginning 

with MAIT cells, tSNE analysis was done by downsampling to standardize the number of events 

to be used and to normalize the number of events contributed from each file to the total 

concatenated file. A keyword was assigned and the experimental condition coded. The individual 

samples were concatenated into a single file depending on the experimental condition and 

loaded into existing space. tSNE analysis was performed on the concatenated file to produce a 

common dimensionally reduced data space. Gating was used to pull apart the concatenated file 

into individual samples and compare how each of those samples was represented in the 

dimensionally reduced data space.  

This tSNE analysis classified cells according MAIT cells cytokine expression after stimulation. 

Therefore, events were classified according to MFI and using a colour scale, with cells expressing 

high cytokine appearing deep orange and low cytokines appearing green. Cells with no cytokine 

expression appeared blue. tSNE revealed heterogeneity in MAIT cells: cells that were 

phenotypically similar were close together while those that were phenotypically different were far 

apart. In media supplemented with IL-2 and IL-7. TLR7 stimulation did not to stimulate expression 

of cytokines by MAIT cells. However, a population of MAIT cells expressed IFN-γ after both 

TLR8 and E. coli stimulation. A very small subset of MAIT cells appeared to express TNF-α after 

stimulation with E. coli. Contrary to the increase in IFN-γ+, IL-17a+, and GM-CSF+ after TLR8 

stimulation that was observed previously, tSNE analysis revealed only high IFN-γ expression after 

TLR8 stimulation.  
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Taken together, these results show that MAIT cells activated by TLR ligation appeared to be 

heterogeneous. TLR8 stimulation resulted in expression of IFN-γ by MAIT cells. MAIT cells from 

E. coli stimulated PBMCs expressed IFN-γ, TNF-α, and GM-CSF (Figure 29).  
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Figure 29. Heatmaps of tSNE analysis of MAIT cells cytokine expression after stimulation. Rows 
correspond to TLR7, TLR8, E. coli, and PMA/ION stimulated PBMCs. From left to right, columns 
show clustering of MAIT cells by IFN-γ, TNF-α, GM-CSF, and IL-17a expression in both 
stimulated and unstimulated cells.   The colour scale corresponds to mean fluorescence intensity 
(MFI). Circled are a population of cells that appeared to express IFN-γ and TNF-α. 
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4.4.4 Analysis of γδ T cells cytokine expression by tSNE 

Next, tSNE analysis was done on γδ T cells. Gating was used to pull apart the concatenated file 

into individual samples and compare how each of those samples are represented in the 

dimensionally reduced data space. The tSNE analysis classified the γδ T cells according to 

phenotypic characteristics. A heatmap with colour scale was used to assess cytokine expression by 

the γδ T cells, with cells expressing high cytokine appearing deep orange and low cytokines 

appearing green. Cells with no cytokine expression appeared blue.   

Presented are heatmaps of tSNE analysis for one experiment (n=4). The shape of the tSNE 

heatmaps revealed heterogeneity in the γδ T cell subset. Similar to previous observation, in media 

supplemented with IL-2 and IL-7, TLR7 stimulation did not lead to expression of cytokines. A 

population of γδ T cells expressed IFN-γ after TLR8 stimulation and after stimulation with E. coli 

(circled in Figure 30). A small population of γδ T cells expressed TNF-α+ after E. coli stimulation 

(circled in Figure 30) in the tSNE analysis. 

Taken together, these results show that TLR8 stimulation resulted in IFN-γ expression by γδ 

T cells (Figure 30). 
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Figure 30. Heatmap of tSNE analyses of γδ T cells cytokine expression after stimulation. The tSNE 
analyses show IFN-γ, TNF-α, GM-CSF, and IL-17a expression by γδ T cells. Rows correspond to 
TLR7, TLR8, E. coli, and PMA/ION stimulated PBMCs. From left to right, columns show 
clustering of γδ T cells by IFN-γ, TNF-α, GM-CSF, and IL-17a expression in both stimulated and 
unstimulated cells.   The colour scale corresponds to MFI. Circled are a population of cells that 
expressed IFN-γ and TNF-α. 
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4.4.5 Frequency of IFN-γ+, TNF-α+, IL-17a+ and GM-CSF+ γδ T cells by different subsets 
of γδ T cells in IL-7 supplemented media 

Expression of CD161 molecules has been observed in cells with a memory phenotype and tissue-

homing characteristics and that express high IL-17 and other proinflammatory cytokines (624–

626). Thus, cells expressing high CD161 may be important in the mucosal immune response and 

immune activation. Given our previous observation that IL-7 boosted cytokine expression by γδ T 

cells, the frequency of IFN-γ+, TNF-α+, IL-17a+ and GM-CSF+ γδ T cells by different subsets of 

γδ T cells was assessed.  

PBMCs from healthy donors (n=7) were cultured in R-10 media supplemented with IL-7, in the 

presence of TLR7-ligand, TLR8-ligand, PFA-fixed E. coli, and PMA/ION. Golgi plug and Golgi 

stop were added 6 h post TLR7, TLR8, PFA-fixed E. coli stimulation and 2 h post PMA/ION 

stimulation, and thereafter cultured 14 h. Cells were assessed by first doing cell surface staining, 

then permeabilizing the cells and ICS with antibodies for IFN-γ, TNF-α, IL-17a and GM-CSF. 

Stained cells were analyzed by high-dimensional flow cytometry. The frequency of IFN-γ+, TNF-

α+, IL-17a+ and GM-CSF+ γδ T cells by different subsets of γδ T cells after stimulation of PBMC 

was analyzed by Mann–Whitney U tests. 

There was no significant difference in IFN-γ+, TNF-α+, GM-CSF+ and IL-17a+ γδ T cell between 

γδTCRhigh and γδTCRlow γδ T cells after TLR7 (p>0.05 for all) stimulation. Although the frequency 

of γδ-TCRhigh IFN-γ+ cells showed a non-significant trend towards being higher compared to γδ-

TCRlow IFN-γ+ after TLR8 stimulation (p=0.0583). There was no significant difference in the 

frequency of IFN-γ+, TNF-α+, GM-CSF+ and IL-17a+ γδ T cells between γδ-TCRhigh and γδ-

TCRlow cells after stimulation with E. coli or PMA/ION (p>0.05 for all) (Figure 31A).  

There was no significant difference in the frequency of IFN-γ+, TNF-α+, GM-CSF+ and IL-17a+ 

tween CD161+ and CD161- γδ T cells after TLR7, or TLR8 (p>0.05 for all) stimulation. There 

was no significant difference in the frequency IFN-γ+, TNF-α+, GM-CSF+ and IL-17a+ CD161+ 

and CD161– γδ T cells after stimulation with E. coli or PMA/ION (p>0.05 for all) (Figure 31B). 
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Taken together, these results show that there is no significant difference between the frequency of 

IFN-γ+, TNF-α+, IL-17a+ and GM-CSF+ γδ T cells in γδTCRhigh and γδ-TCRlow or in CD161+ 

and CD161– γδ T cells. 
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Figure 31 No significant increase in IFN-γ +, TNF-α+, IL-17a+ or GM-CSF+ γδTCRHigh+, 
γδTCRlow or CD161+ and CD161-γδ T after TLR8 stimulation. Frequency of (A) IFN-γ+, (B) 
TNF-α+, (C) IL-17a+, and (D) GM-CSF+ c vs. γδTCRlow T cells. Frequency of (E) IFN-γ+, (F) 
TNF-α+, (G) IL-17a+ and (H) GM-CSF+ CD161+ γδ T cells vs. CD161– γδ T cells. Bars represent 
interquartile range from 7 individuals, n=7. Analysis was performed using Mann–Whitney U test 
*P≤0.05 
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4.4.6 Frequency of CD69+ γδ T cells in different subsets of γδ T cells  

Previously, two subsets of γδ T cells (i.e., γδTCRhigh and γδTCRlow had been described (Figure 

16). Furthermore, it had been shown that the majority γδTCRhigh cells were CD161+ whereas this 

was not the case for γδTCRlow cells. Expression of CD161 on T cells has been associated with high 

activation and expression of proinflammatory cytokines (627). To assess the difference in 

activation of γδTCRhigh and γδTCRlow or CD161+ γδ T cells and CD161– γδ T cells, the frequency 

of CD69+, γδTCRhigh, CD69+γδTCRlow and frequency of CD161+ or CD161- γδ T cells subsets 

were compared by Mann–Whitney U tests. Median and IQR of frequency of D69+γδ T cells was 

reported. 

No significant difference in the frequency of CD69+γδ T cells was observed between γδTCRlow 

and γδTCRhigh in the media (2.5%, 12% vs. 3.5%, 26% p= 0.5532), after either TLR7 (10.5%, 58% 

vs. 11%, 63% p=0.2732), TLR8 (35%, 78.5% vs. 51.5%, 93% p=0.1119) E. coli (42%, 64% vs. 

61.5%, 82% p=0.1683) or PMA/ION (64%, 87.7% vs. 39%, 88% p=0.3399) stimulation (Figure 

32A).  

However, there was a significant difference in frequency of CD69+γδ T cells between CD161+ 

and CD161- γδ T cells in the media control (3%, 6% vs. 1%, 8% p= 0.0005), after either TLR7 

(15%, 46% vs. 1%, 5% p<0.0001), TLR8 (35%, 85% vs. 1%, 16% p=0<0.0001), or PMA/ION 

(59%, 72% vs. 4.5%, 66% p=0.0002) stimulation (Figure 32B). No significant difference in the 

frequency of CD69+ γδ T cells was observed between CD161+ γδTCR and CD161– γδTCR after 

E. coli stimulation (48%, 87% vs. 8%, 85% p=0.2213). 

Taken together, these results show that there were no significant differences in activation between 

γδTCRhigh and γδ-TCRlow cells. However, CD161+ γδ T cells are more highly activated compared 

to CD161– following TLR7 or TLR8 stimulation. 
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Figure 32. Higher frequency of CD69+ CD161+ γδ T cells after stimulation. (A) Frequency of 
CD69+ γδ T cells in γδTCRhigh vs. γδTCRlow T cells. (B) Frequency of CD69+ γδ T cells in 
CD161+ γδ T cells vs. CD161– γδ T cells. Bars represent interquartile range from 7 individuals, 
Analysis by Mann–Whitney U tests *p≤0.05, ***p≤0.001, ****p≤0.0001  
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4.5 MAIT cells and γδ T cells express high chemokine receptors 

Chemokine receptors are G-proteins-coupled receptors (GPCRs) that are activated by 

chemoattractant cytokines known as chemokines. Chemokine receptors have been shown to play 

a role in the movement and controlled positioning of leukocytes by inducing directed cell 

movement towards the source of chemokine gradients (chemotaxis). I hypothesized that the 

frequency of CCR6+, CCR5+, CXCR6+, CXCR3+, and CCR4+ MAIT and γδ T cells would be 

higher compared to the frequency of CD4+ and CD8+ T cells.  

To confirm the previous observation by Dusseaux et al. (598), the frequency of CCR6+, CCR5+, 

CXCR6+, CXCR3+, and CCR4+ MAIT and γδ T cells were assessed in blood from healthy donors 

and compared with the frequency of CCR6+, CCR5+, CXCR6+, CXCR3+, and CCR4+ CD4+ and 

CD8+ conventional T cells. Ex vivo cells were stained with antibodies and analyzed by flow 

cytometry. T cell expression of CCR6, CXCR6, CCR5, CCR4, and CXCR3 was assessed.  

Figure 33A is a representative flow cytometry diagram for one donor, showing a higher frequency 

of CCR6+, CCR5+, and CXCR6+ MAIT cells. Friedmans tests was used to compare the frequency 

of chemokine receptor positive MAIT and γδ T cells in blood from healthy donors with that of 

conventional T lymphocytes. The median and IQR values were reported.  

