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Investigating lipid-responsive T cells in tuberculosis; paving the way for new lipid based 

vaccines 

by 

Jennie Suzanne Gullick 

Mycobacterium tuberculosis (M.tb), which causes Tuberculosis (TB), remains one of the leading 
causes of death worldwide. The lack of an effective vaccine and the persistence of multi-drug 
resistant strains highlights the urgent need for improved therapeutic interventions for TB. 
Unconventional T cells, including CD1-restricted T cells, represent potential targets for future 
therapeutics due to the non-polymorphic nature of CD1 and the ability to respond to lipid 
antigens such as those found in the lipid-rich cell wall of M.tb. Although subsets of CD1c-restricted 
T cells specifically recognise mycobacterial lipids, the majority of T cells restricted by CD1c exhibit 
autoreactivity as they recognise CD1c bound to self-lipids. Importantly, these autoreactive T cells 
exhibit dual recognition of both foreign, pathogen derived lipid antigens and self-derived lipids 
when bound to CD1c. This may indicate a role for CD1c-restricted T cells in TB infection, but their 
exact function remains unknown. To investigate the hypothesis that “CD1c autoreactive T cells 
modulate the host-pathogen interaction in human TB infection”, I first investigate molecular 
mechanisms that underpin CD1c recognition by a cognate TCR. I employed methods such as site 
directed mutagenesis and lipid pulsing to investigate TCR binding footprint and lipid antigen 
reactivity, respectively. I demonstrate that binding of a CD1c autoreactive αβTCR is likely focused 
away from the F’ roof of CD1c, but further molecular studies are required to unravel exact binding 
footprint. Furthermore, I identified that this TCR also exhibits promiscuous recognition of various 
self-derived lipid cargo when bound to CD1c, but recognition is augmented by adjustments in the 
lipid alkyl chains suggesting a novel mechanism of recognition driven by a degree of fine 
specificity for lipid alkyl chains. Using CD1c tetramer guided cell sorting, I demonstrate the 
isolation and cloning of bona fide CD1c autoreactive γδTCRs. New TCRs can be employed in future 
studies to unravel the molecular mechanisms underpinning their binding to CD1c. Next, I 
optimised a short-term culture assay to investigate CD1c autoreactive T cells in a small cohort of 
healthy donors. My results showed that these responses are present in the circulation and they 
readily expand in vitro in response to CD1c+ APC with the majority of expanded cells exhibiting a 
CD4-CD8- phenotype. I then go on to investigate CD1c immunity in the context of M.tb infection. I 
show for the first time using immunohistochemistry that both γδ T cells and CD1c+ cells are 
present in the lungs of TB patients, but are largely found away from areas of caseous necrosis and 
reside in inflammatory tissue distal to the infection focus. Moreover, in a cohort of South African 
TB patients, I demonstrate an increased frequency of CD1c autoreactive αβ T cells in the 
peripheral blood and CD1c autoreactive Vδ1+ T cells in the lungs when compared to healthy 
controls. My results also reveal that lung resident Vδ1+ T cells of TB patients express elevated 
levels of PD1 compared to uninfected controls, suggesting that these cells had become activated 
and then exhausted in response to antigen. Taken together, my results suggest that M.tb drives 
CD1c mediated responses in vivo, indicating an important role for CD1c mediated immune 
responses in the host pathogen interaction in TB. 



 

 

  I also investigated the hypothesis that “CD1d-restricted iNKTs are associated with disease 
severity” in the macaque model of infection. I carried out longitudinal studies in the peripheral 
blood of a small cohort of macaques, pre- and post-M.tb challenge, to monitor iNKT numerical 
and functional changes. My results demonstrate an increase in iNKT frequency at 8 weeks post 
challenge, however proliferative responses following stimulation with the strong iNKT agonist α-
Galactosylceramide (α-GalCer) were impaired. Recovery of the proliferative response at the 4 
week time point was observed in some animals, but due to the small cohort size no correlations 
could be made with lung iNKT frequency, bacteriology and pathology scores at the time of 
necropsy. Finally, I demonstrate the generation of Cynomolgus macaque CD1c tetramers 
(mCD1c). In comparison to human CD1c tetramers, positive staining of macaque T cells was 
observed with the mCD1c tetramer. Further validation of this tool is required in order to utilise 
these tetramers to study CD1c-restricted T cells in future M.tb in vivo challenge studies.
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Chapter 1 Introduction 

1.1 Tuberculosis 

Tuberculosis (TB) is one of the greatest causes of death worldwide from a singular infectious 

agent, classifying above HIV/AIDS (1). The causative agent of TB, Mycobacterium tuberculosis 

(M.tb), is thought to have infected a third of the world’s population, with 10 million new cases of 

TB being reported in 2019 along with an estimated 1.2 million fatalities (1, 2). There is a 5-15% 

lifetime risk of developing active TB, but for individuals with HIV coinfection, the risk of disease 

progression is 20 to 30 times more likely (1-3). Of the new TB cases reported in 2019, 25% of 

these occurred in Africa with South Africa being one of the eight countries contributing to two 

thirds of the total cases globally (1). Pulmonary TB accounts for 70% of incidences, but 

extrapulmonary disease affecting the lymph nodes, bones and meninges of the brain can arise 

through disease dissemination (2). As part of the End TB strategy, the World Health Organisation 

(WHO) have set a target of a 90% reduction in deaths and an 80% decline in TB incidence by 2030 

(1). Additional milestones included a 20% reduction in TB incidence between 2015 and 2020, 

however on a global scale, the rate of prevalence did not fall fast enough to reach this target as 

the global cumulative reduction was just 9% (1). The global number of TB related deaths also fell 

short of the 2020 target of a 35% reduction in fatalities, with just a 14% reduction worldwide (1). 

Although some individual regions are making good progress towards the 2030 targets, there are 

still areas which are falling too short of the objectives. TB is a preventable and curable disease, 

however there needs to be a major breakthrough in measures preventing the progression from 

latent to active disease in those already infected (1).  Control of the TB epidemic has proved 

challenging due to a combination of the emergence of drug resistant TB, variable efficacy of the 

only licensed vaccine, and the lack of a rapid and sensitive diagnostic (2). Currently there are only 

two prevention services: preventative treatment of latent disease progressing to active TB, and 

the Bacillus Calmette-Guérin (BCG) vaccination which has failed to provide adequate protection. 

Despite vaccine studies and clinical trials, there has yet to be any successful output contributing to 

the reduction of the global burden (4, 5).  

1.1.1 Mycobacterium tuberculosis 

Mycobacterium tuberculosis (M.tb) was first identified in 1882 by Robert Koch, who verified that 

this isolated tubercle bacillus conclusively caused TB (6). The disease is spread from person to 

person by aerosolisation of the bacteria, coughed out of the lungs in droplets by an individual 

suffering from the active form of the disease. The bacteria-containing droplets are then inhaled by 
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another individual, which in most cases will be apprehended by the cells of the immune system 

leading to either destruction or containment of the pathogen. The successful suppression of M.tb 

can lead to Latent Tuberculosis Infection (LTBI), defined by the WHO as “a state of persistent 

immune response to M.tb without clinically manifested evidence of active disease” (1). However, 

the disease may become active when the bacteria overwhelm the immune system and the 

individual starts to exhibit symptoms. 

Comprising approximately 40% of the cell envelope weight, the unique combination of lipids 

within the cell wall contributes to the survival of M.tb within the host as well as aiding its 

pathogenicity (7, 8) (Figure 1). Mycolic acids (MA) in the formation of a bilayer are a distinctive 

feature of mycobacterial cell envelopes,  but the most abundant lipid on the surface is sulfolipid-1 

(SL-1) which is only present in pathogenic mycobacterium species (7). The plasma membrane is 

largely comprised of glycerophospholipids (e.g. cardiolipin, phosphatidylglycerol, 

phosphatidylethanolamine, phosphatidylinositol), but some are also positioned on the cell 

envelope which may enable them to interact with cells of the host (8). The lipid composition of 

M.tb is highly adaptable, with cell wall components including phospholipids altering in response 

to factors such as the host immune response and environmental conditions (e.g. temperature, 

carbon sources, oxygen levels etc.) in order to survive (8).
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Figure 1: Cell wall of M.tuberculosis 

The outer membrane of the lipid rich cell wall of M.tb is made up of lipoproteins, mycolic acids 

and lipopolysaccharide. Beneath this lies the arabinogalactan and peptidoglycan layers which sit 

above the lipid bilayer. Adapted from Ghazaei C. 2018 (7). 

 

M.tb is an obligate human pathogen and survives within phagocytic cells such as macrophages (9). 

The development of the phagosome around the bacillus and the subsequent fusion to lysosomes 

increases acidification within the newly formed phagolysosome, leading to destruction of M.tb 

(10, 11). Enhanced immunity has been associated with the ability of infected macrophages to 

undergo apoptotic cell death, and as they are able to maintain their plasma membrane, release of 

the intracellular bacilli is prevented (12). However, M.tb can avoid this intracellular killing by 

preventing phagolysosomal fusion, subsequent acidification, and the acquisition of lysosomal 

markers by the phagosome (13, 14). Lipids within M.tb such as isotuberculosinol, mannose-

capped lipoarabinomannan (ManLAM), and sulfolipids have been associated with maturation 

failure of phagosomes, and thus contribute to mycobacterial survival (8). The failure of 

phagocytes to kill intracellular M.tb may lead to necrotic cell death, which allows bacilli to escape 

and spread from cell to cell (13) (Figure 2). 
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Figure 2: Cycle of TB infection 

Inhalation of M.tb bacilli can lead to various outcomes: i) M.tb are eliminated by phagocytic 

dendritic cells and macrophages and further infection is prevented, ii) infected phagocytes are 

overwhelmed, become necrotic and release the pathogen allowing further spread, or iii) 

macrophages and dendritic cells activate T cells which then either eliminate bacteria or contribute 

to the formation of a granuloma to contain M.tb where it lays dormant (known as latent 

tuberculosis infection). Granuloma breakdown may occur following an immune system 

compromising event, in which case the M.tb are either eliminated by immune cells or become 

overwhelmed and active disease initiates. 

 

In an attempt to limit the spread of disease, granulomas can form which are composed centrally 

of infected macrophages, giant cells, epithelioid cells and foamy macrophages (2, 15). 

Contributing to the containment of the bacilli are T cells, B cells and fibroblasts which surround 

the inner cells of the granuloma and aid the prevention of live bacteria coming into contact with 

immune cells (2, 7, 15). However, this also provides an environment within the granuloma in 

which the bacteria can survive (16, 17) (Figure 3). In latent disease it has been proposed that 

bacilli are situated in a central area of hypoxia where their metabolic state is modified by a 

necrotic caseous core, whereas bacilli in active disease are capable of replication in peripheral 

oxygenated areas (6, 18). 
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Figure 3: Cellular structure of a tuberculosis granuloma 

Cartoon representation of the cellular structure of a granuloma formed following M.tb infection. 

Mycobacterial bacilli are released from necrotic macrophages and become surrounded by 

epithelioid cells, some of which phagocytose the bacteria and undergo apoptosis. Macrophages 

may also fuse to become multinucleated giant cells or differentiate into foam cells. More immune 

cells begin to accumulate including T cells, B cells, dendritic cells and neutrophils. Adapted from 

Ramakrishnan 2012 (19). 

1.1.2 Host response 

The host response to M.tb infection is extremely complex, and as of yet, is not fully understood. 

When droplets containing M.tb are inhaled that are small enough to evade the physical barriers of 

the respiratory tract, there are four potential outcomes. The initial immune response may inhibit 

infection by completely killing and eradicating the bacteria, or may prevent the development of 

disease by walling off the bacilli in granulomas. This defence however may become compromised 

and allow for growth and spread of the bacteria causing symptomatic disease, or a complete 

failure of the immune system to kill or contain M.tb in the first instance will lead to primary TB 

disease. The host response to TB, while appearing to be necessary for containing the infection, 

may also be a promoter of tissue destruction (3, 9). 

During early infection, alveolar macrophages and dendritic cells (DC) in the lower respiratory tract 

come into contact with M.tb (2, 20, 21). Macrophages phagocytose the bacteria through binding 

to mannose receptors and complement receptors CR1, CR3 and CR4 (21), subsequently 

attempting to kill the engulfed bacilli through the production of reactive oxygen and nitrogen 

intermediates in addition to the fusion of phagosomes and lysosomes. DCs that have been 
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activated by M.tb secrete IL-12, stimulating T cells to produce IFNγ in an attempt to control the 

infection (2, 20). Production of IL-8 by macrophages also recruits T cells to the site of infection in 

addition to neutrophils and basophils (21). Increased levels of IL-8 have been demonstrated in the 

supernatant of cultured alveolar macrophages and in bronchoalveolar lavage (BAL) fluid taken 

from TB patients when compared to healthy controls (22). 