There was a significant difference in the frequency of CCR5+ MAIT cells (48.4%, 42.1%), CCR5+ 

γδ T cells (31.8%, 5.5), CCR5+ CD4+ T cells (1.3%, 1.4%), and CCR5+ CD8+ T cells (3.9%, 

21.3%) (p<0.0001). There was also a significant difference in the frequency of CCR6+ MAIT cells 

(51.4%, 40.8%), CCR6+ γδ T cells (20%, 53%), CCR6+ CD4+ T cells (2.3%, 1.3%), and CCR5+ 

CD8+ T cells (1%, 1.8%) (p=0.0003). There was a significant difference between frequency of 

CXCR3+ MAIT cells (54.3%, 40.8%), CXCR3+γδ T cells (43.2%, 35.3%), CXCR3+ CD4+ T 

cells (30.4%, 11.2%) and CXCR3+ CD8+ T cells (78%, 36.4%) (p=0.0001). There was a 

significant difference in frequency of CXCR6+ MAIT cells (0.1%, 6.3%), CXCR6+ γδ T cells 

(2.8%, 4.6%), CXCR6+ CD4+ T cells (0.2%, 0.1%) and CXCR6+ CD8+ T cells (2.3%, 1.7%) 

(p=0.0098). The frequency of CCR4+ MAIT cells (25.3%, 36.4%), CCR4+ γδ T cells (0.3%, 

3.1%), CCR4+ CD4+ T cells (10.4%, 9.4%), and CCR4+ CD8+ T cells was significantly different 

(1.9%, 6.5%) (p<0.0001).  
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Dunn’s post-test was used to compare CCR6+, CXCR3+, CCR5+, CCR4+, and CXCR6+ MAIT 

cells and γδ T cells and conventional CD4+ and CD8+ T cells. There was a significant difference 

between CCR5+ MAIT cells and γδ T cells (p=0.0062), CD4+ (p<0.0001) and CD8+ T cells 

(p<0.0001). There was a significant difference between CCR6+ MAIT cells and γδ T cells 

(p=0.0009), CD4+ (p<0.0001) and CD8+ T cells (p<0.0001). There was no significant difference 

between CXCR3+ MAIT cells and γδ T cells (p=0.5557). However, there was a significant 

difference between CXCR3+ MAIT cells and CD4+ (p=0.0001) and CD8+(0.0041) T cells. There 

was no significant difference between CXCR6+ MAIT and γδ T cell, CD4+ and CD8+ T cells 

(p>0.005). There was a significant difference between CCR4+ MAIT cells and γδ T cells 

(p<0.0001), CD4+ (p=0.0295) and CD8+ T cells (p<0.0001). There was a significant difference 

between CCR5+ γδ T cells and CD4+ (p<0.0001) and CD8+ (p<0.0001) T cells. There was a 

significant difference between CCR6+ γδ T cells and CD4+ (p=0.0007) and CD8+ (p=0.0004) T 

cells. There was no significant difference between CXCR3+ γδ T cells and CD4+ (p=0.0547). 

However, there was a significant difference between CCR5+ γδ T cells and CD8+ (p<0.0001) T 

cells. There was no significant difference between CCR6+ and CCR4+ γδ T cells and CD4+ and 

CD8+ T cells (p=0<0.05).  

Taken together, these results show that the frequency of CCR5+, CCR6+ and CCR4+ MAIT cells 

and CCR6+, CCR5+, and CCR4+ γδ T cells was significantly higher than CCR6+, CCR5+, and 

CCR4+ CD4+ T cells and CCR6+, CCR5+, and CCR4+ CD8+ T cells. This suggests that MAIT 

cells and γδ T cells are more responsive to trafficking to peripheral tissues including the gut, liver, 

oral mucosa, respiratory, intestinal, female genital tract, and skin. 
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Figure 33. Frequency of chemokine expressing MAIT cells is high compared to conventional CD4 
and CD8 T cells. (A) Flow cytometry plot showing chemokine receptor expression by T cells. (B) 
Frequency of chemokine receptors in T cells. Analysis was done by Friedman’s test. Bars represent 
interquartile range from 8 individuals, n=8 **p≤0.01, ***p≤0.001 and ****p≤0.0001 
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4.5.1. Downregulation of surface CCR5 on MAIT cells after TLR8 stimulation 

In the previous experiment, the frequency of CCR5+ and CCR6+ MAIT and CCR5+ and CCR6+ 

γδ T cells was significantly high. Although CCR5 binds several natural chemokines, it is also a 

co-receptor for entry of M tropic strains of HIV-1 into cells. CD4+ cells that express low CCR5 

or completely lack CCR5 expression on the cell surface are resistant to mucosal HIV-1 infection 

(628). The levels of CCR5 on the cell surface are determined by several factors, including the rates 

of CCR5 internalization and recycling.  

To determine if TLR ligation affected CCR5 expression on MAIT and γδ T cells, PBMC from five 

healthy donors were cultured in the presence of TLR7 ligand, TLR8 ligand, and PFA-fixed E. coli 

and stained with antibodies followed by flow cytometry analysis. The frequency of CCR5+ and 

CCR6+ MAIT cells and CCR5+ and CCR6+ γδ T cells 2, 6, 14, and 24 h after TLR7, TLR8, and 

E. coli stimulation was compared by Mann–Whitney U tests  

There was no significant change in CCR5+ MAIT cell frequency after 2, 6, 14, and 24 h post TLR7 

stimulation (p>0.05). There was also no significant change in percentage of CCR5+ MAIT cell 2 

or 6 h after TLR8 stimulation (p>0.05). However, there was a significant decrease in CCR5+ 

MAIT cells 14 h (p=0.0317) and 24 h (p=0.0435) post TLR8 stimulation. No significant difference 

was observed in CCR5+ MAIT cells frequency after 2 h and 6 h stimulation with E. coli (p>0.05). 

However, a significant reduction in the percentage of CCR5+ MAIT cells was observed 14 h 

(p=0.0079) and 24 h (p=0.0317) post stimulation with E. coli (Figure 34A). No significant 

difference in the frequency of CCR5+ γδ T cells was observed after 2, 6, 14, and 24 h stimulation 

with TLR7 or TLR8- ligand (p>0.05) s. (Figure 34B). 

Taken together, this result show that CCR5 expression on MAIT cells is downregulated 14 h after 

TLR8 stimulation.  
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Figure 34. MAIT cell surface expression of CCR5 is significantly downregulated after 14h of 
TLR8 and E. coli stimulation. PBMCs from healthy donors were stimulated with TLR7, TLR8, 
PMA/ION (n=16 donors), and PFA-fixed E. coli (n=6), then stained and analyzed by 
flowcytometry. (A) Frequency of CCR5+MAIT cells in media, TLR7, TLR8, E. coli and 
PMA/Iono stimulated PBMCs. (B) Frequency of CCR5 + γδ T cells at 2, 6, 14, and 24 h following 
TLR7, TLR8, and E. coli stimulation. Bars represent interquartile range from 5 individuals. 
Statistical analysis was performed using Mann–Whitney U tests, *p≤0.05 and **p≤0.01. 
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4.5.2. CCR5 is downregulated on MAIT cells and CD4+ T cells after stimulation 

To validate this apparent downregulation of CCR5 expression on the surface of MAIT cells, γδ and 

conventional CD4+ T cells from 16 donors were compared before and after 24 h stimulation. 

PBMCs cultured in the presence of TLR7 ligand, TLR8 ligand, PFA-fixed E. coli and PMA/ION 

were stained with antibodies and analyzed by high-dimensional flow cytometry.  

There was a non significant frequency of CCR5+ MAIT cells after TLR7 stimulation (86.2%, 79% 

vs. 47.1%, 97.5% p=0.0550). However, TLR8 (86.2%, 79% vs. 32%, 56.6% p=0.0098) E. coli 

(86.2%, 79% vs. 20.3%, 45.5% p=0.0012) and PMA/ION (86.2%, 79% vs. 25.3%, 80.9% 

p=0.0098) stimulation led to a significant reduction in CCR5+ MAIT cells (Figure 35). There was 

no significant change in CCR5+ γδ T cells after either TLR7 (47.1%, 75.2% vs. 32.3%, 57.9% 

p=0.0796), TLR8 (47.1%, 75.2% vs. 34.4%, 86.9% p=0.2099), E. coli (47.1%, 75.2% vs. 27%, 

46.1%, p=0.0887) or PMA/ION (47.1%, 75.2% vs. 47.7%, 44.7% p=0.0616) stimulation. No 

significant change in the frequency of CCR5+ CD4+ T cells after either TLR7 (4.6%, 26.2% vs. 

3.7%, 27.7% p=0.2502), TLR8 (4.6%, 26.2% vs. 2.3%, 24.3% p=0.1804), or PMA/Iono (4.6%, 

26.2% vs. 5.2%, 18.3% p=0.8376) stimulation. There was significant change in the frequency of 

CCR5+ CD4+ T cells after stimulation with E. coli (4.6%, 26.2% vs. 0.7%, 5% p=0.0127). There 

was no significant change in CCR5+ CD8+ T cells after either TLR7 (4.6%, 36.2% vs. 3.3%, 

34.1% p=0.2502), TLR8 (4.6%, 36.2% vs. 2.5%, 31.1% p=0.1804), E. coli (4.6%, 36.2% vs. 2%, 

15%, p=0.0523) or PMA/ION (4.6%, 36.2% vs. 4.8%, 25% p=0.7461) stimulation. 

Taken together, this result show that the frequency of CCR5+MAIT cells is significantly reduced 

after TLR8 ligations. 
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Figure 35. Frequency of CCR5+ MAIT cells downregulated following stimulation. PBMCs from 
healthy donors were stimulated with TLR7-ligand, TLR8-ligand, PMA/ION, (n=16) and PFA-
fixed E. coli (n=6), then stained and analyzed by flow cytometry. (A) Frequency of CCR5+ MAIT 
cells. (B) Frequency CCR5+ γδ T cells. (C). Frequency CCR5+ CD4+ T cells. (D) Frequency 
CCR5+ CD8+ T cells. Bars represent interquartile range from 16 individuals. Statistical analysis 
was performed using Mann–Whitney U test s*p≤0.05 and **p≤0.01.  
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4.6 Summary 

The number of MAIT cells identified as CD161++MR1AgTet+ was 4% lower than the number of 

MAIT cells identified as CD161++, Vα7.2. Two subsets of γδ T cells (i.e., γδTCRhigh and 

γδTCRlow) were identified. The majority of γδTCRhigh were also CD161+. Although there appears 

to be little difference between γδTCRhigh and γδ-TCRlow, CD161+ γδ T cells were highly activated 

compared to CD161– following TLR7 and TLR8 stimulation. MAIT cells were found to be highly 

activated compared to γδ T cells after TLR7 and TLR8 stimulation. Although TLR7 stimulation 

led to activation of MAIT and γδ T cells, it did not lead to IFN-γ, TNF-α, IL-17a or GM-CSF 

expression by MAIT and γδ T cells. However, TLR8 stimulation led to expression of IFN-γ and 

GM-CSF at the highest concentration tested. Media supplementation with rIL-7 and rIL-2 resulted 

in higher levels of IFN-γ, TNF-α, IL-17a and GM-CSF expression by MAIT cells and γδ T cells 

after TLR8 but had no effect on cytokine expression by conventional CD4+ and CD8+ T cells. 
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Chapter 5: TLR8 Stimulation Results in Higher Maturation Markers on Monocyte-derived 

Dendritic Cells Compared to TLR7 Stimulation 

5.1 Rationale 

The TCR-mediated activation of MAIT cells requires antigen presentation of bacterial vitamin B2 

metabolites by MHC class I-related protein (MR1). MR1 mRNA is widely expressed in various 

tissues (629) and cell lines (630). However, little is known about MR1 expression on the surface 

of primary cells. MAIT cells have been shown to be activated during viral infections. However, 

viruses do not express vitamin B2 metabolites that are required for TCR-mediated activation of 

MAIT cells. This suggests that activation of MAIT cells during viral infection occurs in a TCR-

independent manner via cytokines expressed by TLR stimulation of APCs (468). MAIT cells have 

been shown to express high levels of receptors for IL-12 and IL-18 (189) and therefore may be 

activated by these cytokines leading to increased proinflammatory cytokine expression and 

immune activation.  

5.2 Hypothesis 

MDDCs mature in response to TLR7 and TLR8 stimulation, leading to expression of IL-12 and 

IL-18 and increased MR1 surface expression. 

5.3 Objectives 

i. To quantify the changes in frequency and surface expression of activation and maturation 

markers HLA-DR, CD80, and CD83 on MDDCs following in vitro TLR7 and TLR8 

stimulation 

ii. To quantify IL-12 and IL-18 cytokine levels and MR1 surface expression in MDDCs 

following in vitro TLR7 and TLR8 stimulation 
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5.4 Results 

5.4.1 Monocyte enrichment 

Monocytes are one of the components of mononuclear phagocytes systems, comprising up to 10% 

of circulating leukocytes (631). Monocytes were first described as circulating precursors for tissue 

macrophages, and later it was shown that they can be differentiated to DCs (632). Studying DCs 

is difficult due to their low concentration in the peripheral blood. Methods for in vitro generation 

of DC have therefore been developed (633); however, one of the most commonly used method 

involves magnetic beads to yield highly viable and pure monocytes (634). As described in Chapter 

3, magnetic beads were used to sort CD14+ cells from PBMCs of healthy blood donors by negative 

selection according to the manufacturer´s protocol (635). The purity of the monocyte population 

was evaluated by flow cytometry. To assess the viability and purity of the enriched monocytes, 

cells were stained with CD14, live/dead Aqua, CD19 and CD3 antibodies and analyzed by flow 

cytometry. 