The importance of T cells has been illustrated through animal models and studies of human 

disease. For example, mice defective in CD4+ T cells and/or IL-12 are more susceptible to TB (23), 

and those with a CD4+ T cell deficiency form granulomas at a slower rate than mice with an intact 

CD4+ population (24). CD4+ T cells are involved in the recruitment of other immune cells as well as 

the activation of effector cells at the site of infection. The significance of this T cell population in 

protective immunity is indicated by the increased susceptibility of HIV+ individuals to TB, where 

the CD4+ subset is diminished (25). Furthermore, these cells are crucial in the development of 

cytotoxic CD8+ T cells (26). CD8+ T cells are thought to contribute to the immune response against 

TB through secretion of IFNγ and other toxic compounds to induce apoptosis of target cells, as 

well as direct killing through ingestion of infected macrophages. Killing of M.tb infected 

macrophages has been reported by CD8+ T cells that were CD1-restricted and able to recognise 

mycobacterial lipid antigens. These cells were demonstrated to function in a Fas-independent 

manner that resulted in the lysing of infected target cells through exocytosis of granzyme A (27). 

Although it has been shown that mice deficient in CD8+ T cells and/or the IFNγ producing subset 

have diminished control over M.tb infection (28-30), an intact CD8+ population is not able to 

compensate for a diminished CD4+ count (2). 

Cells of the innate response such as Invariant Natural Killer T (iNKT) and γδ T cells also contribute 

to antimicrobial immunity by secreting cytokines such as IFNγ and TNFα without the need for 

prior antigen priming (31). These T cells respond rapidly to foreign antigen invasion and act as the 

first line of defence by attempting to clear M.tb infection. If the bacteria are not eradicated, the 

host relies on the adaptive immune response to control the infection. The interaction of the host 

adaptive immune cells and pathogen occurs within the lung extracellular matrix (ECM). The ECM 

is necessary for regulation of cell survival in TB, but this must be destroyed before M.tb can 

spread (32-34). The use of 3D cell culture methods incorporating ECM components, more closely 

mimicking human disease than 2D culture, has demonstrated an increase in cell survival during TB 

infection with integrity of the ECM favouring the host rather than the pathogen (32, 35, 36). 
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1.1.2.1 Innate immune response 

1.1.2.1.1 Macrophages 

Upon inhalation, one of the first cells of the immune system to come into contact with M.tb are 

alveolar macrophages residing within pulmonary alveoli (2, 20). The main role of these cells are to 

phagocytose the pathogen to contain and destroy it before it can invade the host further. Pattern 

recognition receptors (PRRs) expressed on macrophages such as toll-like receptor (TLR)-2, -4 and -

9 recognise M.tb microbe associated molecular patterns (MAMPS) and phagocytosis of the 

bacteria is initiated through the binding of mannose receptor; complement receptors CR1, CR3 

and CR4; surfactant molecules and CD209 (21, 37-41). M.tb is then subsequently engulfed by the 

responding macrophage and becomes contained within a phagosome. The phagosome then fuses 

with lysosomes, increasing acidification in order to kill the engulfed bacilli (10, 11). This is also 

accompanied by the production of nitric oxide and reactive oxygen intermediates (ROI) to further 

facilitate the elimination of intracellular M.tb (21, 40, 42). Macrophages also recruit and activate 

additional cells of the immune system, releasing IL-18, Granulocyte Monocyte-Colony Stimulating 

Factor (GM-CSF), TNFα, IL-1β and IL-6 to summon T cells, neutrophils and basophils to the site of 

infection (21, 43-45). Infected macrophages, with M.tb still contained, may then undergo 

apoptotic cell death. This feature has been associated with improved protection as the apoptotic 

macrophages maintain their plasma membrane and so prevent the release of intracellular M.tb 

(12). 

In spite of these mechanisms to kill intracellular bacilli and prevent dissemination, macrophages 

alone are not sufficient for controlling infection and M.tb has developed strategies to survive. 

While TLR-2 is used by macrophages to recognise pathogens and induce subsequent phagocytosis, 

TLR-2 recognised lipoproteins expressed by M.tb can hinder the upregulation of MHC class II in 

response to IFNγ (46, 47). MHC class I expression by macrophages may also be affected by ESAT-6 

and CFP-10 expression by M.tb. In addition to the phagolysosome disruption functions of ESAT-6, 

this protein also combines with CFP-10 to sequester β-2-microglobulin (β2m), subsequently 

inhibiting the expression of MHC class I molecules (48). The reduced expression of these antigen 

presenting molecules then hinders the initiation of the adaptive immune response. M.tb is also 

able to manipulate the internal environment within macrophages, inhibiting the production of 

ROI and nitrogen radicals and disrupting the phagolysosomal fusion (13, 14, 49, 50). The inability 

of phagosomes to fuse with lysosomes results in the macrophage undergoing necrosis, with 

cytolysis of the cell releasing the bacilli and allowing it to spread and infect neighbouring cells (13, 

51-54). 
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1.1.2.1.2 Dendritic cells 

Dendritic cells are a major antigen presenting cell population in the response to M.tb infection, 

bridging the gap between innate and adaptive immunity by effectively initiating the T cell 

response. Interaction between M.tb and DCs is a complex process that is not completely 

understood, however DC present in the airway are able to phagocytose bacilli which induces their 

maturation and subsequent migration (55, 56). DC infected with M.tb then migrate to the lungs 

and local draining lymph nodes within 8-12 days following exposure, facilitated by IL-12(p40)2 and 

IL-12p70 (57-59).  

Once in the lung draining lymph nodes, DC carry out their most important function: initiating the 

activation of naïve T cells (20, 58, 60, 61). DC abundantly express both MHC and CD1 antigen 

presenting molecules, and two pathways have been suggested for the subsequent presentation of 

antigen to T cells: one involves the direct loading of MHC with antigens following M.tb entering 

into the DC cytosol, and the second suggests that cross-priming occurs after DC phagocytose 

apoptotic macrophages with M.tb antigens contained within vesicles (62-65). In addition to the 

production of inflammatory cytokines such as TNFα, IL-1α and IL-1β, activated DC secrete IL-12 to 

drive the development of a Th1 response (62, 66-69). The importance of IL-12 has been 

demonstrated by numerous studies; in humans the lack of IL-12p40 or IL-12 receptor gene is 

associated with poor DC migration and reduced IFNγ production by T cells (58, 59, 70, 71). 

Antibody based depletion has also highlighted the role of DC, with elimination of these cells being 

associated with faulty priming of CD4+ T cells and elevated susceptibility to infection (61).  

Although a number of studies report a positive role for DC in M.tb infection by initiating and 

strengthening the immune response (58, 62, 72), there are also reports of M.tb inhibiting their 

functions (56, 73). Evidence demonstrates that the migratory and stimulatory functions of DC are 

more efficient following M.tb exposure (57, 58, 74) and DC infection with M.tb does not reduce 

surface expression of MHC class II molecules (62, 63). There are even studies reporting an 

upregulation of MHC in response to infection, in addition to expression of CD54, CD58, CD80 and 

CD40, indicating DC activation (62, 75). In complete contrast, there is also evidence that CD209-

facilitated entry of M.tb into DC interferes with the maturation process (56, 76) and their ability to 

activate T cells through the suppression of IL-12 and upregulation of IL-10 (56, 73, 77, 78). 

Additionally, M.tb may also interfere with the ability of DC to present antigen to T cells following 

migration to the lungs, further suppressing DC-mediated activation of the immune response (20, 

79, 80).  
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Due to the level of contradictory reports regarding how M.tb affects the DC populations, it is still 

unclear exactly how DC function in response to infection but most studies agree that they are 

required for stimulation of the T cell response. 

1.1.2.1.3 Neutrophils 

Neutrophils are abundant in the airways of M.tb infected individuals and have been found to be 

the most predominantly infected cell type (81). However, despite some evidence suggesting 

neutrophils participate in protective immunity, their exact role is disputed and poorly understood.  

Neutrophils have been implicated in anti-M.tb immunity as both apoptotic neutrophils and 

neutrophil-derived granules have shown to reduce the viability of mycobacteria (82). M.tb 

infected macrophages are able to phagocytose neutrophils which then exert their protective 

functions from within, such as the release of antimicrobial granules which improve killing of intra-

phagosomal bacilli (82, 83). Infected macrophages may also die by apoptosis which are then taken 

up by macrophages by efferocytosis, possibly contributing to control of infection (84). Stimulation 

of neutrophils also results in the production of TNFα, ROI and antimicrobial peptides, in addition 

to the recruitment of additional immune cells and boosting the priming of T cells (82, 85, 86). 

Several studies have reported protective functions of neutrophils. Blomgran and colleagues have 

demonstrated that depletion of neutrophils hinders the migration of DC to lung draining lymph 

with a subsequent delay in CD4+ T cell priming, while apoptotic neutrophils may facilitate this 

process (85, 86). Furthermore, a study involving contacts of TB patients reported that following 

neutrophil depletion, there was a substantial reduction in the release of antimicrobial peptides in 

response to M.tb and the ability to reduce mycobacterial viability was limited (87). In spite of this, 

neutrophils have been associated with advancement of pathology and disease progression 

through excessive antimicrobial protein production (88). Animal models used to investigate the 

role of neutrophils have revealed that destructive inflammation in the lungs and susceptibility to 

infection is influenced by an excessive accumulation of neutrophils, but depletion of these cells 

can improve outcomes in mice (89-91). In studies of human M.tb infection, neutrophils are found 

to express high levels of PDL1 which induces the loss of function of PD1 expressing T cells and 

therefore impairing the lymphocyte response (92). The conflicting evidence in addition to the 

difficulty in studying these cells in vitro indicates that our current knowledge of the role of the 

neutrophil in the immune response to M.tb infection is severely lacking. Further research is 

needed to uncover the predominant role of these cells during anti-M.tb immunity. 
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1.1.2.2 Adaptive immune response 

1.1.2.2.1 Conventional CD4+ T cells 

CD4+ T cells have long been implicated as one of the most important players in the host defence 

against M.tb infection. The dependency upon these cells has been consistently demonstrated in 

both humans and animal models of M.tb infection. Depletion or a complete absence of CD4+ T 

cells in mice results in a slower rate of granuloma formation and markedly increased levels of 

fatality (23, 24, 93). Furthermore, depletion of CD4+ T cells has been associated with reactivation 

in latent-like infection and an elevated mycobacterial burden in the lungs (94). This effect has also 

been observed in the Non-Human Primate (NHP) model, with antibody mediated depletion of 

CD4+ T cells resulting in poor control of the disease following reactivation of latent infection (95). 

The link between an intact CD4+ T cell population and the development of active TB disease is also 

observable naturally in humans, as HIV mediated depletion of CD4+ T cells increases the 

susceptibility of HIV+ individuals to contracting and succumbing to TB (25). 

M.tb specific CD4+ T cells are activated by mycobacterial-derived antigens presented by MHC class 

II molecules expressed by macrophages and DC. The presence of MHC class II molecules has been 

shown to be critical for the CD4+ T cell mediated immune response to M.tb infection. MHC class II 

knockout mice have been reported to have reduced survival time and more severe lung pathology 

than those with intact MHC class II genes (24, 96). Furthermore, Srivastava and colleagues 

demonstrated the importance of the direct contact of CD4+ T cells with infected APCs. Myeloid 

cells with a knockout of MHC class II were found to harbour a much greater bacterial load 

compared to wild type myeloid cells within the same lung (97). The hypothesis that contact 

between CD4+ T cells and APCs is required for an effective response against M.tb was further 

supported by an increased bacterial load within both wild type and MHC class II knockout myeloid 

cells following CD4+ T cell depletion (97). It has however been reported that antigen presentation 

by MHC class II in macrophages and the subsequent CD4+ T cell mediated response is impaired 

following infection with M.tb in a Toll-like receptor 2-dependent manner (98-100). This represents 

one of the many mechanisms M.tb uses in order to evade eradication by the host immune 

response.  

In addition to antigen-mediated activation, CD4+ T cells also respond to IL-12 production by 

macrophages and DC and are polarised to a Th1 phenotype (70, 101). The interaction of CD40L 

expressed by CD4+ T cells with CD40+ DC is indicated as an essential event for the development, 

function and survival of antigen-specific CD4+ T cells and has also been suggested to play a role in 

the maintenance CD8+ T cell effector/memory functions (70, 102-105). Moreover, depletion of 

CD11c+ DC has been shown to result in reduced control of M.tb infection through impaired CD4+ T 
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cell priming, further demonstrating an important link between these two cellular compartments 

(61). 

Perhaps the most important known function of CD4+ T cells in the TB immune response is the 

production of IFNγ. Activated CD4+ T cells produce copious amounts of IFNγ which in turn 

facilitates macrophage activation and phagosome maturation, resulting in the recruitment of 

more lymphocytes and elimination of phagosome-confined M.tb (70, 100, 106). In animal models, 

intracellular growth of M.tb appears to be unobstructed until IFNγ secreting CD4+ T cells arrive in 

the lungs (93, 107). Increasing numbers of activated CD4+ T cells are observable in the lungs of 

mice within 2-4 weeks of M.tb infection and display an effector/memory profile, suggesting 

interaction with APCs (108, 109). The importance of these cells during early infection has been 

demonstrated by CD4+ T cell knockout mice presenting with reduced levels of IFNγ in the first few 

weeks post-challenge. IFNγ levels recovered by the 3 week mark following contribution by CD8+ T 

cells, however the delay in reaching levels comparable to wild type mice was not sufficient to 

prevent development of TB disease (24, 110).  