In one representative blood donor (Figure 36A), before enrichment, the PBMCs were 47% 

CD14+, 55% CD3+, 45% CD19+, and 19% CD56+ cells. After enrichment the proportions 

changed to 91% CD14+, 0.4% CD3+, 0.6% CD19+, and 0.1% CD56+ cells.  

To assess the purity of the enriched monocytes, CD14+ cells in PBMC and CD14+ enriched cells 

were compared by Mann–Whitney U test. CD14+ cells in PBMC were significantly enriched after 

sorting with median and IQR of (24.5±17.7% vs. 84.2±3.5% respectively p<0.0001) (Figure 36B).  

This result shows that CD14+ T cells were isolated by negative selection using magnetic beads. 
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Figure 36. CD14+ staining of ex vivo PBMCs and enriched monocytes. (A) Representative flow 
cytometry showing CD14+ cells before and after enrichment. Gates were set by SSC-A and FSC-
A to show size and granularity, FSC-H by FSC-A to gate for singlets, live/dead Aqua stain vs. 
FSC-A to gate for live cells. CD3+ cells and CD19+ cells were gated on live cells, CD14+ and 
CD56+ cells were gated on live cells (B) Frequency of CD14+ cells before and after enrichment. 
Bars represent interquartile range from 7 individuals, n=7. Analysis was performed by Mann 
Whitney U tests. ****p<0.0001. 
 
 

 

 

 

 

 

 

 

 

 

 

 



 

154 
 

5.4.2 Monocyte differentiation  

The ability of blood monocytes to differentiate to DCs or macrophages was explored in vitro 25 

years ago (636,637). Myeloid DCs can be generated in vitro from CD34+ progenitor cells present 

in cord blood (638,639) or from peripheral blood monocytes (640).  

The primary goal of this section was to differentiate monocytes into MDDCs in vitro. Monocytes 

from PBMC of healthy donors were cultured in media supplemented with GM-CSF and IL-4 as 

previously described (634). Briefly, the monocytes were cultured in media supplemented with 

GM-CSF and IL-4 for 4 days. Fresh media supplemented with GM-CSF and IL-4 was added to 

the culture every 2 days. 

 

Figure 37. Light microscope images of monocyte differentiation day 0, day 2 and 4 

5.4.3 Monocyte-derived maturation  

DCs are professional APCs that act as sentinels of the immune system (641–643). Most DCs in 

human tissues are immature and can not stimulate T cells since they express low levels of 

stimulatory signals such as CD40, CD80, CD58, CD86, and CD54. However, these immature DCs 

are extremely well equipped to capture antigens, a very important event in the induction of 

immunity. Maturation and mobilization of DCs can be induced by antigens, cytokines or TLRs. 

Once immature DCs are cultured, there are phenotypic changes that occur within a day of culture 

and the cells undergo extensive transformation, their antigen-capturing function disappears, and 
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T-cell stimulatory functions increase. Maturation of MDDCs may lead to surface expression of 

MR1 (644).  

To assess the effect of TLR7 and TLR8 on MDDC maturation and surface expression of MR1, 

monocytes were cultured in media supplemented with GM-CSF and IL-4 for 7 days. On day 5, 

TR7-ligand, TLR8 ligand, and PFA-fixed E. coli were added to appropriate wells and cultured for 

2 days. The culture supernatant was harvested on day 7 and stored at -80°C until used in ELISAs. 

Semi-adherent cells were resuspended by adding cold PBS for 5 min before gently scraping them 

using a rubber cell scraper. Cells were stained with antibodies and analyzed by flow cytometry. 

The Mann–Whitney U test was used to assess the significance of differences in maturation between 

unstimulated vs. stimulated MDDCs in 7 subjects. However, in this assay MR1 was not detected, 

and repeated experiments to detect it with these reagents were unsuccessful. 

No significant difference was observed in the frequency of CD11C+ (79.1%, 44.8% vs. 88%, 

21.3% p=0.4015), HLA-DR+ (65.6%, 84.7% vs. 85.2%, 58.3% p=0.0973), CD80+ (11.3%, 77.6% 

vs. 39.5%, 84.2 p=0.3829), and CD83+ cells (8.4%, 48.8% vs. 9.4%, 50.6% p=0.5350) after TLR7 

stimulation (Figure 3). 

There was no difference in the frequency of CD11C+ (79.1%, 44.8% vs. 80.6%, 45.6% p=0.9015) 

and HLA-DR+ (65.6%, 84.7% vs. 92.2%, 26.9% p=0.0973) cells after TLR8 stimulation. 

However, there was a significant difference in the frequency of CD80+ (11.3%, 77.6% vs. 90.7%, 

27.9% p=0.0251) and CD83+ (8.4%, 48.8% vs. 62%, 89.9% p=0.0175) cells after TLR8 

stimulation (Figure 38). 

There was no difference in the frequency of CD11C+ (79.1 %, 44.8% vs. 89.4%, 40% p=0.6177) 

and HLA-DR+ (65.6%, 84.7% vs. 91.6%, 43.8% p=0.7815) cells after stimulation with E. coli. 

However, there was a significant difference in the frequency of CD80+ (11.3%, 77.6% vs. 90.7%, 

27.9% p=0.0041) and CD83+ cells (8.4%, 48.8% vs. 75.2%, 61.4% p=0.0082) after stimulation 

with E. coli (Figure 38). 

Taken together, these results show that TLR7 stimulation had no effect on the maturation of 

MDDC. On the other hand, TLR8 stimulation led to maturation of MDDCs but did not increase 
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surface expression of MR1. These findings are similar to what was observed in a previous study 

(645).  
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Figure 38. Increased expression of maturation markers on MDDCs after stimulation. Immature 
DCs were matured for 48 h with different maturation markers. CD11C, HLA-DR, D83, and CD80, 
and MR1 were evaluated by flow cytometry, and the frequency of each marker is plotted for 
unstimulated and TLR7, TLR8, and E. coli-matured MDDCs. Each dot represents a single 
individual of n=7. Lines and error bars through each data set medians and represent 95% 
confidence intervals.  The significance of between-group differences was analyzed using Mann 
Whitney U tests *p≤0.05, **p≤0.01 
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5.4.4 Analysis by tSNE  

MDDC phenotypes were characterized by tSNE analysis (Figure 39). The MDDC events from 

two donors were concatenated, resulting in a total of 40,000 events. The concatenated events were 

used to generate tSNE plots as indicated in Figure 39.  

The shape of the tSNE heatmaps revealed heterogeneity in the MDDC subset: Cells that were 

phenotypically similar were close together while those that were phenotypically different were 

placed far apart. From the heatmaps, a subset of cells appeared to express high CD11C after TLR7 

and TLR8 stimulation, circled in figure 39. This is in line with what was previously reported. In 

contrast to what I had reported, what is shown in Figure 38, a subset of cells also appeared to 

HLA-DR, CD80 and CD83 after stimulation. In line with what was shown in Figure 38, TLR8 

and E. coli stimulation induced low CD83 expression. A small subset of cells expressed MR1 in 

unstimulated and following TLR7, TLR8, and E. coli stimulation. This is contrary to what was 

reported before. 

Taken together, these results show heterogeneity in the MDDC population as well as low levels of 

baseline MR1 expression in MDDCs (Figure 39). 



 

159 
 

 
 
Figure 39. Heatmap of tSNE analysis of MDDCs. Analysis by tSNE of MDDCs from two donors 
demonstrates phenotypic differences based on maturation condition. Rows correspond to TLR7, 
TLR8, and E. coli stimulated MDDC. From left to right, columns show clustering of MDDC by 
CD11C, HLA-DR, CD80, CD83 and MR1 expression in both stimulated and unstimulated cells.   
The colour scale corresponds to MFI.  
 
 
 
 
 
 
 



 

160 
 

5.4.5 MDDCs matured by TLR8 stimulation secrete a higher amount of IL-12p70 than 
those matured by TLR7 stimulation 

DCs link the innate and adaptive immune response by acting as APCs (646). DCs also regulate the 

innate immune response by secreting proinflammatory cytokines when they come in contact with 

microbes (646,647). To assess the effect of TLR7 and TLR8 on MDDC IL-12 and IL-18 

expression, monocytes were cultured in media supplemented with GM-CSF and IL-4 for 7 days. 

Fresh media supplemented with GM-CSF and IL-4 was added to the culture every 2 days. On day 

5 of the culture, TR7-ligand, TLR8-ligand and PFA-fixed E. coli were added to appropriate wells 

and cultured for 2 days. The culture supernatant was harvested on day 7 and stored at -80°C for 

ELISA.  

IL-12p70 and IL-18 were measured using ELISA kits for human IL-12p70 (Cat# ab213791, 

abcam, Boston, MA) and IL-18 (Cat# DY318-05, R&D Systems, Minneapolis, MN), respectively, 

according to manufacturer’s instruction as described in Chapter 3. Mann–Whitney U tests were  

used to compare levels of IL-12p70 in the supernatant of unstimulated (media) versus stimulated 

MDDC. There was no significant increase in IL-12p70 after TLR7 stimulation (p>0.999). 

However, a significant increase in IL-12p70 occurred after TLR8 stimulation (p=0.0079). A 

significant increase in IL-12p70 after stimulation of MDDC with E. coli (p=0.005) was also 

observed (Figure 40A). There was no significant increase in IL-18 after TLR7 or TLR8 

stimulation (p>0.05). Furthermore, there was no significant increase in IL-18 after stimulation with 

E. coli (p=0.1143) (Figure 40B). 

Taken together, these results show that IL-12p70 was detected after maturation of MDDCs with 

TLR8 ligand and E. coli. However, no significant change in MDDC IL-18 expression was 

observed.  
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Figure 40. IL-12p70 expression after DC maturation with TLR8 compared to TLR7 stimulation. 
(A) Measurement of IL-12p70 after (B) Measurement of IL-18 after TLR7, TLR8 and E. coli 
stimulation of immature MDDCs. Lines and error bars on box a whisker represent medians 
interquartile ranges from 7 individuals, n=7. Analysis was performed with Mann–Whitney U tests 
**p≤0.01.  
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Chapter 6: HIV Infection Assay 

6.1 Rationale 

MAIT cells comprise 1–10% of T lymphocytes in the circulation but have a strong tissue-homing 

characteristic (441,456,648). In the lower and upper female genital mucosa, MR1+ APCs and 

MAIT cells have been identified (649). Since the majority of transmission of HIV occurs via sexual 

transmission, there is a need to understand the effect of MAIT cells on activation of CD4+ cells 

and HIV infection. Emerging evidence indicates that MAIT cells are activated during viral 

infections (25, 26). In addition, high expression levels of the receptors for IL-18 and IL-12 

provides MAIT cells with the capacity to respond to these APC-derived cytokines (439).  

I hypothesize that co-culture of CD4+ T cells with MAIT cells stimulated with rIL-18 and rIL-12 

will lead to increased activation and increased HIV infection of the CD4+ T cells. 

6.1.1 Pure MAIT and CD4+ cells sorted from the blood of healthy blood donors 

To isolate pure populations of MAIT and CD4+ T cells, PBMCs were isolated from blood samples 

from 2 healthy donors and stained with the fluorochrome conjugated antibodies in Table 2.4. After 

staining, cells were washed, passed through a 40 mm cell strainer, and sorted on an BDFACs flow 

cytometer. Two groups of live cells were sorted (CD3+ CD161+MR1AgTet+ and CD3+CD4+) to 

a purity of 99%. In one representative donor, MAIT cells comprised 6.88% and CD4+ T cells 

57.7% of T cells (Figure 41). With these conditions established, highly pure MAIT (>99%) and 

CD4+ (>99) T cell subsets were sorted out from 4 donor samples. 
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Figure 41. Gating strategy for sorting pure populations of MAIT cells and CD4+ T cells 
Representative staining of PBMC of one healthy donor blood sample. Cells were gated on 
lymphocytes by FSC/SSC, then on singlets by FSC-H/FSC-A and live cells which were negative 
for the live dead aqua discriminant dye. CD3+ T cells were gated off the live cells, MAIT cells 
were gated on CD161+ MR1AgTet cells off the CD3+ T cells. CD4+ T cells were gated off the 
CD3+ MR1AgTet- cells. 
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6.2 MAIT cells induction alters HIV replication in vitro 

MAIT cells express high levels of IL-12R and IL-18R (189). Stimulation of MAIT cells with IL-

12 and IL-18 has been shown to lead to secretion of IFN-γ (189). During viral infections, TLR8 

stimulation is proposed to lead to cytokine expression by APCs, which stimulate MAIT cells to 

express high levels of IFN-γ and cytotoxic molecules, resulting in protection against infection 

(650).  