Although IFNγ clearly plays a critical role in the TB specific immune response, CD4+ T cells have 

demonstrated to have control over M.tb infection in the absence of IFNγ production, but as of yet 

the exact mechanism of this is unknown (111, 112). Effector CD4+ T cells are capable of producing 

a range of cytokines including IL-2 and TNFα in addition to IFNγ. Multifunctional T cells have been 

observed in individuals with latent TB infection and BCG vaccinated infants and has been 

associated with a protective response (113-115). On the other hand, monofunctional CD4+ T cells 

producing solely TNFα have been linked to the development of active disease (116). It has also 

been suggested that migratory capabilities of CD4+ T cells may be comparably, if not more 

important, than the secretion of IFNγ. Adoptive transfer of intravascular- or lung parenchyma-

derived CD4+ T cells into infection matched mice demonstrated the migration of parenchymal 

cells back to the lung. These cells displayed an activated phenotype and were associated with 

improved control of M.tb infection (117). In contrast, this migratory and protective behaviour was 

not observed in intravascular derived CD4+ T cells, suggesting that the ability of T cells to home to 

the site of infection strongly correlates with protection (117). 

1.1.2.2.2 Conventional CD8+ T cells 

While CD4+ T cells are believed to have a leading role in the immune response to M.tb infection, 

evidence demonstrates that CD8+ T cells are also vital for effective control. CD8+ T cells recognise 

peptide antigens presented by MHC class I molecules expressed on the surface of professional 

APCs (118). Similar to CD4+ T cells, mycobacteria-specific CD8+ T cells have been reported to 

appear in the lung draining lymph nodes of M.tb infected mice after approximately one week, 



Chapter 1 

12 

with peak lung frequencies observed at the 5-8 week time point (108, 109, 119). MHC class I-

restricted CD8+ T cells specific for mycobacterial antigens have been isolated from M.tb infected, 

or BCG immunised hosts and analysis has revealed several peptides recognised by these T cells 

including 19-kDa, 38-kDA and 65-kDA heat shock protein (120-122). Furthermore, CD8+ T cells 

specific for CFP-10 and ESAT-6 derived epitopes have been identified in M.tb exposed or M.tb 

infected individuals at relatively high frequencies within the total CD8+ T cell population (1/700) 

(123-126).  

Two of the principal effector functions of CD8+ T cells in TB are to produce cytokines such as IFNγ, 

TNFα and IL-2 and to induce direct killing of infected cells (118, 127). Following activation, CD8+ T 

cells can directly lyse infected cells through the production of perforin and granulysin (128-130). 

The secretion of perforin creates pores, lysing infected macrophages and allowing for the influx of 

granulysin which is then responsible for the death of intracellular bacteria (131, 132). Although 

CD4+ T cells are the predominant producers of IFNγ, CD8+ T cells also contribute substantially. 

Mice deficient in CD4+ T cells initially present with diminished IFNγ levels early on in M.tb 

infection, but recovery of this cytokine is largely due to the production by CD8+ T cells following a 

short delay (24).  

This IFNγ contribution by CD8+ T cells may be vital, as mice deficient in IFNγ producing CD8+ T cells 

have impaired control over M.tb infection (29, 30, 110). The requirement for conventional MHC 

class I-restricted CD8+ T cells for optimal control of infection has been demonstrated by numerous 

studies (30, 132, 133). Mouse models with a knockout of β2m or the class I heavy chain have 

revealed that infected mice have a substantially reduced survival time and increased bacterial 

burden was observed within granulomas when compared to wild type mice, demonstrating the 

role of CD8+ T cells in M.tb control (30, 70). The importance of the ability of CD8+ T cells to 

recognise MHC class I presented peptides has also been demonstrated by TAP-1 knockout models. 

TAP-1 is necessary for the loading and presentation of antigens by MHC class I molecules after 

acquisition from the cytoplasm, facilitating the presentation to CD8+ T cells in as little as 12 hours 

post infection (109, 134). However, mice with a knockout of TAP-1 display increased susceptibility 

and rapid progression of disease due to a lack of a CD8+ T cell mediated response (132, 134). Long 

term protection has also been associated with an intact CD8+ T cell population, as depletion 

during the chronic stage of infection results in a greater bacterial burden in mice, demonstrating 

that CD8+ T cells are critical for sustained control (29).  

Despite evidence indicating the requirement of CD8+ T cells for an effective immune response, 

they do not compensate for a lack of CD4+ T cells alone. This is supported by the susceptibility of 

HIV+ patients to coinfection with TB, in addition to studies demonstrating that CD4+ T cell 
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knockout mice are unable to control infection despite all other IFNγ producing cells being intact 

and present (2, 135). Furthermore, CD4+ T cells have been indicated as being crucial for the 

development of cytotoxic CD8+ T cells, with MHC class II deficient mice exhibiting a suboptimal 

CD8+ T cell response due to the inability of conventional CD4+ T cells to activate in response to 

antigen and subsequently support CD8+ T cell functions (26). 

1.1.2.3 Unconventional T cells 

Conventional T cells bear an αβ T cell receptor (TCR) and recognise a vast array of peptide 

antigens presented by MHC class I and II proteins. The highly polymorphic nature of these antigen 

presenting molecules subsequently leads to highly varied, donor-specific T cell populations 

directed against diverse antigenic peptides (136, 137). In contrast, unconventional T cells 

recognise non-peptidic antigens and use invariant or semi-invariant TCRs that are highly 

conserved among the human population (136, 138, 139). Unconventional T cells include CD1-

restricted T cells, mucosal-associated invariant T cells (MAIT), iNKT and γδ T cells and together 

they make up approximately 10% of peripheral blood T cells which have a tendency to accumulate 

in non-lymphoid tissues (136, 140). 

While conventional T cells require a relatively long antigenic priming period of days to weeks in 

order to reach an appropriate quantity of effector T cells from clonal expansion, naïve 

unconventional T cells by comparison display faster antigen-responding kinetics and mount a 

response within hours to days of exposure (119, 136, 141, 142). The importance of the 

conventional T cell response has been demonstrated in the context of HIV infection, as the 

reduction in CD4+ T cells is associated with a substantially increased risk of developing active TB, 

and CD8+ T cell knockout mice are unable to control M.tb infection subsequently leading to a 

reduced survival time (70, 143-145). However, unconventional T cells have also been shown to be 

critical in the control of infection with adoptive transfer of γδ T cells or MA specific, CD1b-

restricted T cells conferring protection against M.tb (146-148). Furthermore, MR1 or CD1d 

knockout mice have demonstrated subsequent deficiencies in MAIT and iNKT cells which is 

associated with reduced control and poorer outcomes following M.tb infection (141, 149, 150). 

The ability of unconventional T cells to quickly respond to antigenic challenge, interact with other 

cells of the immune system, and display some memory-like functions have led to these cells being 

often described as bridging the gap between innate and adaptive immunity (151). 

1.1.2.3.1 iNKT cells 

Immunity to M.tb requires the interplay between both the innate and adaptive immune system, 

with control of the disease being associated with a type 1 cytokine response. iNKT cells have been 
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implicated as critical players of the innate response in tackling disease effectively, despite making 

up a mere <0.01-1% of the circulating T cell population (152). These unconventional αβ T cells 

express a semi-invariant TCR comprised of a Vα24-Jα18 chain paired with a Vβ11 chain (153). In 

humans iNKTs are mainly located in adipose and the liver, with smaller populations found in the 

spleen, peripheral blood, lymph nodes and thymus (154). iNKTs develop in the thymus from 

common lymphoid progenitors and, unlike conventional T cells, are selected by CD4+ and CD8+ 

double positive thymocytes expressing CD1d presenting lipid antigens (153, 155). Upregulation of 

the transcription factors Egr2 and PLZF are induced through strong TCR signalling which are 

required for iNKT cell development (156-159).  

iNKT cells can be classified into different subsets based on their co-receptor expression; CD4+, 

CD8+ or DN, or their cytokine profile in which they can be classified as NKT1, NKT2 or NKT17 (160-

162). The NKT1 subsets exhibit a Th1 like profile, secreting IFNγ and TNFα, while NKT2 are more 

similar to Th2 cells by their secretion of IL-4 and IL-13. In contrast, NKT17 cells characteristically 

express IL-17a, IL-21 and IL-22 (160, 162). Unlike conventional αβ T cells, iNKT cells recognise lipid 

antigens presented by CD1d including host-derived lipids such as sulfatide and 

phosphatidylinositol (PI) (163). The most well characterised CD1d-presented ligand for iNKTs 

however is α-galactosylceramide (α-GalCer), a sphingolipid isolated from the marine sponge 

Agelas mauritianus (164). CD1d presented α-GalCer is commonly used as a potent agonist for 

iNKTs, inducing the production of a number of Th1 (e.g. IFNγ and TNFα) and Th2 cytokines such as 

IL-4, IL-5, IL-13 and IL-10 (165, 166). The role of iNKTs also extends to promoting DC maturation; 

specific, adaptive T cell responses; and providing B cells with help signals (167, 168) 

It has been documented by multiple studies that the iNKT population is decreased in patients with 

active TB disease (169-171). The deficiency of iNKTs in those with both pulmonary and 

extrapulmonary TB has been found to correlate with a decreased proliferation response to the 

well-known iNKT agonist α-GalCer (171). The reduction in iNKT levels during infection with M.tb 

may be due to an increased expression of the programmed cell death maker PD1. Expression of 

PD1 has been shown to be elevated on iNKT cells, with blockade of this marker enhancing the 

response to α-GalCer (171). Additionally, CD1d expression on peripheral blood monocytes was 

also found to be significantly lower in patients with pulmonary TB compared to healthy controls 

(171). This is important as anti-mycobacterial activity of iNKTs is dependent upon CD1d 

expression, as demonstrated by CD1d knockout mice failing to control mycobacterial disease (149, 

150). In contrast, CD1d expression has been shown by Gansert et al to be prominently expressed 

in the centre of granulomas in the affected lymph nodes of TB patients (172). The expression of 

granulysin at the site of disease supports the possible interaction of iNKTs with CD1d at the 

location of activity (172). The production of cytokines by iNKTs provides them with the ability to 
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augment host antimicrobial immunity. In the presence of infected macrophages secreting IL-12 

and IL-18, iNKTs become activated and secrete IFNγ. However, control of M.tb infection in vivo 

has been found to be independent of IFNγ and TNFα (149). In the same study, it was discovered 

that iNKT antimicrobial activity both in vitro and in vivo was due to CD1d dependent release of 

GM-CSF, and the blockade of this cytokine abolished the iNKT restriction of bacterial growth 

(149).  

Animal models have demonstrated the importance of iNKTs in fighting infection. Culture of 

splenic iNKTs from uninfected mice with M.tb infected macrophages suppressed bacterial 

replication, and also reduced the bacterial burden in the lungs of M.tb challenged mice (150). 

Challenge and vaccination studies of different species of macaque have revealed that there is an 

association between increased CD8+ iNKTs and better clinical outcomes (31). In both M.tb 

infected Chinese Cynomolgus and Indian Rhesus macaque populations, animals with increased 

CD8+ iNKTs had lower total disease pathology, decreased lung lesion number and less weight loss 

than those with lower CD8+ iNKT frequencies (31). 

1.1.2.3.2 γδ T cells 

γδ T cells, comprising heterodimeric γ and δ TCR chains instead of the more abundant α and β, are 

a small subset of unconventional T cells making up just 1-10% of peripheral lymphocytes (173-

175). Although serving as a first line of defence, γδ T cells are thought to bridge the gap between 

the innate and adaptive immune response. Similar to αβ T cells, γδ T cells expand upon activation 

and demonstrate various effector functions including the secretion of multiple cytokines (TNFα, 

IFNγ, IL-17) and chemokines (RANTES, IP-10, lymphoactin) (174, 176, 177). γδ T cells also carry out 

potent antimicrobial cytolytic functions through the production of granulysin, granzymes and 

perforin (178-182) in addition to activating other immune cells such as monocytes, neutrophils, 

DC and B cells (183-185). The two most abundant subtypes of γδ T cells are those with TCR δ 

variable region genes TRDV1 and TRDV2 encoding the Vδ1 and Vδ2 chains, respectively (174, 

186). Vδ2 T cells predominantly reside in the peripheral blood where they mainly pair with a Vγ9 

chain, whereas Vδ1 are largely localised to mucosal tissues and comprise only 10-30% of 

circulating γδ T cells (174). Each subset has their own individual functions in homeostasis and in 

response to infection or malignancy, but both of these main γδ T cell populations exhibit TCR and 

NKG2D induced cytotoxic functions (181, 182).  

In contrast to αβ T cells, far less is known about stimulatory ligands for γδ T cells but they have 

been reported to include stress-inducible antigens (186). Recent evidence demonstrates however 

that γδ T cells recognise a variety of antigens that aren’t limited to MHC presented peptides, 

including CD1-lipid complexes and metabolites presented by MR1 (187). The most characterised 
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ligands for γδ T cells are prokaryotic and eukaryotic phosphoantigens which are recognised by the 

Vγ9Vδ2 subset, but it has been unknown until recently whether these antigens are presented or 

sensed (188-191). Harly and colleagues demonstrated the critical role of the butyrophilin isoform 

BTN3A1 in the activation of Vγ9Vδ2 T cells by phosphoantigens (191). Further investigations by 

several groups has suggested that unlike the CD1 activation of γδ T cells by way of lipid 

presentation, BTN3A1 mediated phosphoantigen stimulation of γδ T cells is through an ‘inside 

out’ signalling mechanism with the phosphoantigen binding to the intracellular B30.2 domain of 

BTN3A1 (192, 193).  