To assess the role of MAIT cells in HIV infection of CD4+ T cells, a 48 well plate was coated with 

anti-CD3 and anti-CD28 antibodies for 1h at 37oC. The solution was removed, and the plate 

washed with sterile PBS. Pure CD4+ T cells were added and incubated overnight. The CD4+ T 

cells were washed with sterile PBS to remove unbound anti-CD3/anti-CD28. In parallel MAIT 

cells were stimulated with IL-12 and IL-18 for 18 h. CD4+ T cells were co-cultured with MAIT 

cells and immediately infected with HIV (MOI=3) for seven days. On the seventh day cells were 

harvested, stained with surface markers BV605 CD4, APC-H7 CD3, PerCP/Cyanine5.5 Vα7.2 

TCR, BV421 CD161, APC MR1Tetand and thereafter ICS staining for FITC p24. Analyses was 

done by high dimensional flow cytometry. Since Vpu and Nef have been shown to remodel cell 

surface receptors, to assess the effect of MAIT cells stimulation on HIV infection, the frequency 

of CD4+ cells was compared between uninfected and infected unstimulated CD4+ T cells (unstim 

CD4+ cells), unstimulated CD4+ T cells cocultured with unstimulated MAIT cells (unstim CD4+ 

cells/unstim MAIT cells),  unstim CD4+ cells/stim MAIT cells, stim CD4+ cells/stim MAIT cells, 

stim CD4+ cells/unstim MAIT cells, and stim CD4+ T cells by Wilcoxon test. 

In one representative donor, HIV infection of unstimulated CD4+ T cells led to a 15-fold, 

unstimulated CD4+ T cells cocultured with unstimulated MAIT cells (unstim CD4+/unstim 

MAIT) 0.6-fold, unstim CD4/stim MAIT 0.3-fold, stim CD4+/stim MAIT, 0.4-fold stim 

CD4+/unstim MAIT, 2.4-fold stim CD4, 11.4-fold reduction in CD4+ receptor Figure 42A. There 

was a significant difference in frequency of CD4+ T cells between uninfected and infected 

(p=0.0046).  

There was no significant difference in frequency of CD4+ T cells between uninfected and infected 

unstim CD4+ T cells, unstim CD4+ cells/unstim MAIT cells, stim CD4+ cells/stim MAIT cells, 
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and stim CD4+ cells/unstim MAIT cells ((Figure 42A). However, there was a significant 

difference in CD4+ cells frequency between uninfected and infectecd unstim CD4+ cells/stim 

MAIT cells and stim CD4+ T cell (Figure 42B).  

Taken together, these result show that CD4 receptor was downmodulated following HIV infection 

in unstimulated CD4+ T cells cocultured with stimulated MAIT cells. 
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Figure 42. Downmodulation of CD4 receptor following HIV infection. A. Representative flow 
cytometry staining showing CD4+ T cells in uninfected and HIV infected cells. B Frequency of 
CD4+ T cells in uninfected (white bars) and (infected black bars) cells. Bars represent interquartile 
range from 4 individuals, n=4.Analysis was performed by Wilcoxon Test *p≤0.05 
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6.2.1 No effect on HIV-1 infection in CD4+ T cells co-cultured with MAIT cells 

To confirm the previous result, secreted p24 as a marker for HIV replication was measured by 

ELISA. As in the experiment above, on day 7 the culture supernatant was harvested for p24 

ELISA. Analysis was performed using GainData® Origo ELISA calculator (Appendix 4). The 

Mann–Whitney U test was used to compare HIVp24 expression between the different culture 

conditions in HIV-infected CD4+ T cells (Figure 43). There was no significant difference in HIV-

p24 expression between unstim CD4 vs. unstim CD4/unstim MAIT or unstim CD4 vs. unstim 

CD4/stim MAIT (p>0.05). There was also no significant difference in HIV-p24 expression 

between unstim CD4 vs. stim CD4, between stim CD4 vs. stim CD4/unstim MAIT or stim CD4+ 

vs. stim CD4/stim MAIT (p>0.05).  
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Figure 43. HIV-1 p24 expression by CD4+ T cells co-cultured with MAIT cells. Concentration of 
p24 in culture supernatant was measured by ELISA. Bars represent interquartile range from 4 
individuals, n=4. Analysis was performed by Wilcoxon.  
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6.3 Summary 

 Although MAIT cells did not prevent HIV infection of CD4+ T cells, the effect of MAIT cells on 

HIV infection of CD4+ T cells can not effectively be assessed at this point dure to low sample 

size. However, there was significant reduction in the frequency of CD4+ receptor between 

uninfected and infected unstim CD4+ T cells coculture with stimulated CD4+ T cells. 

 
 
Chapter 7 General Discussion, Conclusion, Limitations, and Significance 

7.1 Discussion 

Not all HIV exposures lead to infection (651). Therefore, identifying the correlates of HIV 

protection will aid in the development of a vaccine that can protect against HIV infection. In this 

study, bulk PBMCs were used to study TLR stimulation of MAIT and γδ T cells by flow cytometry. 

This study demonstrates functional responses of MAIT and γδ T cells to TLR7 and TLR8 

stimulation. 

7.1.1 Use of surrogate markers to identify MAIT cells leads to overestimation of MAIT cells 
compared to use of MR1 Ag-loaded tetramers 

MAIT cell are highly conserved unconventional T cells that are abundant in humans and express 

a semi-invariant TCR, comprising TRAV1-2-TRAJ33/12/20 α-chains paired with a limited array 

of TCR-β chains (typically TRBV6-1, TRBV6-4, or TRBV20). MAIT cells recognize vitamin B-

based antigens presented by the nonpolymorphic MR1. Thus, human MAIT cells can be defined 

by co-staining with a panel of antibodies, mainly CD3, CD161, and TRAV1-2 (Vα7.2). Markers 

that specifically identify MAIT cells as MR1-riboflavin-Ag reactive cells have been developed.  

I compared the use of MR1 tetramers and surrogate markers to examine all MAIT cell populations 

in healthy blood donors. Of the CD8+, CD8-CD4-(DN) T cells, 9.36% were positive for the MAIT 

markers CD161, Vα7.2-TCR CD161++, while only 6.08% were MR1AgTet+. This is similar to 

what was reported by Reantragoon et al. (585), who reported Vα7.2 detecting 10-24% more cells 

than the MR1 tetramer.  
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One possible explanation for these observations is that Vα7.2 expression is not limited to MAIT 

cells; other T cells that express the Vα7.2 marker include public MHC-restricted T cells (189) as 

well as CD1b-restricted germline-encoded mycolyl-reactive (GEM) T cells (590–592).  

We can speculate that although T cells from healthy individuals that expressed CD161, CD8 and 

TRAV1-2 showed considerable enrichment for MAIT cells, not all these cells were MAIT cells, 

as evidenced based on MR1 tetramer staining. Therefore, relying on surrogate markers to define 

MAIT cells may result in phenotypically different cells being classified generally as MAIT cells.  

7.1.1.1 Variability in MAIT cell frequency 

MAIT cells develop in the thymus and migrate into the periphery (652). However, the frequency 

of MAIT cells varies widely between human individuals, and the basis for this is unclear.  

I evaluated the frequency of MAIT cells in ex vivo PBMC of healthy blood donors with the aim 

of getting the range of MAIT cells frequency in the study population. I confirmed variability in 

the frequency of MAIT cells in different individuals (599). It has recently been shown that MAIT 

cells downregulate CD161 upon infection with HIV-1 (585). One can speculate that the variability 

of MAIT cells observed in this study, using the combination of CD161 and Va7.2 mAbs, may be 

due to missing MAIT cells due to downregulation of CD161 because of lifetime exposure to 

infection. However, I obtained similar results on the variability of MAIT cells frequencies when I 

used antigen loaded MR1 tetramers to confirm our findings.  

Although MAIT cells are involved in protective immunity against bacteria and fungal infection at 

barriers such as the skin and mucous membranes, MAIT cells also respond to HIV, even though it 

is a viral infection, via the production of cytokines including IL-18 and IL-12 and/or other 

cytokines (e.g., IL-15 and type I IFNs)(468,567,653). Its not clear whether MAIT cells responses 

during HIV may protect against infection or promote HIV infection via an increase in immune 

activation. Although women of reproductive age have been reported to have higher MAIT cells 

frequencies compared to men of the same age (599) they have also been shown to have a higher 

incidence of HIV infection compared to men (654). It is tempting to speculate that MAIT cells 

activation during HIV infection may contribute to increased immune activation and HIV infection. 
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Several studies have reported peripheral MAIT cell depletion in both acute and chronic HIV 

infections that is not fully reversed upon suppressive combination antiretroviral therapy (474–

476,655). During chronic HIV infection there is also gut barrier dysfunction and translocation of 

bacterial products into the circulation (479,656), which is associated with activation and 

exhaustion of the remaining MAIT cell population (476). Thus, the loss and dysfunction of MAIT 

cells during HIV infection may contribute to an elevated risk of acquiring tuberculosis and other 

bacterial infections (469,472). 

7.1.1.2 MAIT cells are highly activated and reveal a heterogeneous population following 

TLR7 and TLR8 stimulation  

Although TLRs are predominantly expressed in innate immune cells, some TLRs are also 

functionally expressed in adaptive immune cells like B cells and T cells, and therefore certain TLR 

ligands can modulate T-cell activation either directly or indirectly via proinflammatory cytokines 

(657,658). TLR7 and TLR8 stimulation may model stimulation with HIV genetic material. During 

HIV, infection MAIT cells are found to be highly activated, exhausted, and then highly depleted 

as they lose functionality (476). CD69 is a membrane-bound, type II C lectin receptor used as an 

early maker of activation, mostly expressed on surface of activated lymphocytes (648). CD69 can 

be detected within 2-3 h of stimulation. However, CD69 expression is transient as it peaks 18–24 h 

after stimulation, then decreases (659).  

The effect of TLR7 and TLR8 stimulation on MAIT cell CD69 expression was investigated with 

the aim of understanding whether MAIT cells are activated early during viral infections. In section 

4.2.3 (Figure 16) TLR7 and TLR8 stimulation led to a significant increase in the frequency of 

CD69+ MAIT cells (p<0.0001), and it remained high even after 24 h. Furthermore, tSNE analysis 

revealed apparent phenotypic differences in MAIT cells, with some appearing to be highly 

activated and others moderately activated after stimulation. Other MAIT cells appeared not to 

express CD69 at all. Figure 17 also showed that MAIT cells expressed a higher CD69 MFI 

compared to conventional CD4+ and CD8+ T cells that express low CD69 MFI.  
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In similar studies, MAIT cells were shown to express cytokine receptors, and therefore during viral 

infection they can be activated via cytokines expressed by APCs following TLR7 and TLR8 

stimulation, including IL-12 and IL-18 (525,660). 

It is possible that some MAIT cells are more responsive to stimulation than others. MAIT cells 

express an invariant TCR α-chain paired with one of a select group of TCR β-chains (586,661). In 

humans, the TCR α-chain encoded by the TRAV1-2 gene combined with the segment encoded by 

the TRAJ33 gene segment, with limited non-nucleotide (N) additions/deletions at the TRAV1-2-

TRAJ33 junction (585). Although the human MAIT TCR β-chain repertoire was considered to 

mainly cbe encoded by TRBV20, TRBV6-1, and TRBV6-4 genes (586), MR1-tetramer-based 

studies have demonstrated that the MAIT TCR β-chain repertoire is more diverse (585,662,663). 

It may be that the diversity of MAIT cell compartments observed in this study is due to variability 

in the β-chain. 

MAIT cells also display a transcriptional profile characterized by the expression of promyelocytic 

leukemia zinc finger (PLZF), also called zinc finger and BTB domain containing 16 (ZBTB16), 

and retinoid-related orphan receptor (ROR) γt (456,598,664). They also express eomesodermin 

(Eomes) and T box transcription factor 21 (TBX21 or T-bet) (477,665), which are reciprocally 

expressed in effector and memory CD8+ T cells (665)), and Helios (or IKAROS family zinc finger 

2, IKZF2) (477,649), which are involved in T-cell activation and proliferation (666). Therefore, 

MAIT cells may display receptor diversity, and the phenotypic differences of activated MAIT cells 

require further study using flow cytometry and single-cell transcriptomics. Furthermore, since 

surrogate markers were used to define the MAIT cell population, it is possible that some cell 

populations classified as MAIT cells were not, as defined by MR1AgTet (667). We can also 

speculate that high CD69 expression on MAIT cells following TLR7 and TLR8 stimulation is a 

characteristic of MAIT cells, because some MAIT cells are CD161++ and some are CD161+ (625). 

CD161 is a C-type lectin-like receptor expressed on the majority of NK cells (668). CD161 was 

shown to define NK cells that have retained the ability to respond to IL-12 and IL-18 during 

differentiation, expressing the highest levels of IFN-γ and CD69 following stimulation compared 

to CD161- T cells (596). MAIT cells have been shown to undergo degranulation following 

activation (453,669), and increased degranulation has been associated with increased HIV 
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infection (670). The observed increased activation of MAIT cells supports the hypothesis that 

activation of MAIT cells may result in immune activation and increased HIV infection.  

7.1.1.3 TLR8 stimulation led to MAIT cell activation and expression of IFN-γ and GM-CSF 

while TLR7 stimulation activated MAIT cells but did not lead to cytokine expression  

MAIT cells can be activated in a TCR-dependent or TCR-independent manner via cytokines 

expressed following TLR stimulation leading to expression of proinflammatory cytokines (189). 

Increased proinflammatory cytokines is associated with immune activation and increased 

susceptibility to HIV infection (671). Although most studies have looked at cytokine-mediated 

stimulation of MAIT cells (189,672–674), little is known about the effect of TLR7 and TLR8 

stimulation on the activation of and cytokine expression by MAIT cells.  

In section 4.2.6 (Figure 19), the effect of TLR7 and TLR8 stimulation on cytokine expression by 

MAIT cells was assessed with the aim of understanding whether MAIT cells express cytokines 

during viral infection. Although MAIT cells were activated after both TLR7 and TLR8 stimulation, 

TLR7 stimulation did not lead to IFN-γ, TNF-α, IL-17a or GM-CSF expression by MAIT cells 

(p>0.05). TLR8 stimulation did not lead to significant increase in TNF-γ and IL-17a, but it did 

lead to a significant increase in both IFN-γ (p<0.0001) and GM-CSF (p=0.0175) when exposed to 

the highest concentration of TLR8 ligand. 

Similar to what has been reported in virus-mediated MAIT cell activation (468,675), cytokine-

mediated MAIT cell activation primarily induces IFN-γ production in MAIT cells (189). IL-12 or 

IL-15 together with IL-18 can directly stimulate MAIT cells to produce IFN-γ (567,676,677) and 

release granzyme B and perforin (569). Type I IFNs significantly induce IFN-γ and granzyme B 

only when combined with IL-12 or IL-18 (567). Likewise, the gut-associated proinflammatory 

cytokine TNF-like protein 1A (TL1A/TNFSF15) activates MAIT cells in combination with IL-12 

and IL-18 (678). 

The results in Figure 19 show that a higher dose of ssRNA40 (TLR8 ligand) is required to 

stimulate MAIT cell IFN-γ expression, and that TLR8 but not TLR7 stimulation led to IFN-γ 

expression. We can postulate that TLR7 and TLR8 activate different pathways and have a unique 
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pattern of cell type–specific expression that is thought to be responsible for the response to 

different pathogens. TLR7 mRNA was detected at high levels in pDCs and B cells; only low 

mRNA expression was detected in monocytes, macrophages, mDCs, and MDDCs; whereas TLR8 

mRNA was found to be highly expressed in monocytes, mDCs, MDDCs, and macrophages (679). 

Since TLR8 is expressed in more cell types, this may imply that TLR8 stimulation leads to 

increased expression of more than one type of cytokine that stimulate MAIT cells to express IFN-

γ. Cytokine-mediated induction of IFN-γ by T cells requires simultaneous stimulation by more 

than two cytokines (568,680). Although TLR7 stimulation led to increased frequencies of CD69+ 

MAIT cells, it did not lead to a significant increase in IFN-γ or any other cytokines tested by MAIT 

cells. TLR7 stimulation has been shown to contribute to IFN-α expression by pDC in both in vitro 

and in vivo experiments (567,673,681–686). Therefore, viral infections that induce mainly type I 

IFN expression did not result in any increase in IFN-γ or any other cytokine in MAIT cells (453).  

Activation of MAIT cells results in increased proinflammatory cytokine expression (189,678). 

Proinflammatory cytokines in the lower reproductive tract have been associated with increased 

immune activation and high frequencies of neutrophils, T and B cells (687,688). Women with 

higher concentrations of proinflammatory cytokines, including MIP-1α, MIP-1β, and IP-10, in 

their genital tracts have been reported to be at higher risk of HIV acquisition (165). Since HIV 

replication depends on the presence of target cells and the level of immune cell activation and 

monocyte differentiation to macrophages or dendritic cells, and proinflammatory cytokines and 

chemokines are involved in activation, differentiation and recruitment of immune cells to the 

genital tract, this may increase HIV transmission (687,689). In rhesus macaques, vaginal SIV 

exposure led to proinflammatory cytokine production, which resulted in recruitment of CD4+ T 

cells required for establishment of SIV infection (690,691). Furthermore, the major role of 

inflammation in SIV infection was highlighted when topical application of the anti-inflammatory 

glycerol-monolaurate downregulated chemokine concentrations, inhibited inflammatory cell 

influx to the genital tract, and prevented SIV infection in macaques (690).  

Since increased cytokine expression by MAIT cells after TLR7 stimulation was not observed 

(Figure 19), this may not support the hypothesis that TLR7 stimulation leads to MAIT cell 

cytokine expression and immune activation, which is associated with increased HIV infection. 
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However, our results may not reflect in vivo TLR7 stimulation under complex conditions. 

Furthermore, TLR7 stimulation may lead to expression of other factors that were not assessed in 

this experiment that may be involved in driving immune activation. TLR8 stimulation led to 

increase in frequency of IFN-γ + MAIT cells (Figure 19) which may increase immune activation 

that is associated with increased HIV susceptibility, therefore supporting my hypothesis.  

7.1.1.4 TLR7 and TLR8 stimulation moderately increased CD69 expression by γδ T cells 

Human γδ T cells express some TLRs and can be activated directly by corresponding ligands 

(523,524). In addition, γδ T cells can be indirectly activated via cytokines after TLR stimulation 

of APCs (609).  

In section 4.3, the effect of TLR7 and TLR8 stimulation on γδ T cell CD69 expression was 

evaluated in order to understand whether γδ T cells are activated early during viral infection. There 

was an increase in CD69 expression by γδ T cells after TLR7 and TLR8 stimulation (p<0.0001) 

(Figure 22). Moderately high levels of activation of γδ T cells were observed, compared to the 

minimal activation of CD4+ and CD8+ T cells after TLR7 and TLR8 stimulation. Analysis of 

CD69 expression on γδ T cells by tSNE revealed heterogeneity of the γδ T cell population. 

Although there was no significant difference detected in the frequency of CD69+ cells between 

the γδTCRhigh and γδTCRlow subpopulations of γδ T cells, there was significantly higher frequency 

of CD69+ cells among CD161+ compared to CD161- γδ T cells (p<0.0001) (Figure 32).  

In a similar study, γδ T cells were shown to express moderate CD69 after 24 h stimulation with 

rIL-12 alone, rIL-12 combined with αCD3/CD28, or rIL-12 combined with bromohydrin 

pyrophosphates (BrHPP) (692). 

We can speculate that the moderate expression of CD69 occurs because compared to MAIT cells, 

only a subset of γδ T cells (60%) express CD161. Vγ9Vδ2 γδT cells are the major population of 

CD161+ γδT cells, and the CD161+ subset has been shown to have enhanced innate-like 

phenotype and functionality (567,662). Cells expressing high CD161 may be highly activated 

compared to cells that do not express CD161. The observed heterogeneity in γδ T cell activation 

may also be due to different subsets of γδ T cell in the circulation. In human peripheral blood there 
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are two main subsets of γδ T cells, Vδ1 and Vδ2, and the Vγ9Vδ2 subset constitutes the main 

circulating γδ T cells (527,693,694). Since activated γδ T cells have been shown to act as APCs 

leading to activation of αβ T cells (695), it is possible that γδ T cell activation may increase 

activation of other T lymphocytes, leading to immune activation and HIV infection.  

7.1.1.5 TLR8 stimulation activated γδ T cells and IFN-γ expression, while TLR7 

stimulation activated γδ T cells but did not lead to cytokine expression  

Human γδ T cells express some TLRs, and the corresponding ligands can directly modify γδ T cell 

activation (657,696). In addition, some indirect effects of ligands for some TLR upon γδ T cell 

activation, mediated via APC cells, have been reported (696).  

Section 4.3.3 investigated the effect of TLR7 and TLR8 stimulation on IFN-γ, TNF-α, IL-17a, and 

GM-CSF expression by γδ T cells to understand whether γδ T cells express cytokines during viral 

infection. Although there was moderate activation of γδ T cells after both TLR7 and TLR8 

stimulation, TLR7 stimulation did not lead to IFN-γ, TNF-α, IL-17a and GM-CSF expression by 

γδ T cells (Figure 24). TLR8 stimulation did not lead to a significant increase in TNF-γ and IL-17a 

expression by γδ T cells. However, TLR8 stimulation led to a significant increase in of IFN-γ 

(p<0.0001) and GM-CSF (p=0.0175) expression by γδ T at the highest concentration tested.  

This result is similar to what was reported by Serrano et al (696). Also, in a similar study, TLR7 

stimulation did not lead to IFN-γ expression, but TLR8 stimulation led to expression of IFN-γ by 

γδ T cells (697). A third similar study also showed that stimulation of Vγ9Vδ2 T cells with IL-18 

and IL-12 led to expression of IFN-γ (698). 

It is possible that a higher ssRNA40 dose than was applied would be required to stimulate TLR8 

enough to lead to cytokine expression. Although γδ T cells are shown to be directly activated by 

TLR, it may be that they express low or no TLR7. Since increased cytokine expression by γδ T 

cells after TLR7 was not observed in Figure 24, this may not support our hypothesis that TLR7 

stimulation may lead to the γδ T cell cytokine expression and immune activation that is associated 

with increased HIV infection. However, these results may not reflect in vivo TLR7 stimulation, 

where conditions are complex. Furthermore, TLR7 stimulation may lead to expression of other 
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factors were not assessed in this experiment that may be involved in driving immune activation. 

Nevertheless, in Figure 24, TLR8 stimulation led to IFN-γ expression by γδ T cells, which may 

increase the immune activation associated with increased HIV susceptibility, therefore supporting 

my hypothesis.  

7.1.1.6 Media supplementation with rIL-7 further increased IFN-γ, IL-17a, and GM-CSF 

expression by MAIT and γδ T cells after TLR8 stimulation  

MAIT cells have been shown to be highly activated and to lose functionality in patients with 

chronic HIV infections (458). IL-7 is expressed by non-hematopoietic stromal cells, with small 

amounts of the cytokine produced by DCs (699). IL-7 is used for immunotherapy to rescue T cells. 

Treatment of ex vivo MAIT cells isolated from HIV-1 infected patients with IL-7 was previously 

shown to restore their effector functions (477). Furthermore, subcutaneous injection of IL-7 could 

restore the levels of MAIT cells in these HIV-1 infected patients (700). IL-7 immunotherapy is 

currently being evaluated as a treatment to reverse lymphopenia in COVID-19 patients; it was 

shown to restore lymphocyte count in critically ill COVID-19 patients without worsening 

pulmonary injury and inflammation (701). Although human γδ T cells represent a relatively small 

subset of T cells in peripheral blood, they are enriched in epithelial and mucosal tissues where they 

are thought to serve as the first line of defense against pathogenic challenge (702,703). IL-7 has 

been shown to stimulate expansion of Th17 γδ T cells (704). 