Other ligands that have been identified, particularly as inducible stress ligands, are MHC Class I-

related chains A and B (MICA and MICB), endothelial protein C receptor (EPCR) and annexin A2. 

Recognition of MICA/MICB has been found to be solely by T cells with a Vδ1 TCRδ chain and, 

unlike conventional MHC class I, do so without association with peptides (194). Expression of 

these molecules and their subsequent recognition by a Vδ1 clone was also reported to be stress 

induced, with a large increase in mRNA expression upon heat shock of intestinal epithelial cells 

(194).   

EPCR, another reported stress induced ligand, has been found to be upregulated on epithelial 

tumour cells and Cytomegalovirus (CMV) infected cells, and specifically activates Vγ4Vδ5 T cells 

(195). Although EPCR is able to bind lipids as in CD1d, recognition of EPCR by the TCR has been 

reported not to involve the lipid binding surface of the molecule or discrimination of the bound 

lipid (195). Instead, the interaction is thought to occur through identification of defined residues 

and structural components in EPCR’s β-sheet (189, 195).  

The ability of γδ T cells to respond to stress antigens, recognise lipids in complex with CD1 

molecules and their innate and adaptive-like functions suggest a role for these T cells in response 

to infection. The first report suggesting an involvement of γδ T cells in response to M.tb infection 

was by Janis and colleagues who noted a substantial increase in γδ T cells compared to αβ T cells 

in the draining lymph nodes of mice inoculated with Freund’s adjuvant (196). Studies involving a 

γδ T cell knockout mouse model have demonstrated the inability of the mice to control M.tb 

infection and develop more severe disease compared to mice with intact γδ TCR genes (68, 106). 

In addition, γδ T cells have been reported to be involved in the development of granulomas 

through production of IL-17 (197, 198).  

Analyses of substituents of the γδ population have revealed that the distribution of individual 

subsets is altered in some disease states, including in TB (199). The abundant circulating γδ T cell 

population, Vγ9Vδ2, has been reported in several studies to decrease in the peripheral blood in 

response to active TB disease compared to healthy controls or patients with unrelated pulmonary 
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granulomatous disease (199-201). Furthermore, remaining  Vγ9Vδ2 cells have been reported as 

refractory to in vitro M.tb antigens (199), when, under normal circumstances, these secrete large 

quantities of TNFα and IFNγ in response to antigen challenge (202). Lower frequencies of Vγ9Vδ2 

cells in the blood of TB patients was also found by Szereday et al compared to healthy volunteers, 

and more specifically, a lower ratio of these cells were found in TB patients who had a negative 

reaction to the tuberculin test (173). In contrast to these studies, results from both human and 

NHP models of M.tb infection have revealed an increase in the peripheral Vδ2 γδ T cell population 

in BCG vaccinated individuals, while an elevated Vδ2 subset is also associated with those sharing 

accommodation with active TB patients (203-206). Activated Vδ2 T cells in response to BCG 

stimulation, characterised by upregulation of CD69, CD25 and HLA-DR, have been reported to 

increase expression of granzyme B and Th1 cytokines in a DC and αβ CD4+ T cell dependent 

manner (207, 208). A protective role for Vδ2 T cells has also been demonstrated by an adoptive 

transfer study in the NHP model. During M.tb infection, adoptively transferred γδ T cells were 

found to migrate back to the lungs and were associated with reduced bacterial burden and 

attenuation of infection (209). 

The predominantly tissue-rich Vδ1 T cell population has also been implicated in the response to 

infection. An accumulation of Vδ1 γδ T cells in the lungs have been reported in patients with 

pulmonary sarcoidosis (210) and in leprotic lesions (211), but now adaptations in the Vδ1 T cell 

subset have also been associated with TB. Szereday and colleagues reported the observation that 

Vδ1 T cells were increased in the blood of TB patients as early as radiological stage 1 of the 

disease, but interestingly this was only noted for patients that had negative tuberculin reaction 

(173). Furthermore, it was also reported that tuberculin negative patients presented with more 

advanced disease than those with a positive test, suggesting that the distribution and numbers of 

individual γδ T cell subsets are important in disease progression and severity (173). An increase in 

the Vδ1 T cell population in the peripheral blood of active TB patients compared to healthy 

controls has also been reported by Negash et al. These circulating Vδ1 T cells were found to 

express the activation marker CD38 as well as the exhaustion marker PD1, indicating that they 

had responded to antigen (212). Despite the majority of this γδ T cell subset residing in tissues, 

the investigation into Vδ1 T cells at the site of TB disease in the lungs is only just starting to be 

explored. Ogongo and colleagues have recently documented a high degree of γδ T cell clonal 

expansions, dominated by the Vδ1 subset, within the lungs of TB patients (200). These Vδ1 

clonotypes were found to be non-overlapping with those in circulation, suggesting that within the 

lungs, the Vδ1 subset undergo expansion in response to antigen exposure (200). Taken together, 

the evidence points towards γδ T cells functioning to combat M.tb at the site of infection in the 

lungs. 
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1.1.2.3.3 MAIT cells 

Mucosal-associated invariant T cells (MAIT) recognise small non-peptide metabolites presented by 

MHC-I-related molecule 1 (MR1) (213). Typical MAIT cells comprise an invariant TCR α chain 

(TRAV1-2/TRAJ33, TRAJ20 or TRAJ12) associated with an oligoclonal TCR β chain, frequently 

TRBV6 or TRBV20, and predominantly express a CD8+ or DN phenotype (214, 215). Despite making 

up approximately 5% of peripheral blood T cells, MAITs are abundant in organs such as the liver, 

intestines and lungs (167, 216-218) and produce a number of cytokines upon activation including 

IL-2, IFNγ, IL-17 and TNFα (214-216). MAIT cells recognise a range of Vitamin B metabolites from 

bacteria and yeast generated during synthesis of riboflavin such as 5-OP-RU (219-223). These 

metabolites are presented by MR1 which, similar to CD1, is composed of a non-polymorphic 

heavy chain molecule non-covalently associated with β2m but resembles MHC class I molecules in 

its almost ubiquitous tissue distribution (224, 225).  

Thymic and circulating MAIT cells have demonstrated the ability to produce TNFα and kill M.tb 

infected lung epithelial cells in vitro despite a lack of prior exposure (217, 226).The presence of 

M.tb infection has been reported to augment the distribution of MAIT cells in vivo. Several studies 

have reported the reduction of MAIT cells in the peripheral blood of TB patients but a concurrent 

increase within the lungs (217, 218). The accumulation of MAIT cells in the lung following 

infection is reported to occur in less than 10 days and the production of cytokines such as IFNγ, 

TNFα and IL-17 in response to BCG infected macrophages has been observed to occur in as little 

as 4 days (141, 227, 228). Despite having lower circulating frequencies, MAIT cells from TB 

patients are reported to produce a significantly greater frequency of cytokines in response to ex 

vivo BCG stimulation compared to healthy controls (227). However, conflicting studies report that 

MAIT cells from TB patients fail to produce IFNγ in response to stimulation and a lower circulating 

frequency is associated with upregulated expression of PD1, both of which are reversed upon PD1 

blocking treatment (227, 229). Due to inconsistent observations, our understanding of the 

function of MAIT cells in response to M.tb infection remains incomplete and further work to 

unravel their role is required. 

1.2 CD1 

T cells are able to detect and respond to various self- and foreign antigens, reacting to repertoire 

changes brought on by events such as inflammation or infection. While the Major 

Histocompatibility Complex (MHC) presents peptide fragments to T cells, a related set of 

molecules are able to present lipid antigens on the surface of antigen presenting cells (APC). CD1 

molecules are a set of MHC-like cell surface glycoproteins which bind and present lipids to 
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unconventional CD1-restricted T cells. CD1 is expressed as a glycosylated membrane-anchored 

heavy chain, noncovalently associated with β2m (165, 230). In contrast to the uniquely expressed 

MHC, allelic variation of CD1 is rare, meaning an identical set of glycoproteins are expressed by 

almost all humans (139, 231). Due to this, CD1 reactive T cells are an attractive target for 

therapeutics and novel vaccines (232). 

The CD1 heavy chain is comprised of various domains: an extracellular antigen binding domain, a 

transmembrane domain and an intracellular tail (233). The heavy chain constitutes three alpha 

helices (α1, α2, α3), with the α1 and α2 helices forming the antigen binding groove (165, 231). 

The α3 helix associates with the base of the molecule formed by an anti-parallel six stranded β-

sheet platform (165, 233, 234). CD1 molecules are expressed on a variety of professional antigen 

presenting cells such as DC, macrophages and B cells (165). Hydrophobic channels formed by the 

α1 and α2 domains within the molecule are deeper than that of the MHC and allow for the 

binding of lipid alkyl chains (165, 233). While the tail of the antigen is buried within the CD1 

molecule, hydrophilic head groups of the lipid ligand remain exposed at the surface of the 

extracellular domain which allows for direct contact with the TCR. 

There are five human CD1 proteins; CD1a, CD1b, CD1c, CD1d and CD1e, which vary in terms of 

their tissue distribution and intracellular trafficking processes. The five isoforms can be divided 

into groups according to their amino acid sequence homology: Group 1 includes CD1a, CD1b and 

CD1c, Group 2 is just CD1d and CD1e is in Group 3 (230, 235). While Groups 1 and 2 are involved 

in antigen presentation, the role of the exclusively intracellular CD1e is thought to only extend to 

lipid processing and trafficking (165, 230). CD1 glycoproteins are expressed mainly by professional 

APC such as myeloid DC (139). Expression of group 1 proteins is not continuous but is instead 

stimulus-dependent, with expression inducible by bioactive IL-1β, IL-4 and GM-CSF (139, 166, 

235). This effect is demonstrable in vitro, with DC differentiating from CD14+ monocytes following 

the addition of GM-CSF and IL-4, producing an observable increase in their CD1a, CD1b and CD1c 

expression (139, 166).  

All of the four main isoforms (CD1a, CD1b, CD1c, CD1d) contain binding pockets within their 

ligand binding grooves termed A’ and F’. The size of the antigen binding groove varies between 

the isoforms, the largest belonging to CD1b and the smallest to CD1a (230) (Figure 4). The 

positioning of the α1 and α2 helices as well as the distance between the alpha helices and beta 

sheet platform determines the overall shape of the antigen binding groove (165). The A’ pocket 

within the antigen binding groove of both group 1 and 2 isoforms is separated from the surface of 

the molecule by the A’ roof (165, 235). The solvent exposed surface of CD1 is connected to the 

hydrophobic groove by a portal formed by the F’ pocket (165).  CD1 usually binds lipids of low 
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aqueous solubility despite the antigen binding groove being directly exposed to aqueous solvent 

(139). 

 
Figure 4: Structure and binding pockets of CD1 molecules 

Cartoon representation of Group 1 (CD1a, CD1b and CD1c) and Group 2 (CD1d) CD1 proteins 

compared to MHC class I molecules. Differences in shape and capacity of antigen binding grooves 

of each CD1 molecule allows for the binding and presentation of a range of lipid antigens. 

Adapted from Adams 2014 and Moody 2017 (232, 236). 

The majority of lipids that are bound by CD1 are amphiphilic in nature, such as lipopeptides or 

glycolipids, and contain specific hydrophobic moieties that are bound within the CD1 antigen 

binding groove (165). The head group of the lipid antigen, which is usually hydrophilic, is exposed 

on the surface of CD1 and can be recognised by the TCR (165, 167). The first lipid antigen 

discovered to be presented to CD1 reactive T cells was MA, which is specifically bound and 

presented by CD1b (165). It is also now known that CD1 molecules can bind antigens in the 

presence of what is known as ‘spacer lipids’. These are endogenous diacylglycerides or 

deoxyceramides which vary in length and aid in the generation of stable CD1-antigen complexes. 

These lipids help to prevent the collapse of the molecule which may occur when antigen binding 

grooves are left empty (165, 167, 230). 

1.2.1 CD1a 

Expression of CD1a is almost exclusively by Langerhans cells and monocyte-derived dendritic cells 

(MoDC) (237-239). Unlike CD1b, CD1c and CD1d, CD1a does not contain a tyrosine based sorting 

motif on its cytoplasmic tail and therefore recycles only through early endosomes (238-242). CD1a 

has been indicated to accumulate mainly at the cell surface but similar to MHC class I, can be 

internalised through an AP-independent pathway (238, 240). With an estimated volume of 

~1350Å3, CD1a has the smallest antigen binding groove of all the CD1 isoforms (243). The A’ 
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pocket of CD1a has a hook-shaped structure, with Val28 blocking the pocket from completely 

encircling the A’ pole as in CD1b and CD1d (243). It is estimated that this volume allows for a lipid 

tail of ~C36 to be accommodated within the A’ groove and the A’ roof blocks this pocket from 

being directly open to solvent (243). In contrast, the F’ pocket is more shallow than the A’ pocket 

and is open to solvent with antigens most likely to enter this groove through the F’ portal (243).  

CD1a is known to bind a diverse array of endogenous lipids, but the first documented CD1a-self 

lipid complex was with sulfatide, a glycolipid highly expressed by the kidney, pancreas and 

neuronal cells (244-247). Additionally, CD1a has also been shown to present the M.tb derived 

lipopeptide didehydroxymycobactin (DDM) which may indicate a role for this CD1 isoform in the 

immune response to microbial infection (248). Structures of CD1a in complex with synthetic 

lipopeptide resembling DDM demonstrate that the alkyl chain was placed within the A’ pocket 

while the peptidic moiety was accommodated in the F’ pocket (249-251). Similar to CD1c, spacer 

lipids have also been found within the F’ pocket of CD1a when presenting DDM (251). 

1.2.2 CD1b 

CD1b proteins are predominantly expressed on MoDC and those migrating to lymph nodes (252, 

253). As with CD1c and CD1d, the cytoplasmic tail of CD1b contains a tyrosine based motif, which, 

upon binding to adaptor protein 3 (AP-3), allows for sorting of CD1b to the late endosomal and 

lysosomal compartments (238, 239, 242, 254, 255). Endosomal cofactors and acidic pH aids the 

regulation of lipid availability, although it has also been demonstrated that CD1b can also bind 

lipid antigens at the cell surface under neutral pH (256, 257).  

CD1b has the largest and most complex antigen binding pocket of all the CD1 isoforms, with an 

approximate volume of ~2200Å3 made up of four interconnecting pockets termed A’, C’, F’ and T’ 

(258). Crystal structures of CD1b in complex with ganglioside GM2 or PI have revealed that the T’ 

tunnel, only found within CD1b, is situated deep within the molecule and laterally connects the 

vertically positioned A’ and F’ pockets to form the A’T’F’ superchannel, with the C’ portal allowing 

access of lipid tails to solvent underneath the α2 helix (258, 259). This large antigen binding 

pocket allows CD1b to bind a variety of lipid antigens up to ~C80 in length (256). CD1b was the 

first CD1 isoform revealed to bind mycobacterial lipids, with Beckman and colleagues first 

identifying MA as a ligand for CD1b (260). Following this discovery, a range of M.tb derived lipids 

have been identified as being presented by CD1b including lipoarabinomannan (LAM), glucose 

monomycolate (GMM) and glycerol monomycolate (GroMM) (261, 262). The structure of CD1b in 

complex with GMM demonstrates that the A’ pocket accommodates the β-hydroxyl chain of the 

lipid which passes through the T’ tunnel and up into the F’ pocket, with the tail end egressing into 
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the solvent. The α-alkyl chain of GMM passes down through the C’ pocket and exits into the 

solvent through the C’ portal (263). While CD1b is able to present chains of up to C80 atoms, lipids 

with shorter alkyl chains (~C32) have been found to load into the molecule at a faster rate and it is 

possible that any empty space within the antigen binding groove may be taken up by spacer lipids 

(258, 262). 

1.2.3 CD1c 

As well as its inducible expression on MoDC with other group 1 proteins, the majority of CD1c 

expression is found on marginal zone B cells and myeloid DC (139, 264). The toroid A’ pocket of 

CD1c’s binding groove is open to solvent and encircles a pole, allowing lipids to pass through the 

cavity; but the conformation of this molecule can adapt and change to accommodate different 

ligands (231, 235). In other isoforms, the F’ pocket is usually closed to solvent, but it has been 

reported that the F’ roof in CD1c can adopt either an open or closed conformation (167, 231, 265, 

266). The state of the F’ roof has been discussed and contradicted by a few studies, but the 

general consensus is that CD1c is highly adaptable. For example, whilst the structures of CD1c-

phosphomycoketide (PM) and CD1c-mannosyl-β1-phosphomycoketide (MPM) show the F’ roof is 

open to solvent (231, 267), the roof is demonstrated to be closed when CD1c is accommodating 

spacer lipids (referred to as CD1c-SL) (265). Another difference between these lipid bound CD1c 

structures is the presence of up to three different portals. The D’ portal located underneath the 

α1 helix allows for the binding of branched antigens within the A’ channel such as MPM (87, 167, 

231). An additional opening within the molecule connects the F’ pocket to the exterior 

underneath the α1 helix and is referred to as the E’ portal (167, 231). This portal has been 

described in CD1c-PM and CD1c-MPM but was found to be absent in CD1c-SL (167, 231, 265, 

267). However, despite the lack of the E’ portal in CD1c-SL, a different portal was found to exist in 

this structure, which was referred to as the G’ portal (265).  

CD1c is able to bind a wide variety of different lipids including those from pathogenic bacteria, 

synthetic lipids and host derived lipids. Different classes of lipids have been reported to be bound 

by CD1c, but many share a common feature of containing only one hydrocarbon tail (266). One 

class contains methylated mono-alkyl chains which are present in lipids derived from bacteria 

such as M.tb and includes phosphodolichols and PM (166, 266). A second type are N’ terminally 

acylated lipopeptides, which are also known to be presented by CD1a (266). Cholesteryl esters, 

which are commonly found in foamy macrophages observed during infection with M.tb, have also 

recently been demonstrated as possible ligands for CD1c (265). More recently, it has been 

demonstrated using mass spectrometry that CD1c can bind endogenous lipids such as 

monoacylglycerol (MAG), sphingomyelin (SM) and phosphatidylcholine (PC) (268). 
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1.2.4 CD1d 

The only group 2 isoform, CD1d, is more broadly expressed than the other CD1 molecules. As well 

as being located on DCs and B cells, it is also expressed by macrophages, thymocytes, 

hepatocytes, stellate cells, intestinal epithelial cells and adipocytes (139, 230). The antigen 

binding groove of CD1d is the second smallest of the four main isoforms, accommodating lipids up 

to 43 carbons in length, but unlike CD1b and CD1c it doesn’t contain any accessory portals (230, 

235). CD1d can present a variety of different ligands including glycosphingolipids, diacylglycerols, 

phospholipids, lipopeptides and ether lipids, but the most well-known ligand for this isoform is α-

GalCer (230). The A’ channel of CD1d is occupied by the fatty-acyl chain of α-GalCer while its 

sphingosine chain is accommodated within the F’ pocket (230, 233) (Figure 5). This positioning 

allows for protrusion of the galactosyl head group out of the groove onto the surface of the 

molecule, making it accessible for TCR recognition (230, 233). The presentation of this lipid has 

greatly contributed to the understanding of CD1d-reactive T cells and in particular, the biology of 

iNKTs which are stimulated by CD1d presented α-GalCer (230). The study of iNKTs has revealed 

that the semi-invariant TCR docks onto the F’ pocket of the CD1d-α-GalCer complex, with most of 

the contact stemming from the Vα chain (167). However, despite the wealth of information 

garnered from CD1d binding α-GalCer, this lipid is not a physiological ligand. 

 
Figure 5: CD1d presenting α-Galactosylceramide 

Cartoon representation of CD1d presenting α-Galactosylceramide with alkyl chains residing within 

the A’ and F’ channel and the galactosyl headgroup protruding out of the binding cleft.  

Many different ligands have been identified for CD1d, including host derived PI, 

glycophosphatidylinositol, PC and sulfatide; and bacteria derived α-glucuronosylceramide from 

Sphingomonas species and phosphatidylinositol mannosides (269) from M.tb (270). However, 

although these complexes have proved capable in stimulating iNKTs and other CD1d-restricted T 
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cells, a physiological ligand that stimulates these cells as potently as α-GalCer is yet to be 

discovered. Thus, the role of CD1d and CD1d-presented ligands in disease still remains elusive. 

1.2.5 Molecular recognition of CD1 by the T cell receptor 

An important factor in the initiation of an adaptive immune response is the recognition of antigen 

by T cells. The antigen binding site formed by the α and β chains, or the γ and δ chains, of the TCR 

determines the antigen specificity of the T cell. The contact points between the TCR, an antigen 

presenting molecule and/or its bound ligand are key factors in forming an immune response. The 

TCR of T cells responding to MHC molecules are highly specific, but structural studies have 

revealed that binding modes between TCR-MHC-peptide complexes vary considerably. There 

appear to be few shared contact positions between different complexes, which raises the 

question of whether the position of TCR binding is dictated by chain usage, ligands bound within 

the antigen presenting molecule, or a combination of factors. Understanding the structural 

mechanisms underpinning T cell-antigen recognition will allow for the design of both agonists and 

antagonists to modify T cell responses to prevent disease and improve outcomes.  

To investigate the molecular recognition underpinning the TCR-antigen presenting molecule 

complex, mutational and structural studies can be carried out to determine how the components 

of the complex interact with one another. Alanine scanning is a widely used technique that 

investigates the functional impact of amino acid residues within a molecule. Selected residues are 

mutated to alanine using site directed mutagenesis, as this amino acid is chemically inert and 

does not induce electrostatic effects or changes in the arrangement of the main protein chain 

(271). This technique has been useful in determining the contribution of each complementarity 

determining region (CDR) loop within specific TCRs, and the effect on affinity can be assessed 

through surface plasmon resonance (SPR). By mutating residues within the α and β chains of the 

2C TCR, it was discovered that the CDR1 and CDR2 loops of Vα and Vβ contribute the majority of 

the energy in the interaction with pMHC ligand Ld bound to the QL9 peptide (272, 273). This is in 

contrast to another TCR, LC13, in which the CDR1 and CDR2 loops provide little energetic 

contribution (274). Alanine scanning involving thirty nine mutants across all CDR loops from both 

TCR α and β chains revealed that the CDR3 loops, particularly CDR3α, dominated the interaction 

with the FLR ligand bound to HLA-B8 (274). However, it has also been discovered that energetic 

interactions can vary between ligands. The diverse interaction profiles of different MHC-restricted 

TCRs lead to the investigation into whether the same principles apply to the CD1 system.  

Conserved αβ TCRs of the germline encoded mycolyl lipid-reactive (GEM) (275) T cells are known 

to specifically recognise CD1b presenting the mycobacterial antigen GMM, but the role CDR3β 
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plays in the fine specificity of CD1b recognition was only discovered after mutating specific 

residues within CD1b. Out of the fourteen individual mutations to the α1 and α2 helices of CD1b, 

there were four residues that were critical to affinity between CD1b-GMM and two GEM TCRs, 

GEM42 (TRBV6-2+) and GEM21 (TRBV30+), designating a shared hotspot (276). However, mutated 

residues near the F’ pocket of CD1b had differing effects on the interaction with the GEM42 and 

GEM21 TCR. The residues in question were mapped to the site of interaction with the CDR3β 

loops of both GEM TCRs, indicating that this loop is involved in fine tuning the CD1b interaction 

(276). Differences in TCR footprint also occurs between CD1 isoforms. Mutations of both CD1d 

and iNKT TCR (Vα24-Jα18, Vβ11) and subsequent SPR analysis has revealed that the largest 

contributions from the Vβ chain were from the CDR2β loop contacting CD1d, whereas it was the 

CDR3α loop which had the greatest contact with both CD1d and the antigen α-GalCer (277).  

While alanine scanning mutagenesis provides information on the functional roles of protein 

residues, further techniques are needed to provide detailed structures of molecular interaction. 

X-ray crystallography can be used to determine 3D structures of TCR-CD1 complexes whilst also 

providing information on  residue functions, bonding and interactions (278). Three dimensional 

structures can be solved by processing the diffraction patterns of x-ray beams that have been 

directed at protein crystals and modelled using computer graphics software. Crystal structures of 

CD1b in complex with either ganglioside GM2 or PI have provided information on the complexity 

of the antigen binding pockets which in turn allows this isoform a greater level of adaptability to 

lipids with differing alkyl tails (258). These crystal structures have since been used in molecular 

replacement techniques to model the crystal structure of CD1b binding GMM (263).  

Ternary crystal structures of TCR-CD1-antigen complexes have provided a deeper understanding 

of the differences in TCR footprints and docking orientations. The crystal structure of the GEM42 

TCR binding to CD1b-GMM demonstrates a central docking position over the CD1 α1 and α2 

helices, with extensive contacts of both CD1b and GMM by the TCRα chain (276). This is in 

contrast to the structure of the BK6 TCR which directly contacts the A’ roof of CD1a without any 

interaction with bound ligands including endogenous lipids (CD1a-endo) or 

lysophosphatidylcholine (LPC) (279). Differing docking orientations of TCRs have also been 

demonstrated on the same CD1-antigen molecule using this method. For example, whereas the 

PG90 TCR forms an O-ring like seal on CD1b-phospholipid to surround the protruding antigen 

from the F’ portal, the α chain of the BC8B TCR predominantly contacts the neck region of the 

phospholipid which emerges on the A’ roof of CD1b (280).  

Despite the benefits of X-ray crystallography, technical challenges and rate limiting steps hinder 

the use of this technique. Highly variable growing conditions further increase the difficulty, and 
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poor resolution may occur from crystals that are too small or not structurally consistent (278). 