Section 4.4 describes the comparison of cytokine expression by MAIT, γδ, CD4+ and CD8+ T 

cells after TLR7 and TLR8 stimulation in media with or without IL-7 to understand the pattern of 

response of T cells to viral infections. Incubation with IL-7 made no significant difference in the 

frequency of IFN-γ+, TNFα+, or GM-CSF+ MAIT cells, γδ T cells, or CD4+ or CD8+ T cells after 

TLR7 stimulation (p>0.05 for all) ((Figure 26). However, IL-7 supplementation resulted in a 

significantly higher frequency of IFN-γ+, TNF-α+, IL-17a+, and GM-CSF+ MAIT cells compared 

to media alone after TLR8 stimulation (p<0.05). Also, stimulation of PBMCs with E. coli led to 

higher IFN-γ+, TNF-α+, IL-17a+, and GM-CSF+ MAIT cells in media supplemented with IL-7 

compared to media alone. There was higher frequency of IFN-γ, TNF-α, IL-17a and GM-CSF by 

γδ T cells in PBMCs cultured in media with IL-7 compared to PBMCs cultured in media without 

IL-7 after TLR8 stimulation (p<0.05 for all). Although there was no significant increase in TNF-
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α+, IL-17a+, and GM-CSF+, I observed significantly higher frequencies of IFN-γ+ CD4+ and 

CD4+ CD8+ T cells within PBMCs supplemented with IL-7 than within PBMCs cultured in media 

alone after TLR8 stimulation (p<0.05). 

In a similar study, stimulation of MAIT cells with IL-12/IL-18 together with IL-7 led to high 

expression of IFN-γ and TNF-α (621).  

Treatment of MAIT cells with IL-7 may increase cytokine expression and increase 

polyfunctionality of the MAIT cells and γδ T cells. We can further speculate that although IL-7 

immunotherapy increases T cells and improves the effector function of MAIT and γδ T cells, 

thereby improving protection against bacterial infections, IL-7 may also increase proinflammatory 

cytokine expression, leading to immune activation and increased HIV susceptibility. 

CD161++CD8+ T cells have been linked to several inflammatory conditions independent of 

bacterial infections. They have been detected in the brains of patients with multiple sclerosis, 

where they are thought to play a pathogenic role (705). They have also been found to be enriched 

in the liver of patients with liver diseases including chronic hepatitis C (HCV) infections, primary 

biliary cirrhosis, alcohol liver disease and non-steatohepatitis (626,706). MAIT cell activation has 

also been implicated in SARS-CoV-2 severity (707). Overall, there is overwhelming evidence 

implicating CD161++CD8+ T cells including MAIT cells in inflammation [18–20].  

7.1.2 MAIT cells and γδ T cells express high levels of chemokine receptors 

Chemokines and their corresponding receptors are involved in migration of leukocytes (708). 

Migration of leukocytes is essential for immune surveillance of the body’s tissues, and for focusing 

immune cells to sites of antigenic challenge (709,710).  

Section 4.5 describes the investigation of chemokine receptor expression by MAIT cells and 

γδ T cells in ex vivo PBMCs isolated from the whole blood of healthy donors, compared with 

conventional CD4+ and CD8+ T cells. The aim was to determine whether major differences in 

expression patterns exist. A significantly higher frequency of MAIT cells expressed CCR5+, 

CCR6+ and CCR4+ cells than conventional CD4+ and CD8+ T cells (p<0.05) (Figure 33). 

However, there was no significant difference in the frequency of CXCR3+ and CXCR6+ between 



 

179 
 

MAIT and conventional CD4+ and CD8+ T cells. There was a higher frequency of CCR5+ and 

CCR6+ γδ T cells compared to CCR5+ CD4+ T cells and CCR5+ CD8+ T cells (p<0.002). There 

was significantly a higher CXCR3+ CD8+ T cells compared to γδ T cells (p=0.437).  

A similar study that compared chemokine expression in peripheral blood MAIT cells compared to 

lymph node MAIT cells revealed high expression of CCR6 in both blood and lymph MAIT cells, 

higher CCR4 expression in blood MAIT cells compared to lymph MAIT cells and higher 

expression of CXCR3 by lymph MAIT cells compared to blood MAIT cells (711). Furthermore, 

a study that evaluated chemokine expression in γδ T cells vs. αβ T cells in healthy blood donors 

reported higher CCR5 and CXCR3 on γδ T cells (712). MAIT cells have been reported to 

preferentially home to tissues, especially the gut, liver and the lung, due to their high expression 

of multiple chemokine receptors and integrins such as α4β7 (441). All CD8α MAIT cells have 

shown co-expression of CCR6 with CD161 (713). CCR5 and CXCR3 have been shown to be 

expressed on activated T lymphocytes with a memory phenotype and to control the migration of 

activated T cells to the site of inflammation (352). Human adult blood MAIT cells have effector 

memory phenotype (CD45RO+, CD27+, CCR7–, CD44high, CD62Llow) and express numerous 

integrin and tissue-homing chemokine receptors (CCR5high, CCR6high, CXCR6high, CCR9int) 

(366,714–716). Thus, MAIT cells have been shown to home to peripheral tissues at local 

inflammatory sites (717–719). The effector memory phenotype is also expressed in γδ T cells 

(720,721).  

Figure 33 shows intense CCR5 and CCR6 expression as a selective feature of ex vivo–analyzed 

peripheral blood MAIT and γδ T cells, which distinguishes these cells from circulating 

conventional T lymphocytes. We can speculate that MAIT and γδ T cells are poised to migrate 

promptly to local tissue during an antigenic challenge, where they express Th1 cytokines and 

GM-CSF, which increases differentiation and maturation of DCs and improves conventional T cell 

activation and recruitment. The collective result of this may be increased HIV target cells and 

immune activation, which may be associated with increased susceptibility to HIV infection. 

7.1.2.1 CCR5 is downregulated on MAIT cells after stimulation 
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Chemokine receptor expression can be modulated (up- or downregulated) by T cells in response 

to cellular activation or ligand binding (722). There is evidence that CCR5 is internalized following 

stimulation with its ligand and later recycled back to cell surface (347). 

Section 4.5.1 describes assessment of possible modulation of CCR5 on MAIT cells and γδ T cells 

after TLR7 and TLR8 stimulation, with the aim of understanding the effect of MAIT cell and 

γδ T cell activation on migration. There was no significant change in the frequency of MAIT cells 

expressing CCR5 2, 6, 14, or 24 h after TLR7 stimulation; nor was there a significant change in 

frequency of CCR5+ MAIT cell 2 or 6h after TLR8 stimulation (Figure 34). There was a 

significant downregulation of the frequency of CCR5+MAIT cells 14 h (p=0.0317) and 24 h 

(p=0.0435) post TLR8 stimulation. Although there was no significant difference in the frequency 

of CCR5+MAIT cells after a 2 and 6 h stimulation with E. coli, there was a significant reduction 

in frequency of CCR5+ MAIT cells 14 h (p=0.0079) and 24 h (p=0.0317) post stimulation with E. 

coli. There was no significant difference in the frequency of CCR5+ γδ T cells after 2, 6, 14, or 

24h post TLR7 or TLR8 stimulation. Neither was there any significant difference in the frequency 

of CCR5+ γδ T cells after stimulation with E. coli at any time point. Although there was no 

significant change in CCR5 expression by CD4+ T cells after TLR7 or TLR8 stimulation, E. coli 

stimulation of PBMCs with led to a significant reduction in CCR5+ CD4+ T cells.  

A similar study evaluating the effect of seminal plasma on CCR5 expression on T cells revealed 

that seminal plasma induced CCR5 ligand secretion, resulting in the downregulation of CCR5 on 

T cells. However, seminal plasma exposure in vivo failed to downregulate CCR5 and, in some 

cases, resulted in increased frequencies of CD4+ CCR5+ T cells at the vaginal mucosa (723).  

It is possible that CCR5 may have been internalized in MAIT cells following ligation with its 

ligand. Thus, MAIT cell stimulation during exposure to HIV may lead to changes in MAIT cell 

migration patterns. However, since the in vitro experiment is a closed system, this result may not 

reflect in vivo conditions. Further investigation is required using in vivo experimental models to 

assess effect of TLR8 stimulation of MAIT cells alters CCR5 expression.  
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7.1.3 TLR8 stimulation results in higher MDDC maturation markers compared to TLR7 
stimulation 

DCs are the most potent APCs (184). Circulating monocytes differentiate into immature DCs, 

therefore continuously replenishing tissues with immature DCs. These capture antigens and 

migrate to germinal centers, where they present antigens as mature DCs (724,725). Pathogen 

recognition by pattern recognition receptors (PRR) causes maturation of immature DCs and their 

migration to lymphoid organs (726). DCs  cell surface express MR1, a nonpolymorphic MHC 

class IB antigen-presenting molecule that is required for TCR-mediated activation of MAIT cells 

(727).  

Section 5.4.3 examines the effect of TLR7 and TLR8 stimulation on the expression of CD83, 

CD80, HLA-DR, and CD11C by MDDCs, which were differentiated by culturing ex vivo 

monocytes, isolated from whole blood of healthy donors, in the presence of GM-CSF and IL-4 

with the aim of understanding the effect of TLR7 and TLR8 stimulation of immature MDDCs on 

maturation (Figure 38). TLR7 stimulation did not lead to significant changes in the frequency of 

CD11C+, HLA-DR+, CD80+, or CD83+ MDDCs. Neither did TLR8 stimulation lead to 

significant changes in the frequency of CD11C+ or HLA-DR+ MDDCs; however, there was a 

significant difference in the frequency of CD80+ and CD83 (p<0.05) cells after TLR8 stimulation.  

A similar study that investigated the involvement of MAPK, NF-KB, and JAK/STAT signalling 

pathways in the maturation of human MDDCs derived from CD34+ progenitors induced by TLR7 

or TLR8 agonists showed that both TLR7 and TLR8 stimulation increased the maturation markers 

CD40, CD86, and CD83 on MDDCs (728). This difference from the present study can be explained 

by the MDDC source, which in this thesis is adult peripheral blood. 

We can speculate that the lpoor induction of maturation markers observed after TLR7 stimulation 

may be due to either the low frequency of TLR7+ MDDCs or the low level of TLR7 MFI on 

MDDCs. Although TLR7 is expressed in plasmacytoid DCs (pDCs) (203,729), its expression in 

CD11C+ mDCs is still controversial (730,731). In some studies, TLR7 expression was not detected 

in human MDDCs (732). Other studies have reported low or no TLR7 and high levels of TLR8 

expression in MDDCs (728). Still others have reported that although TLR8 is highly expressed on 
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MDDCs, TLR7 expression is donor dependent (732,733). However, recently, it was reported that 

MDDCs and Langerhans cell (LC)-like DCs derived from CD34+ hematopoietic progenitors 

expressed low levels of TLR7 (734), suggesting that the origin of the DCs, and the culture protocol 

used, may determine TLR7 expression. MDDC differentiation led to downregulation of CD14. In 

some studies, TLR7 expression was not detected in human MDDCs (732).  

7.1.3.1 MDDCs matured by TLR8 stimulation secrete higher amounts of IL-12p70 

compared to MDDC matured by TLR7 stimulation  

DC maturation has also been shown to lead to expression of IL-12 and IL-18 (263). IL-12 and IL-

18 are potent activators of MAIT cells via a TCR-independent mechanism (735).  

Section 5.4.5 describes the effect of TLR7 and TLR8 stimulation on the production of IL-12p70 

and IL-18 after culturing monocytes in media supplemented with GM-CSF and IL-4 for 7 days. 

On day 5, the TR7-ligand imiquimod, the TLR8 ligand ssRNA40, or E. coli was added to the 

culture. After 2 days of stimulation, the supernatant was harvested and IL-12p70 and IL-18 

measured using ELISAs. Although there was no significant change in IL-12p70 production after 

TLR7 stimulation, I observed a significant increase in IL-12p70 by MDDCs after TLR8 

stimulation (p=0.0079). There was no significant change in IL-18 after TLR7 or TLR8 stimulation.  

A similar study that investigated the IL-12 production by MDDCs, derived from CD34+ 

progenitors, after TLR7 and TLR8 stimulation reported that TLR8 but not TLR7 stimulation led 

to production of IL-12 by MDDCs (728). Although little is known about IL-18 secretion by 

MDDCs after TLR7 and TLR8 stimulation, a study by Kolb-Mäurer et al. (263) revealed that 

infection of immature MDDCs with Listeria monocytogenes led to the secretion of both IL-12 and 

IL-18. 

The observed lack of IL-12 and IL-18 secretion by MDDCs in this study after TLR7 stimulation 

may be a result of using GM-CSF and IL-4 in the differentiation of MDDCs. IL-4 has been shown 

to suppress DC responses to stimulation with TLR7 and TLR9 and to inhibit the expression and 

secretion of the classic proinflammatory cytokines IL-12, TNF-α, and IL-6 upon TLR7 and TLR9 
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stimulation (736,737). The lack of IL-18 secretion after TLR8 stimulation may also reflect a 

requirement for other stimulatory pathways to activate MDDCs and secrete IL-18.  