Nuclear magnetic resonance (NMR) spectroscopy has been used to determine the docking 

footprints of TCRs through chemical shift mapping. NMR is reported to have improved detection 

sensitivity for weak binding over other techniques and has been found to be highly accurate 

compared to crystal structures of the same complex (281, 282). The interaction of the 2C TCR and 

the H-2L3-QL9 ligand has been mapped and defined as a footprint on the presenting H-2Ld MHC 

molecule by analysing NMR shift patterns (282). The chemical shift patterns of labelled pMHC in 

complex with TCR compared to labelled pMHC alone identify which residues are involved in 

complex formation. NMR experiments can be used to complement X-ray crystallography as they 

can provide information on conformational dynamics of the recognition site whereas crystal 

structures provide visual detail of direct interaction and structural rearrangement within the 

complex (282, 283). However, investigations by NMR spectroscopy are hindered by the 

requirement of large quantities of protein but with a smaller size to reduce spectral complexity. 

To acquire maximum information about the structure and interaction of a complex, it is necessary 

to utilise a combination of these techniques in order to fully understand the molecular 

mechanisms at play. 

1.2.6 CD1 tetramers 

Perhaps one of the most useful tools developed in the past few decades to identify, characterise 

and quantify antigen-specific T cells is the tetramer. Before the invention of tetramers by Altman 

and Davis in the 1990’s, the standard method of quantitative analyses of antigen-specific T cells 

was the combination of flow cytometry and limiting dilution analysis (284, 285). Although this 

enabled enumeration of T cells expressing a particular surface antigen, lower-frequency 

populations of antigen specific cells or those with low proliferative potential may be drastically 

underestimated or even missed entirely. TCR specificity was also not a factor in previous methods, 

further reducing the ability to interpret results (286). The avidity between the TCR and antigen 

complexes is inherently low, meaning that the identification of antigen specific T cells remained 

challenging. Multimerisation of soluble proteins therefore allows for the binding of multiple TCRs 

on one cell and therefore extends the interaction half-life and increases avidity (287). The first 

tetramers constructed were composed of four biotinylated MHC-peptide complexes which, after 

binding to phycoerythrin (PE) labelled deglycosylated avidin, could be detected by flow cytometry 

and thus allowed for the detection of peptide specific T cells (285). MHC molecules however are 

highly polymorphic in nature which limits their application in a genetically diverse population. In 

contrast, CD1 molecules are non-polymorphic and are therefore not subject to individual 

variation. The use of CD1 in place of MHC in tetramer complexes has provided evidence of a 
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ternary interaction between the TCR and CD1 presented lipid antigens and has been instrumental 

in demonstrating CD1 restriction by T cells of both αβ and γδ lineage (139).  

An advantage of using tetramers in the characterisation of CD1-restricted T cells is their ability to 

enable the recovery of cells post flow cytometry analysis. Unlike methods such as the Enzyme-

linked Immune Absorbent Spot assay (ELISPOT) or PCR, tetramer studies allow specific 

populations of cells to be sorted for further culture and characterisation (288). This has permitted 

the downstream investigation into the specificity of different TCRs in addition to their functional 

response and molecular recognition patterns of CD1 molecules. The first CD1 tetramers generated 

were that of CD1d loaded with α-GalCer in order to investigate mouse iNKT populations (289, 

290), but since then tetramers have been produced for human CD1d as well as all group 1 

molecules using oxidative refolding chromatography (291).  

Tetramers of group 1 CD1 molecules have been instrumental in demonstrating the existence of 

CD1-restricted T cells that are specific for mycobacterial lipids. CD1b tetramers loaded with 

mycobacterial GMM or MA have been used to successfully demonstrate a small sub-population of 

T cells in TB patients that are lipid specific and CD1b-restricted, and have subsequently enabled 

the characterisation of the CD1b-restricted GEM and LDN5-like T cell lines (292-294). CD1c-

restricted T cells specific for mycobacterial antigens have also been identified using lipid loaded 

tetramers. CD1c tetramers loaded with mycobacterial PM or MPM have enabled the isolation of 

both CD1c-restricted αβ and γδ T cells, the latter of which having until recently been difficult to 

characterise (174, 267).  

Perhaps more importantly, CD1 tetramers have been invaluable in demonstrating the existence of 

self-lipid reactive CD1-restricted T cells. For example, tetramers comprising CD1a loaded with wax 

esters, CD1b loaded with PG or CD1c loaded with PC have demonstrated populations of T cells in 

the peripheral blood of healthy humans that recognise CD1 molecules loaded with host-derived 

lipids (295-297). Further to this, CD1 tetramers have been generated in the absence of any 

specific lipid and have thus been used to isolate CD1-restricted T cells specific for the CD1 

molecule itself. Our group has previously demonstrated that CD1c refolded with spacer lipids 

(CD1c-SL), incorporated either within the E.coli expression system or during the refolding process, 

is recognised by a subset of T cells in healthy humans (265). The CD1c-SL tetramers were used to 

isolate a CD1c autoreactive T cell clone, NM4, which upon further analysis was demonstrated to 

recognise CD1c itself as bound ligands were sequestered within the molecule away from TCR 

interaction (265).  

Tetramers of group 1 CD1 molecules harbouring endogenous lipids (CD1-endo) have also been 

produced using the mammalian expression system and have contributed to our knowledge of CD1 
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autoreactive T cells. CD1a-endo tetramers harbouring ~100 different endogenous lipids were 

utilised by Cotton and colleagues to reveal that CD1a autoreactive T cells recognise CD1a itself 

regardless of the bound lipids which were positioned away from the TCR binding site (298). CD1b 

autoreactive T cells have also been characterised following isolation using CD1b-endo tetramers. 

The use of these tetramers have been valuable in demonstrating that binding patterns of CD1b 

autoreactive T cells to CD1b are highly variable between different TCRs. T cells expressing either 

an αβ or γδ TCR that have been isolated using CD1b-endo tetramers show that while some are 

highly promiscuous for a variety of self-phospholipids or SM, some have more specific 

requirements of the endogenous lipids that are presented by CD1b (280, 299). Finally, 

characterisation of a CD1c autoreactive TCR isolated using CD1c-endo tetramers reveals a similar 

mechanism of self-recognition to the CD1c autoreactive TCR cloned by our group using CD1c-SL 

tetramers. The 3C8 CD1c autoreactive TCR demonstrated extreme lipid polyspecificity which was 

attributed to bound lipids being sequestered within CD1c and TCR interaction occurring with the 

closed F’ roof of CD1c (268).  

Despite these immunological advancements enabled by CD1 tetramers, their generation and use 

involve some technical difficulty. Optimal staining of the desired population can be affected by 

numerous factors including temperature, protein concentration, exposure to light and the risk of 

blocking by the use of co-receptor antibodies (287). However, careful handling, preparation and 

experimental planning can mitigate these factors. However, factors such as the hydrophobicity of 

the desired lipid ligands are likely to cause aggregation in aqueous solutions during the 

construction process which poses a challenge when attempting to load the antigen into the CD1 

proteins (232, 286). Following lipid loading and tetramerisation, another issue posed is the ability 

of tetramers to bind low affinity T cells, particularly autoreactive T cells which are known to bind 

CD1 molecules with an even lower affinity (287, 300). The ability of tetramers to bind low affinity 

T cells has been improved by the use of higher order multimers. Dextramers are constructs of a 

fluorescently labelled dextran backbone that can bind up to 20 or more CD1 monomers, with the 

premise that there will be more CD1-lipid epitopes for greater TCR binding (139, 301). CD1b 

dextramers loaded with mixed lipids have indicated improved staining ability when compared to 

tetramers (301). The interaction half-lives of dextramers with the T cell surface are longer than 

that of tetramers, thus improving staining intensity (287). However due to the expense of 

producing and/or purchasing the dextran backbones required for dextramer production, it may 

not be feasible to use this method of T cell population identification. 
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1.2.7 CD1-restricted T cells 

1.2.7.1 CD1-restricted αβ T cells 

The first evidence of T cells that were not activated by MHC molecules but instead recognised CD1 

proteins was reported in 1989 (302). The phenotype of CD1-restricted T cells was found to be 

diverse, expressing single CD4 or CD8 co-receptors, but could also be negative for both (27, 302, 

303). It was not until 1994 that specific lipid antigens presented by CD1 to CD1-restricted T cells 

were identified. MA derived from the cell wall of M.tb were observed to activate CD1b-restricted 

T cell line, DN1, in a CD1b-dependent manner (260). Activated CD1-restricted T cells have been 

observed to develop a Th0 or Th1 phenotype, producing IFNγ and TNFα and inducing lysis of M.tb 

infected target cells through Fas-Fas ligand interactions or the release of granulysin (27, 248, 304-

306). 

Since the discovery of lipid-specific, CD1-restricted T cells, a range of pathogen and self-derived 

lipids have been revealed to be presented by each of the group 1 CD1 isoforms, but lipid antigens 

derived from M.tb have been particularly numerous. Although recent evidence has shown that 

the majority of ligands for CD1a are sequestered within the molecule and do not interact with the 

TCR, Moody and colleagues had previously identified that a family of DDM derived from M.tb are 

presented by CD1a (249). DDM is an intermediate metabolite produced during the synthesis of 

mycobactin, an essential component in a larger pathway promoting the in vivo growth of M.tb 

(301). Activation of the mycobacteria-specific, CD1a-restricted αβ T cell line CD8-2 was observed 

following stimulation with DDM in a CD1a-dependent manner (249). Furthermore, activation was 

specific for the acyl and peptidic structural components of the bound CD1a-bound ligands (249). 

These observations complement previous work reporting anti-mycobacterial functions of CD1a-

restricted T cells (27, 248). 

Out of all the CD1 isoforms, CD1b has so far been found to present the largest array of M.tb 

derived lipid antigens including MA, LAM, GMM, GroMM, phosphatidylinositolmannan (269) and 

diacylated sulfoglycolipid (Ac2SGL) (260, 261, 307-309). The presence of mycobacterial lipid-

specific, CD1b-restricted T cell responses in humans appears to be dependent upon exposure to 

M.tb or BCG vaccination, but does not necessarily correlate with TB disease state (261, 307, 310, 

311). CD1b-restricted T cells specific for Ac2SGL or MA appear to only be present in subjects with 

prior exposure to M.tb (307, 311), whereas GroMM specific T cells were also found to be present 

in both infected and uninfected, BCG vaccinated individuals (261). Stimulation of these CD1b-

restricted T cells with cognate lipid antigen resulted in the production of IFNγ and IL-2 and M.tb 

infected target cells were lysed (307, 311). Further to this, responding T cells displayed memory 
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markers and those acquired from individuals that had undergone successful TB treatment 

demonstrated recall expansion upon ex vivo stimulation with MA (310, 311).  

T cells restricted to CD1c were first reported in 1996 and, in a similar manner to CD1b, were 

initially reported to present lipid antigens derived from M.tb (312). Double negative (DN) T cells 

acquired from healthy donors were cultured in the presence of CD1+ APCs and M.tb sonicate 

before depleting CD4+, CD8+ and γδ T cells to derive the M.tb specific αβ T cell line DN6 (312). 

Restriction of DN6 to CD1c was demonstrated by the inhibition of M.tb antigen-induced T cell 

proliferation upon anti-CD1c mAb treatment of CD1+ monocytes, and more recently has been 

shown to recognise the M.tb cell wall lipid PM in the context of CD1c (264, 312). CD8+ αβ T cells 

specific for M.tb antigens have also demonstrated restriction by CD1c and have been shown to 

display a cytotoxic Th1 response following stimulation with CD1c expressing C1R cells and M.tb 

extract (248). In 2000, the presence of mycobacterial lipid-specific, CD1c-restricted T cells in M.tb 

exposed individuals was demonstrated for the first time. Moody et al reported that the previously 

isolated CD1c-restricted CD8+ αβ T cell line, CD8-1, recognised CD1c presented isoprenoid 

glycolipids derived from M.tb (313). Furthermore, CD1c-restricted T cell responses specific for 

mannosyl-β1-phosphodolichols (MPD), which are structurally related to M.tb derived MPM, were 

observed in M.tb exposed donors but were absent in the peripheral blood of healthy control 

subjects (313).  

Despite a growing body of research into the lipid antigen recognition of CD1-restricted T cells and 

their function in the context of both disease and the normal immune system, the understanding 

of how these T cells develop remains a relative mystery. This is in part due to the lack of 

appropriate small animal models, but humanised CD1 transgenic mice may be a useful tool in 

trying to unravel the CD1-restricted T cell developmental pathway. One recent study using 

humanised mice expressing the CD1b-restricted T cell line HJ1 suggests that cortical thymocytes 

could be the predominant cell type involved in HJ1 selection as CD1b was not expressed on 

mature thymocytes but that CD1b-expressing haematopoietic cells were necessary for positive 

selection of these T cells (314). HJ1 T cells from the CD1 transgenic mice were found to express 

PLZF, a transcription factor expressed by other unconventional T cells such as iNKTs during their 

developmental pathway which is responsible for their innate-like functions (156, 158, 314, 315). 

The selection process for lipid-specific CD1-restricted T cells is still unknown, but unlike MHC-

restricted T cells, those autoreactive to self-lipids are not removed. Autoreactive CD1-restricted T 

cells are found in high frequencies in both umbilical cord blood and peripheral blood with the 

former predominantly expressing a naïve CD45RA+ phenotype (304). In adult humans, 

autoreactive CD1-restricted T cells have been found to express either a naïve (CD45RA+) or 

effector memory phenotype (CD45RO+), but their exact function is still unknown (304, 316). 
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1.2.7.2 CD1-restricted γδ T cells 

While the majority of CD1-restricted T cell populations characterised express an αβTCR, a growing 

body of evidence shows that CD1 molecules are also recognised by some subsets of γδ T cells. 

Except for Vδ2 γδ T cells which predominantly recognise phosphoantigens, Vδ1 and Vδ3 γδ T cells 

have demonstrated reactivity to CD1, although the latter has not been well explored. Vδ1 T cells 

have shown to have prominent reactivity to CD1d, CD1c and more recently, CD1b (174, 175, 299, 

317). The first CD1d-restricted Vδ1 T cells were isolated using CD1d tetramers loaded with 

sulfatide, an abundant self-lipid found in the GI tract, kidney and brain (318). Structural analysis of 

the interaction between the Vδ1 TCR and CD1d-lipid complex determined that the CDR3δ loops of 

the TCRδ chain interacted with both the sulfatide head group and the α1 helix of CD1d (319). 

Similarly, the interaction of the TCR with CD1d when presenting α-GalCer showed dominance of 

the germ-line encoded Vδ1 chain, but the main interaction with α-GalCer involved the CDR3γ 

chain (319, 320). This emphasises conclusions from previous reports, that the CDR3 sequences are 

critical for the recognition of antigens (321-323).  

Until recently, it was thought that Vδ1 T cells only recognised CD1d and CD1c. However, a recent 

report has detailed the recognition of CD1b by multiple γδ T cells harbouring a Vδ1 chain, with 

each demonstrating different mechanisms and requirements of binding (299). CD1b tetramers 

carrying an undetermined array of endogenous lipids incorporated within the mammalian 

expression system were used to identify and isolate CD1b-restricted γδ T cells from healthy 

human donors. These Vδ1 T cells activated and produced IFNγ upon stimulation with CD1b in the 

absence of exogenous lipid, but each TCR with varying Vγ and Vδ1 nucleotide sequences 

demonstrated differential recognition patterns when exposed to individual phospholipids (299). 

Chain swapping experiments further highlighted that the specificity for the CD1 isoform was 

mediated by the δ chain whereas the γ chains had a lesser role (299). 

Despite CD1c being the first described ligand for γδ T cells (302), the mode of interaction and 

specificity for presented lipid antigens are incompletely understood. Recognition of CD1c by γδ T 

cells has been documented by various groups, reporting that γδ T cell clones are activated 

following stimulation with CD1c, subsequently lysing CD1c+ target cells using perforin- and Fas-

mediated cytotoxicity in addition to producing Th1 cytokines (179, 302, 324, 325). More recently, 

CD1c tetramers presenting mycobacterial PM have been used to identify a population of CD1c-

restricted Vδ1 T cells in healthy human donors. The authors cloned a panel of CD1c-PM tetramer 

isolated Vδ1 T cells which were all activated when stimulated with PM (174). Interestingly, some 

of these TCRs demonstrated promiscuous reactivity and responded to CD1c loaded with MPM or 

various self-lipids such as sulfatide and LPC. Further analysis again revealed that although 
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different Vδ1 TCRs had preferential lipid requirements and docking mechanisms, the CDR3 loop of 

the Vδ chain played a key role in CD1c recognition, with the γ chain fine tuning the interaction 

(174). The ability of Vδ1 T cells to recognise each CD1 isoform in complex with either pathogen or 

host derived lipids, particularly in a stress-regulated manner, may identify them as a key player in 

autoimmune processes as well as in response to infectious diseases and cancer. 

1.2.8 CD1 and autoreactivity 

CD1 molecules are well known for presenting foreign lipids from pathogens to T cells. However, 

there is a large body of research documenting the presentation of self-lipids to T cells, which are 

termed ‘autoreactive T cells’. These autoreactive T cells may be involved in immunoregulatory 

processes, but on the other hand they may contribute to the pathogenesis of disease or influence 

autoimmune destruction.  

Perhaps the most well documented CD1-restricted autoreactive T cells are those restricted to 

CD1a. CD1a is expressed abundantly by Langerhans cells and a large proportion of skin T cells 

have been demonstrated to be autoreactive to CD1a (298, 316). Lipid ligands for CD1a has been 

found to include squalene and wax esters, these headless antigens are found to reside within the 

CD1a molecule after displacing inhibitory lipids with large head groups (295). These lipid antigens 

constitute sebaceous oil that coats the skin, indicating that CD1a autoreactive T cells may play a 

role in normal skin barrier immunity (295, 298, 316). Lipid antigen recognition by CD1a 

autoreactive T cells has been further probed by Cotton et al. CD1a produced by the mammalian 

recognition system was intrinsically loaded with over 100 self-lipids, and following 

tetramerisation, it was observed that CD1a autoreactive T cells recognised CD1a regardless of the 

bound lipids (298). Further analysis demonstrated that TCR recognition mapped to areas of CD1a 

distal to the antigen exit portal, indicating that autoreactivity was directed towards CD1a itself 

(298). CD1a autoreactive T cells have been found to display diverse TCRs and a large proportion 

express the CD4+ co-receptor (316, 326, 327). Observations have suggested that CD1a 

autoreactive T cells are a normal mechanism of skin homeostasis, including the expression of 

homing receptors CLA, CCR6, CCR4 and CCR10, as well as the secretion of IL-22 (316, 326, 327). IL-

22 production following interactions of CD1a autoreactive T cells with Langerhans cells may 

promote epithelial matrix remodelling without initiating immunopathology and has additional 

roles in stimulating the production of antimicrobial peptides and increased proliferation (316, 

328, 329). However, overproduction of IL-22 has been linked to the promotion of 

immunopathology in psoriasis through the stimulation of further cytokines including IL-2, IL-13 

and IFNγ, suggesting that CD1a autoreactive T cells may in some circumstances function in a 

deleterious way (330). 
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Out of the three group 1 CD1 molecules, T cells autoreactive to CD1b have been the most difficult 

to identify. In 2009, Felio and colleagues generated humanised CD1 transgenic mice and 

generated an array of group 1 CD1-restricted T cell lines, the majority of which were found to be 

autoreactive (331). Interestingly, one CD1b-restricted T cell line, HJ1, was able to lyse CD1b 

expressing target cells in the absence of  exogenous antigen and therefore demonstrates one of 

the earliest examples of a CD1b autoreactive T cell line (331). The HJ1 CD1b autoreactive T cell 

line has since been used alongside CD1 to generate humanised transgenic mice expressing both 

the CD1b molecule and cognate autoreactive T cells. Li and colleagues observed that HJ1 T cells in 

transgenic mice display an activated phenotype and secrete pro-inflammatory cytokines upon 

stimulation with CD1b+ DC (314). Subsequent studies have endeavoured to uncover whether 

these CD1b autoreactive T cells play a protective role against disease or are involved in the 

development of immunopathology. Humanised transgenic mice again expressing both group 1 

CD1 molecules and the HJ1 T cell line were used to investigate the role of CD1 autoreactive T cells 

in the context of the anti-tumour response. HJ1 T cells were observed to recognise CD1b-

presented self-phospholipids from both lymphoma cells and normal cells, but the response was 

greater to lipids extracted from tumour cells with autoreactivity enhanced following treatment 

with toll-like receptor agonists (332). Furthermore, adoptive transfer of HJ1 T cells induced 

protection against T cell lymphoma in CD1b expressing mice, demonstrating a role for CD1b 

autoreactive T cells in the anti-tumour response (332).  

In contrast to these observed protective responses, CD1b autoreactive T cells have been 

implicated in the worsening of psoriatic skin conditions. In another transgenic mouse model, 

phospholipids and cholesterol were found to accumulate in the diseased skin of ApoE-deficient 

mice. Activated HJ1 T cells secreting IL-17A were observed in mice that developed psoriasiform 

skin inflammation in addition to increased production of IL-6 by CD1b+ DC which was associated 

with hyperlipidemic serum (333). Moreover, the frequency of CD1b autoreactive T cells was 

increased in human psoriatic patients compared to healthy controls, further demonstrating that 

under hyperlipidemic conditions CD1b autoreactive T cells may play a detrimental role (333). 

These transgenic mouse studies demonstrate both a protective and pathogenic role for CD1b 

autoreactive T cells during lipid-altering disease states, however they do not explain how they 

function under normal conditions. T cells reactive to MHC presented antigens are processed 

thoroughly and undergo thymic selection to minimise reactivity toward self-peptide antigens 

(334), but our understanding of how T cells avoid reactivity to endogenous antigens presented by 

CD1 is poor.  

It has been proposed that CD1 restricted T cells ‘see’ many self-lipids presented by CD1 but are 

only activated when they encounter a rare antigen (297, 335). An example of this is 
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Phosphatidylglycerol (PG) which is expressed at low concentrations in mammalian mitochondria 

but is more abundant in bacteria (297, 301). It is thought that T cells may only come into contact 

with endogenous PG in incidences causing mitochondrial stress, and is otherwise unavailable for 

recognition (301). Shahine et al demonstrated the recognition of PG by two cloned TCRs (PG10, 

PG90) with their autoreactivity to CD1b expressing target cells augmented by the addition of 

micromolar quantities of PG (297). The recognition of this less abundant antigen was shown to be 

preferential over more common membrane lipids such as PC and phosphatidylethanolamine 

(297). A study by Van Rhijn et al also revealed that four CD1b-restricted T cell lines showed 

reactivity to both mitochondrial and bacterial produced PG (301). Their work showed that 

although lipid recognition was necessary for binding of αβ TCRs to CD1b-phospholipids, the data 

did not indicate structural differences between self- and foreign-lipids determining resultant T cell 

responses (301). These studies suggest that while CD1b autoreactive T cells recognise both host 

and bacterial phospholipids, those in the host may be below the threshold of detection and only 

display an activated phenotype when lipids are in abundance, such as during infection (297).  

Together with the work undertaken by Bagchi et al reporting the pathogenic role of CD1b 

autoreactive T cells in hyperlipidemic conditions, this may indicate a harmful role for these T cells 

in the context of M.tb infection. The inhibition of phagosomal acidification and prevention of 

phagolysosomal fusion are evasion mechanisms utilised by M.tb (13, 336). This in turn may lead to 

the inability of CD1 molecules to present antigens, as CD1b in particular requires a low pH for lipid 

loading. However, Shamshiev et al discovered that several self-glycosphingolipids were readily 

bound by CD1b at the cell surface even at neutral pH, and could be recognised without 

internalisation and processing of the molecule (257). These results may indicate that CD1b 

autoreactive T cells influence tissue damage through recognition of lipids shared by both the host 

and pathogen which are presented on the cell surface at neutral pH, and therefore unaffected by 

blockade of phagosomal acidification.  

Autoreactive T cells to the final member of the group 1 CD1 molecules, CD1c, are estimated to 

comprise 0-7% of circulating αβ T cells, but as of yet are poorly understood (266, 304). De Lalla 

and colleagues screened libraries of CD4+ and CD4-CD8- DN T cells and found that a large 

proportion of both were CD1 restricted self-reactive T cells with diverse TCRs, predominantly 

recognising CD1a and CD1c (304). CD1c autoreactive T cells of both αβ and γδ lineage have been 

discovered, some of which promiscuously recognise CD1c bound to either host lipids or 

mycobacteria-derived lipid antigens. For example, CD1c expressed by K562 cells has been shown 

to consistently activate a population of αβ T cells in the absence of exogenous antigen in vitro 

(337). These T cells were observed to preferentially express the TRBV4-1 chain in addition to the 

CD4 co-receptor (337). Furthermore, Wun and colleagues discovered that CD1c tetramers 
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carrying endogenous lipids consistently stained a large percentage of CD3+ cells in healthy donors 

(268). Their study of the autoreactive αβ TCR, 3C8, transduced into the J76 Jurkat T cell line 

revealed an upregulated expression of CD69 when in the presence of CD1c expressing APCs but in 

the absence of exogenous antigen. Interestingly, mutagenesis patterns of this TCR showed 

commonalities with CD1c-reactive TCRs that specifically recognise mycobacterial PM (268). Dual 

reactivity of CD1c autoreactive αβ T cells has been described by Vincent et al. CD8+ CD1c-

restricted αβ T cell clones with diverse CDR3 regions were derived from donor samples exposed 

to microbial antigen. They discovered that these T cells responded to CD1c in the absence of 

exogenous antigen, but displayed an enhanced response when exposed to microbial antigen 

(300).  