7.1.4 MAIT cells induction alters HIV replication in vitro  

TLR7 and TLR8 stimulation of MAIT cells occurs in vivo via cytokines expressed by APCs. 

Cytokine-mediated stimulation of MAIT cells has been shown to lead to expression of IFN-γ, 

CCR5 ligands, granzyme B, and perforin (189,455,678), which may interfere with HIV infection 

of CD4+ T cells. Section 6.2.1 assesses the effect of MAIT stimulation with rIL-18 and rIL-12 

on HIV infection of CD4+ T cells. Lower HIV-p24 expression was observed in CD4+ T cells 

co-cultured with activated MAIT cells before infection. Furthermore, cell death occurred in co-

cultures with activated MAIT cells.  

A similar study reported an increase in HIV-1 restriction factors that reduced levels of infection in 

MAIT cells during early stages of HIV infection (738). In another study that evaluated MAIT cells 

phenotypes before infection and during acute and chronic HIV infection, MAIT cells were 

expanded during acute HIV infection but were highly activated and depleted during chronic HIV 

infection. The innateness of MAIT cells, which includes IL-18 receptor expression, was also 

increased (478). 

The findings in section 6.2.1 suggest that activation of MAIT cells before exposure to HIV may 

not prevent HIV infection but may contribute to reduced HIV infection of CD4+ T cells. MAIT 

cells may also contribute to the death of activated CD4+ T cells during HIV infection via 

degranulation and expression of cytotoxic molecules. Thus, MAIT cells may increase immune 

activation via expression of Th1 cytokines and degranulation, releasing perforin and granzyme 

A/B that activate the immune system. High cytokine expression by MAIT cells may lead to 

reduced integrity of the mucosa and increase in mucosal HIV transmission. However, MAIT cells 

have also been shown to maintain mucosal homeostasis, and cytokines expressed by MAIT cells 

may contribute to tissue repair (739). It is possible that MAIT cells also contribute to the antiviral 

response by expressing MIP-1α, MIP-1β, RANTES, and MCP-1,1 3 and 4, which compete with 

CCR5, therefore reducing infection.  
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Activated MAIT cells may express IFN-γ, which promotes antiviral immunity through its 

regulatory effects on the innate immune response and acts as a key link between the innate immune 

response and activation of the adaptive immune response (114). IL-12 and IL-18 stimulation of 

MAIT cells has been shown to lead to the expression of proinflammatory cytokines including IL-

17A and IL-17F, which promote tissue inflammation (674). Lower IL-17 levels in blood and 

genital mucosa of highly exposed HIV-seronegative female sex workers was associated with 

reduced inflammation and HIV infection (411). The most common sites of HIV-1 transmission are 

mucosal. Cytokine assays from freshly acquired colorectal biopsy explants revealed lower 

proinflammatory cytokines and T cell density in HESN homosexual men (740). MAIT cells are 

positioned to respond early to infection (622). Activation of MAIT cells has been shown to lead to 

expression of proinflammatory cytokines (189).  

7.1.4.1 Measuring p24 by antibody flow cytometry staining and ELISA 

Although both assays measure p24 protein expression, p24 antibody staining (ICS) measures 

intracellular p24 in CD4+ cells as an infected percentage of total CD4+ cells, whereas p24 ELISA 

measures p24 protein secreted into the media (741). Both assays are used to assess HIV replication, 

and although ICS is convenient, fast, and cheaper than ELISA, ICS is less sensitive (742). The 

amount of p24 in the culture media is proportional to the amount of virus particles (743).  

7.1.5 A proposed role for unconventional MAIT and γδ T cell stimulation in immune 
activation and HIV infection 

HIV infection thrives in activated rather than resting CD4+ T cells. It has been hypothesized that 

in HESN, a state of immune quiescence in which there is lowered immune activation is associated 

with reduced risk of HIV acquisition due to the lowered capacity of HIV to infect target cells and 

allowing anti-HIV adaptive responses to clear or limit virus establishment. Although various 

studies have demonstrated the development of HIV-specific responses, the mechanism involved is 

not well known. MAIT cells are strategically located in mucosal layers, and in the female genital 

tract they make up to 2% of T cells in the cervix and 6% of T cells in the endometrium (649). 

Based on the findings of this thesis, early exposure to HIV PAMPs such as ssRNA may result in 

early activation of MAIT and γδ T lymphocytes, which express IFN-γ. HIV-specific IFN-γ has 
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been associated with a reduced risk of HIV infection in infants who remained HIV seronegative 

for one year even though they were breastfed by HIV+ mothers (744).  

TLR8 stimulation was shown to lead to MAIT and γδ T cells activation and GM-CSF expression. 

Activated γδ T cells have been shown to affect CD4+ and CD8+ T cell responses, either directly 

by expressing cytokines that increase maturation of DCs or indirectly by adjuvant activity on 

professional APCs (74,745). MAIT cells and γδ T cells may be driving increased activation of 

CD4+ T cells via three different mechanisms. First, MAIT cell activation has been shown to lead 

to increased expression of CD40L, which in turn leads to maturation of MDDCs (73,327). During 

HIV infection, this may increase antigen presentation to CD4+ T cells, increased immune 

activation and HIV infection. Since HIV replication depends on the presence of target cells, the 

level of immune cell activation, and monocyte differentiation to macrophages or dendritic cells, 

and since proinflammatory cytokines and chemokines are involved in activation, differentiation, 

and recruitment of immune cells to the genital tract, all of this may increase HIV transmission 

(687,689). These supports the hypothesis that MAIT and γδ T cells activation may increase 

immune activation therefore increasing the risk of HIV acquisition. 

Secondly, exposure of unconventional T cells to bacteria may result in activation and expression 

of proinflammatory cytokines including IFN-γ and TNF-α, which may interfere with mucosal 

integrity (746) and increase the risk of HIV infection. Activation of MAIT cells has been shown 

to lead to increased expression of proinflammatory cytokines (189,678). Women with higher 

concentrations of proinflammatory cytokines, including MIP-1α, MIP-1β, and IP-10, in their 

genital tracts have been reported to be at higher risk of HIV acquisition (165). Proinflammatory 

cytokines in the lower reproductive tract have been associated with increased immune activation 

and high frequencies of neutrophils, T and B cells (687,688). In rhesus macaques, vaginal SIV 

exposure led to proinflammatory cytokine production, which resulted in recruitment of CD4+ T 

cells needed for establishment of SIV infection (690,691). Furthermore, the major role of 

inflammation in SIV infection was highlighted when topical application of the anti-inflammatory 

glycerol-monolaurate downregulated chemokine concentrations, inhibited inflammatory cell 

influx to the genital tract, and prevented SIV infection in macaques (690).  
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I propose that TLR8 maturation of MDDCs leads to expression of IL-12p70, activating MAIT 

cells and leading to IFN-γ release. TLR7 stimulation increased CD69+ conventional CD4+ T cells, 

while TLR8 stimulation resulted in an HIV-specific immune response. Inflammation creates a 

favourable environment for HIV replication and establishment of a productive infection.  

A third mechanism by which MAIT cells and γδ T cells may be driving increased activation of 

CD4+ T cells is based on the evidence that MAIT cells and γδ T cells undergo degranulation 

following activation (453,622,669,747). Increased degranulation has been associated with 

increased HIV infection (670). In this thesis, I showed that MAIT cells and γδ T cells are highly 

activated following TLR7 and TLR8 stimulation. I propose that this may lead to increased 

degranulation of MAIT and γδ T cells, resulting in increased activation of other cells of the immune 

system and therefore immune activation and HIV infection. 
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Figure 44. Proposed role for MAIT and γδ T cell stimulation in immune activation and HIV 
susceptibility. MAIT cells respond to riboflavin metabolites presented by MR1, and γδ T cells 
recognize HMBPP or phosphoantigens. TLR7 and TLR8 stimulation leads to expression of 
cytokines including IL-12, IL-18, IL-7, and IFN-α, which stimulate MAIT and γδ T cells. 
Activated MAIT and γδ T cells express proinflammatory cytokines, which increase immune 
activation; GM-CSF, which stimulates monocyte differentiation; and CD40L, TNF-α, and IFN-γ, 
which stimulate maturation of DCs. DCs migrate to lymphoid tissue where they induce Th1 
immunity. Activated MAIT and γδ T cells degranulate, expressing granzyme A/B and perforin, 
which lyse infected cells and may increase immune activation. Cytokines expressed by activated 
MAIT and γδ T cells, including IL-17, TNF-α and IFN-γ, increase tissue repair. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

188 
 

 
 
7.2 Conclusion 

In this Thesis I have evaluated the effect of TLR7 and TLR8 stimulation of PBMCs on innate 

T cell activation, cytokine expression, and modulation of CD4+ T cells, which may result in 

increased or reduced HIV infection. The results showed that MAIT and γδ T cells are activated 

after TLR7 and TLR8 stimulation. TLR8 stimulation led to increased IFN-γ expression by MAIT 

and γδ T cells, with the latter also expressing TNF-α. Therefore, pre-treatment of PBMCs with 

TLR8 ligand may make the CD4+ T cells more refractory to HIV infection. On the other hand, 

TLR7 stimulation led to an increase in activated CD4+ T cells and may be associated with 

increased HIV infection. 

7.3 Limitations 

All experiments were conducted in vitro. Considering the complex nature of innate T cell 

activation, modulation of the immune system, and HIV transmission, the findings of this study can 

only be used as postulations or as a rationale for trials, for example, of adoptive transfer of MAIT 

or γδ T cells, or of TLR8 agonists as therapeutics, or of adjuvants to increase the effectiveness of 

HIV vaccines. The following are the limitations of this study: 

• The study did not quantify TLR7 and TLR8 expression in MDDCs and innate T 

lymphocytes. This data would have been extremely useful in understanding the differences 

in responses to TLR7 and TLR8 stimulation. This limitation is due to a lack of sufficient 

sample, as healthy blood donors were scarce. 

• Due to time constraints and the complications brought about by the COVID-19 pandemic, 

I was unable to assess the effect of MAIT and γδ T cell activation by cytokines on 

degranulation. 

• Due to lack of an MR1 ligand, I was not able to assess MR1 expression on MDDCs.  
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7.4 Significance 

The search for a vaccine against HIV-1 has many hurdles to overcome. Ideally, the stimulation of 

both broadly neutralizing antibodies and cell-mediated immune responses remains the best option, 

but no candidate in clinical trials at present has elicited such antibodies, and efficacy trials have 

not demonstrated any benefit for vaccines designed to stimulate immune responses of CD8+ T 

cells. Modulation of the immune system through selective activation of TLR pathways are being 

evaluated as therapeutics for treating allergies and malignancies as well as infectious and 

autoimmune diseases. Unconventional T cells, including MAIT and γδ T cells, have become 

evident as important immune mediators in both inflammatory and infectious diseases. While their 

role in immune activation and HIV infection and progression has not been fully elucidated, MAIT 

and γδ T cells have been shown to be enriched in mucosal surfaces, and they play an important 

role as the first line of defense against pathogens and in modulation of the adaptive immune 

system. Therefore, understanding how MAIT and γδ T cell activation modulates the immune 

system, leading to increase or prevention of immune activation and HIV infection, is important in 

developing HIV vaccines and/or a cure. TLR7 and TLR8 are being evaluated for use as a vaccine 

and/or adjuvants for different diseases, including cancer, hepatitis B, and HIV. 

This Thesis demonstrates that simulating the recognition of HIV through TLR7 and TLR8 agonists 

such as ssRNA40 and imiquimod leads to activation of MAIT and γδ T cells, but that only TLR8 

stimulation results in cytokine expression. Knowledge of how the immune system works in the 

initial phase of HIV infection, such as the activity and properties of MAIT and γδ T cells, can 

facilitate the finding of future interventions. This is the first study to show that in vitro, MAIT cells 

do not prevent infection, but they restrict HIV replication. MAIT cells are mainly CD8+ T cells, 

and stimulation of CD8+ T cells is being evaluated by others as an HIV vaccine with promising 

results. To realize this goal, there is a need for greater understanding of the nature of protective 

MAIT cell TLR7 or TLR8 responses, as a means to guide the selection of suitable TLR7 or TLR8 

agonists or antagonists for microbicide development. Several studies have demonstrated the HIV 

inhibitory effect of TLR8 agonist ssRNA, and the HIV infection enhancing effects of TLR7-

imiquimod treatments in vitro and in vivo. This study is the first to compare the effects of 

selectively activating TLR7 or TLR8 signalling pathways on MAIT and γδ T cell stimulation. This 
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is also the first study to demonstrate differences in cytokine production profiles by T cells 

following TLR7 or TLR8 stimulation and their potential importance on HIV infectivity in vitro. 

Cytokine expression by MAIT and γδ T cells described by others in vitro was also present in the 

healthy donors recruited for this Thesis. This study is also the first to compare cytokines in MAIT 

cells, γδ T cells, and conventional CD4+ and CD8+ cells after TLR7 or TLR8 stimulation. It is the 

first to compare chemokine receptor expression on MAIT cells, γδ T cells, and conventional CD4+ 

and CD8+ cells as well as the effect of TLR8 stimulation on CCR5 expression by MAIT and γδ T 

cells. Finally, this study is also the first to assess MR1 expression on MDDCs and the effect of 

TLR stimulation of MAIT cells via IL-12 and IL-18 on HIV infectivity. 

The major findings from this work are (i) the higher activation of antiviral functions in MAIT cells 

and γδ T cells after TLR8 stimulation compared to TLR7 stimulation in healthy individuals and 

(ii) the potential of MAIT cells to limit HIV infectivity in vitro. Finally, this work represents the 

first reporting that differences in the profiles of MDDC activation have been linked MAIT cell 

activation and susceptibility to HIV in vitro. TLR8 but not TLR7 stimulation led to maturation of 

MDDCs and expression of IL-12 and IL-18. This demonstrates that the specific ligand, and the 

immune subset it activates, have consequences on HIV susceptibility. 

7.5 Future directions 

The main finding of this Thesis is the discovery of MAIT and γδ T cell responses to TLR7 and 

TLR8 stimulation with respect to HIV infectivity in vitro in PBMCs of healthy blood donors. There 

are many questions arising from this, many which could not be exhaustively addressed within the 

scope of this Thesis. Therefore, I would like to propose some future directions which may be 

beneficial in advancing the findings of this study. The first is comparison of MAIT cell and γδ T 

cell responses to TLR7 and TLR8 stimulation in HESN and HIV susceptible populations. 

Although there are many studies that have evaluated conventional T cells in HESN and susceptible 

populations (380,382,383,748–750), little is known about differences in MAIT cell and γδ T cell 

phenotypes and cytokine responses to TLR7 and TLR8 in these groups. Such studies may reveal 

the role of innate T cells in HIV protection or susceptibility during HIV infection. Secondly, since 

HIV-specific cytotoxic T cells responses have been shown to be high in HESN, innate T cells 

which have been shown to be highly cytotoxic could be explored for immunotherapy and vaccine 
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development. In this thesis I have shown that activated MAIT cells co-cultured with infected CD4+ 

T cells led to cell death. However, the number of donors was small, and therefore there is need to 

perform more experiments with more blood donors to confirm the findings.  

A third proposed future direction is a complete proteomic assessment and RNA sequencing of 

MAIT and γδ T cell activation after TLR7 and TLR8 stimulation. My work revealed heterogeneity 

of MAIT cells and γδ T cells after TLR7 and TLR8 stimulation. Although quantitative mass 

spectrometry has been used to quantify proteins that differentiate the MAIT cell TCR-dependent 

immune response from that of conventional CD8+ T cells (751), little is known about the proteins 

expressed by MAIT cells following TLR7 and TLR8 stimulation. Another study applied a multi-

omics approach using global transcriptomic, proteomic and metabolomic profiling to define MAIT 

cell activation after stimulation with IL-12/IL-18, anti-CD3/CD28, or both. However, little is 

known about the profile of proteins expressed by MAIT cells after TLR7 and TLR8 stimulation. 

Comparing cytokine and chemokine expression, cytotoxic factors, and transcription factors by 

MAIT cells in PBMCs, colon, and genital tract following TLR7 and TLR8 stimulation would 

provide information on different phenotypes of MAIT cells and their activation. Furthermore, 

identifying genes that are upregulated in MAIT cells following TLR7 and TLR8 stimulation will 

provide useful information on activation of MAIT cells.  
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Appendix 1: List of Abbreviations 

ADCC Antibody-dependent cellular cytotoxicity 
Ags Antigens 
AIDS Acquired immunodeficiency syndrome 
AP-1 Activator protein 1 
APCs Antigen presenting cells 
APOBEC3 Apolipoprotein B editing complex 3 
BCR B cell receptor 
BST-2 Bone marrow stromal antigen 2 
BTN2A1  Butyrophilin 2A1 
BTN3A1 Butyrophilin 3A 
BV Bacterial vaginosis 
CCL3L1 C-C motif chemokine ligand 3 like 1 
CCL3 C-C chemokine ligand 3 
CCL4 C-C motif ligand 4 
CCL5 C-C chemokine ligand 5 
CCR4 C-C chemokine receptor 4 
CCR5 C-C chemokine receptor 5 
CD4 Cluster of differentiation 4 
CD38 Cluster of differentiation 38 
CD40L Cluster of differentiation 40 ligand 
CD69 Cluster of differentiation 69 
CD70 Cluster of differentiation 70 
CG Cytosine and Guanine 
CLA1+ Cutaneous Lymphocyte associated antigen 1 positive 
CMC Cervical mononuclear cells 
CMV Cytomegalovirus 
CpG Cytidine-phosphate guanosine 
CTL Cytotoxic T lymphocyte 
CFLA-4 Cytotoxic T lymphocyte-associated protein 4 
CR2 Complimentary receptor 2 
CSW Commercial sex worker 
CXCR4 CXC chemokine receptor 4 
DC Dendritic cell 
DMSO Dimethyl sulphoxide 
DN Double negative 
DNA Deoxyribonucleic acid 
dNTPs Deoxynucleoside triphosphate 
DP Double positive 
dsRNA Double stranded RNA 
ERK1/2 Extracellular signal-regulated protein kinases 1 and 2 
FBS Fetal bovine serum 
FDCs Follicular dendritic cells 
FMO Florescence minus one 
Foxp3 Forkhead fox P3 
FSW Female sex worker 



 

xv 
 

GalCer Galactosylceramide 
GM CSF Granulocyte macrophage colony stimulating factor 
GP Glycoprotein 
GPI Glycosylphosphatidylinositol 
GrzB Granzyme B 
6-FP 6-formyl pterin 
HESN Highly exposed HIV-seronegative (person/individual) 
HIV Human immunodeficiency virus 
HLA Human leukocyte antigen  
HMBPP (E)-4 Hydroxy-3-methyl-but-2-eny pyrophosphate 
HPV Human papilloma virus 
HSPGs Heparan sulfate proteoglycans 
HSV Herpes simplex virus 
IDU Intra drug users 
IFNs Interferons 
IFN-γ Interferon gamma 
IgG Immunoglobulin 
IKB I kappa B  
IKK IKB kinase 
IL-1β Interleukin 1 beta 
IL-1R Interleukin 1 receptor 
IL-7R Interleukin 7 receptor 
IL-12 Interleukin 12 
IL-18 Interleukin 18 
IL-12R Interleukin 12 receptor 
IL-18R Interleukin 18 receptor 
IL-23R Interleukin 23 receptor 
ILC  Innate lymphoid cells 
IN Integrase 
iNKT Invariant natural killer T cells 
IP-10 Interferon gamma-induced protein 10 
IPP Isopentenyl pyrophosphate 
IRAK  IL-1R associated kinase  
IRF Interferon regulatory factor 
ISGs Interferon-stimulated genes 
JNK c-Jun N-terminal kinase 
Ki67 Antigen KI-67 
KIRs Killer cell immunoglobulin-like receptors 
KPs Key populations 
LB Lysogeny broth 
LBP LPS binding protein 
LPS Lipopolysaccharide 
LRR Leucine-rich repeat 
LTA Lipoteichoic acid 
LTNPs Long term non-progressors 
LTR Long terminal repeat 



 

xvi 
 

MA Matrix 
MAdCAM-1 Mucosal addressin cellular adhesion molecule-1 
MAIT Mucosal associated invariant T cells 
MAL MyD88 adapter-like 
MAPK Mitogen-activated Protein kinase 
MCMV Murine cytomegalovirus 
MD2 Myeloid differentiation factor2 
mDC Myeloid dendritic cells 
MDDC Monocyte-derived dendritic cells 
MDMs Monocyte-derived macrophages 
MHC Major histocompatibility complex 
MIC MHC class I chain-related proteins 
MIP-1α Macrophage inflammatory protein 1α 
MIP-1β Macrophage inflammatory protein one beta 
mRNA Messenger RNA 
MR1 MHC class I related protein 1 
MSM Men who have sex with men 
MX2 Myxovirus resistance 2 
MyD88 Myeloid differentiation primary response 88 
Nef Negative regulatory factor 
NEMO Nuclear factor kappa B modulator 
NF-kB Nuclear factor kappa B  
NK Natural killer (cell) 
NKG2D Natural killer group 2D 
NLRs NOD-like receptors 
NOD Nucleotide binding oligomerization domain 
5-OP-RU 5-(2-oxopropylideneamino)-6-D-ribityl amino uracil 
ORF Open reading frame 
P6 Protein 6 
P13K Phosphoinositide 3-kinase 
P17 Protein 17 
P24 Protein 24 
PAMPs Pathogen associated molecular pattern 
PAX5 Paired box gene 5 
PBMCs Peripheral blood mononuclear cells 
PCR Polymerase chain reaction 
PD1 Programmed cell death protein 1 
pDC Plasmacytoid dendritic cells 
PFA Paraformaldehyde 
PMA/Iono Phorbol 12-myristate 13-acetate/ ionomycin 
Poly I:C Polyinosinedeoxycytidylic acid  
PR Protease 
Pro-B cells Progenitor B cells 
PRR Pathogen recognition receptors 
PLZF Promyelocytic leukemia zinc finger 
RAG Recombinase-activating genes 



 

xvii 
 

RANTES Regulated upon activation normal T cell expressed and presumably secreted 
RBCC Ring box coiled coil domain 
rGM CSF Recombinant granulocyte macrophage colony stimulating factor 
RHIM Receptor-interacting serine/threonine-protein homotypic interaction motif domains 
RIG1 Retinoic acid inducible gene 1 
rIL4 Recombinant interleukin 4 
RIPK1 Receptor-interacting serine/threonine-protein kinase 1 
RNA Ribonucleic acid 
RORγ Retinoic acid-related Orphan Receptor gamma 
RPM Revolution per minute 
RSV Respiratory syncytial virus 
RT Reverse transcriptase 
SAMHD1 Sterile alpha motif histidine aspartate domain containing protein 1 
SDF Stromal cell derived factor-1 
SERINGS Serine incorporator 5 
SHIV Simian human immunodeficiency virus 
SIV Simian immunodeficiency virus 
SIVmac Simian immunodeficiency virus  
SLPI Secretory leukocyte protease inhibitor 
SNP Single nucleotide polymorphism 
ssRNA Single-stranded RNA 
STDs Sexually transmitted diseases 
TAB TAK1 binding protein 
TAK TGF associated kinase 
TANK TRAF family member-associated NF-kB  
Tat Transactivator of transcription  
TBK1 TANK-binding kinase 1 
TCR T-cell receptor 
TGF-β Transforming growth factor beta 
Th1 helper T cell 1 
Th2 helper T cell 2 
Th17 helper T cell 17 
Treg Regulatory T cell 
TfH Follicular helper T cell 
Th9 helper T cell 9 
TICAM TIR-domain containing molecule 
TIM3 T-cell immunoglobulin domain and mucin domain 3 
TIR Toll/IL-1R homology  
TIRAP Toll/interleukin-1 domain containing adaptor protein 
TLR4 Toll-like receptor  
TNF-α Tumor necrosis factor alpha 
TRAF TNF-receptor-associated factor 6 
TRAM TRIF-related adaptor molecule 
TRIF TIR-domain-containing adaptor protein-inducing IFN-β 
TRIM5α Tripartite motif 5 alpha 
Ub Ubiquitin 



 

xviii 
 

ULBP UL16 binding protein 
UNAIDS United Nations programme on HIV/AIDS 
Vif Viral infectivity protein 
VIPERIN Virus inhibitory protein, endoplasmic reticulum–associated, interferon-inducible  
Vpr Viral protein 
Vpu Viral protein u 
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Appendix 4 : HIV-1 p24 ELISA analysis 
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