Dual reactivity of CD1c autoreactive function has also been described for γδ T cells.  CD1c 

tetramers loaded with the M.tb lipid PM have been used to isolate CD1c-restricted γδ T cells 

which display an activated phenotype upon restimulation with PM (174). Interestingly, some of 

these CD1c-PM isolated T cell lines also responded to self-lipid antigens, demonstrating dual 

reactivity of CD1c-restricted γδ T cells to both host and pathogen derived lipids (174). This 

supports previous work by Spada and colleagues demonstrating that an enriched γδ T cell 

population expanded in the presence of M.tb derived antigens also proliferated in response to 

CD1c+ DC in the absence of exogenous antigens. These proliferated cells were shown to produce 

inflammatory cytokines and were able to lyse CD1c expressing target cells (179).  

It has been suggested that CD1c autoreactive T cells may have a protective role in the context of 

disease. CD1c autoreactive T cells, recognising the self-lipid methyl-lysophosphatidic acid (mLPA), 

have been demonstrated to lyse CD1c+ leukaemia cells in which this lipid accumulates (338). In 

contrast, nontransformed T cells were poorly recognised by CD1c autoreactive T cells, 

demonstrating that an abundance of the self-lipid mLPA in transformed cells may have triggered 

the targeted response (338). Further to this, it has been suggested that CD1c autoreactive T cells 

may play a role in autoimmune pathology. Myeloid DC expressing CD1c have been found to 

infiltrate inflamed tissues in various autoimmune disorders including rheumatoid arthritis, vitiligo 

and thyroiditis (339, 340). Autoimmune tissue destruction as an effector function of CD1-

restricted T cells has been demonstrated in Graves and Hashimoto’s disease of the thyroid (339). 

Although not detected in peripheral blood, CD1c-glycolipid specific T cells have been found in 

lymphocytes isolated from affected thyroid glands and were able to lyse target cells expressing 

CD1c or CD1a (339). APC expressing CD1c were also found to infiltrate the thyroid gland, 

suggesting that CD1c autoreactive T cells were present and could lyse target cells leading to tissue 

destruction in this area. Despite autoreactive CD1-restricted T cells being implicated in adverse 

immunological events, the response of these T cells to CD1c expressing cells may be 
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immunoregulatory as has been seen with CD1d (339, 341), suggesting that autoreactivity doesn’t 

necessarily lead to autoimmunity.  

Strongly induced expression of CD1c has been observed on foam cell macrophages, which are 

characterised by their intracellular accumulation of cholesteryl esters (342). Foam cell 

macrophages, with CD1c antigen presenting capabilities fully retained, are commonly observed in 

inflammatory lesions of atherosclerosis but are known to also be present in tuberculous lesions 

(343). Presentation of cholesteryl esters by CD1c, similar to those accumulating in foam cell 

macrophages, has been shown to be recognised by self-reactive T cells (265). This demonstration 

of T cell autoreactivity to cholesteryl esters may implicate them in promoting tissue inflammation 

where foam cell macrophages are known to congregate, i.e. in TB and autoimmune conditions. 

However, the role of CD1c autoreactive T cells, whether this is a protective or pathological role, in 

the context of TB disease has yet to be explored.  

Autoreactivity has now been demonstrated for subsets of circulating T cells restricted to each of 

the group 1 CD1 molecules. However, the absence of autoimmune related tissue destruction in 

healthy humans indicates that there must be mechanisms in place to avoid continued activation 

of self-lipid specific CD1 autoreactive T cells. The development of MHC restricted T cells occurs in 

the thymus where they undergo the process of positive and negative selection in order to 

promote self-tolerance and prevent activation in response to self-peptides. It is however less clear 

how CD1 autoreactive T cells are prevented from responding to CD1+ APCs presenting self-lipid. 

Mechanisms to restrict activation of CD1 autoreactive T cells have been suggested to include: 

modification of expression and spatial separation of CD1 molecules on the cell surface, cytokine 

mediated augmentation of T cell activation and enzymatic regulation of antigen availability (168). 

For example, in contrast to CD1d which is constitutively expressed on most APC, upregulated 

expression of group 1 CD1 molecules is induced on monocytes in response to stimulation with 

GM-CSF, IL-4 or mycobacterial lipids (339, 344, 345). On the other hand, expression of group 1 

molecules have been found to be inhibited by the binding of IgG to FcγRIIa on DC, as well as by 

factors found within human serum such as cardiolipin and lysophosphatidic acid (LPA) suggesting 

that CD1 expression in the peripheral blood is highly regulated (346, 347). This indicates that in 

the circulation of healthy humans, there is a lack of availability of CD1 and/or specific lipids to 

activate cognate autoreactive T cells. Disease states such as in the context of infection with M.tb 

may then induce the availability of ligands for CD1 autoreactive T cells which in turn may lead to 

protective or pathological consequences.  
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1.3 Animal models of TB 

1.3.1 Mouse 

Understanding the host immune response to TB infection is crucial for the development of new 

diagnostics, treatments and vaccines. Animal models have been invaluable in evaluating the 

immune response to mycobacterial challenge in numerous settings, allowing for a complete 

picture of pre-infection through to post-infection to be interrogated which is not feasible in 

human participants. The most frequently used animal model in M.tb infection is the mouse (348), 

providing a low cost and less spatially demanding host in which to study the course of infection 

(349). A large resource of mouse-specific immunological tools and reagents are available, in 

addition to a variety of different strains which vary in terms of their susceptibility, pathological 

response and survival times (349). For example, BALB/c mice are less resistant to M.tb infection 

than C57BL/6 mice (350), but unlike most strains, C3HeB/FeJ mice are able to develop necrotic 

granulomas following infection (351). The simple handling and containment procedures along 

with the presence of good cellular immunity makes the mouse a preferred model for the rapid 

evaluation of new drug and vaccine candidates (348). However, despite having comparable 

immune responses to humans, the physiology and pathology of the mouse makes it less directly 

applicable to human disease (352, 353). Lung pathology in M.tb infected mice differs substantially 

to that of humans, with the majority of mice failing to develop the hallmark caseating granulomas 

typically seen in human TB and the granulomas that do develop are poorly organised and lack 

fibrosis (2, 354-356). Furthermore, in contrast to human TB where mycobacteria tend to be 

extracellular within necrotic lesions, bacilli within the mouse model are found to primarily reside 

intracellularly in the lungs which also tend to develop non-necrotic lesions (357, 358). Finally, 

mice lack some human proteins which are deemed important in TB immunity including CD1a, 

CD1b, and CD1c. 

While the mouse is the predominant model used in TB research, they lack the group 1 CD1 

molecules seen in humans (359). The only naturally expressed CD1 molecule in the mouse is 

CD1d, which has been extensively investigated through knockout and adoptive transfer studies, 

revealing that CD1d is an important player in the immune response to M.tb infection (132, 149, 

150, 360). However, until recently this frequently used animal model has not been useful for 

studying the role group 1 CD1 molecules play in response to infection. The development of the 

humanised CD1 transgenic mice by Felio and colleagues has allowed for the investigation of CD1a, 

CD1b and CD1c in the context of M.tb infection. The expression pattern of these molecules 

resembled that of human group 1 CD1 and CD1-restricted T cell responses were induced in 

response to vaccination with BCG or M.tb challenge (331). Further investigations from this group 
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of CD1 transgenic mice that also expressed a human MA-specific, CD1b-restricted TCR 

demonstrated that following M.tb challenge, CD1-restricted T cells are primed in the mediastinal 

lymph node and were associated with protection after adoptive transfer (148). The development 

of the humanised CD1 transgenic mouse model has opened up the possibility of using knock-out 

studies to further delineate the role of these proteins in response to M.tb infection, but the 

physiological and pathological differences between human and mouse still pose an issue.  

1.3.2 Guinea pig and Rabbit 

Another popular model for M.tb infection which was also the primary model used by Robert Koch 

in the identification of the tubercule bacillus is the guinea pig (361). Unlike the mouse model, 

guinea pigs display more comparable aspects of M.tb pathology to humans such as necrotic 

lesions and caseation (348, 362). Guinea pigs are highly susceptible to M.tb infection and are 

predominantly used for drug safety and efficacy studies (348, 363). However, despite presenting a 

similar lung pathology to humans, guinea pigs have poor cell mediated immunity and there is a 

distinct lack of immunological reagents available to study cellular response. An improvement 

upon the guinea pig system may be the rabbit model which also produces necrosis, caseation and 

cavitation in response to M.tb infection but has the added benefit of better cell mediated 

immunity (348, 364). This model has been primarily used for research into M.tb transmission, 

drug penetration and distribution and also rarer forms of TB such as meningeal, cutaneous and 

bone infections (348, 365). Similar to the guinea pig, the rabbit is also subject to a lack of 

immunological reagents for research, but clinical symptoms in this model are also more 

inconspicuous (348). 

The first animal model utilised to study the role of group 1 CD1 molecules was the guinea pig. 

Guinea pigs express a range of human-like CD1 isoforms including four CD1b molecules, three 

CD1c and at least one CD1a like molecule (366). The presence of CD1-restricted T cells in the 

guinea pig model has been demonstrated by Hiromatsu et al, showing that CD1-restricted CD8+ T 

cells are induced upon inoculation with Mycobacterial lipid antigens (367). Guinea pig CD1b and 

CD1c molecules presented glycolipid antigens derived from M.tb and antigen-specific CD8+ T cells 

demonstrated cytotoxic activity against M.tb  lipid pulsed CD1+ bone marrow derived DC (367). 

Vaccination of guinea pigs with mycobacterial lipids including Ac2SGL or PIM2 has been 

associated with a reduction in both pathology and bacterial burden in the lungs, suggesting that 

lipid-specific CD1-restricted T cells may play a protective role (368, 369).  Their use in M.tb 

infection studies as well as their natural expression of group 1 CD1 molecules makes the guinea 

pig an attractive model for lipid-vaccine research. 
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1.3.3 Macaque 

More recently, the development of a macaque model of TB has emerged in the field, being 

utilised in investigations studying susceptibility, treatment and vaccination. The close evolutionary 

relationship in addition to the similarity of macaque pathology, physiology and immunology to 

that of humans makes them an ideal model in which to better progress onto efficacy testing in 

humans (370). There is considerable overlap between TB disease presentation in macaques and 

humans, with macaques developing a range of granulomas with necrosis, caseation and cavitation 

(348, 370-374). Different species have shown to have a range of susceptibilities and resistance to 

M.tb (370-374). For example, the various subspecies of Cynomolgus macaque can develop a range 

of disease presentations in addition to a latent-like disease due to their relative resistance to M.tb 

compared to the Rhesus macaque which are more susceptible (375). Chinese Cynomolgus and 

Indonesian Cynomolgus macaques demonstrate good control of infection whereas Mauritian 

Cynomolgus present lower disease resistance (371-373). Furthermore, various granuloma types 

have been observed not only between macaques, but within each organ (2). Ultra low dose 

aerosol infection of M.tb has further highlighted the differences between species, with Rhesus 

macaques presenting with a more progressive disease while Cynomolgus macaques 

demonstrated a reduced burden of disease (372). The differences in immunological response to 

infection between the species of macaque in addition to their similar pharmacokinetic profiles to 

that of humans, makes this model an invaluable tool when assessing multiple parameters such as 

drug and vaccine efficacy, treatment strategies and progression from infection to disease (348). In 

spite of these advantages, drawbacks of this model include substantial requirements in terms of 

lab space, expense, maintenance and experimentation which adds to their low availability for use 

in TB research. 

However, a significant advantage for the NHP model is the retention of CD1 genes. Both the 

Rhesus and Cynomolgus macaque express group 1 and group 2 CD1 molecules and are extremely 

similar to the human orthologues (376, 377). The group 1 molecules in fact are so similar that 

macaque CD1b is recognised by and activates human CD1b-restricted T cells (377). The macaque 

model of the CD1 system has already produced interesting findings. It was previously assumed 

that M.tb derived GMM was only presented by CD1b and recognised by CD1b-restricted T cells, 

however it has recently been demonstrated that CD1c-restricted T cells from both humans and 

macaque can recognise GMM, but are specific to CD1c (376, 378). Layton and colleagues also 

revealed cross-species recognition of macaque and human derived CD1c proteins, further 

indicating that the NHP model may be the most relevant for investigating this system for their role 

in disease (376). 
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1.3.4 Zebrafish 

An alternative model for TB pathogenesis as well as drug and vaccine development is the 

zebrafish (348). Despite little anatomical similarities, zebrafish harbour comparable 

immunological components to humans including the development of structurally similar 

granulomas (379-381). Zebrafish represent an ideal model for large scale screening studies due to 

their ease of care, small requirements for lab space and ability to quickly produce numerous 

offspring (~300 eggs per week) (379, 382, 383). Although zebrafish are unable to be infected with 

M.tb, challenge with Mycobacteria marinum (M.marinum) produces a range of human-like 

infection states such as systemic disease, latent infection, formation of histologically similar 

granulomas and secondary reactivation (380, 384, 385). Both embryos and adult zebrafish are 

able to be infected, allowing for a full lifecycle analysis of disease, in addition to being transparent 

which permits the use of high resolution microscopy (386, 387). The use of the zebrafish model in 

drug development has been key in revealing the role of mycobacterial efflux pumps in acquiring 

tolerance to antibiotics, with the addition of the efflux pump inhibitor verapamil suppressing this 

tolerance and increasing treatment efficacy (388). However, important drawbacks of the zebrafish 

model of TB infection include their inherent lack of T cells, enabling only interactions of M.tb with 

macrophages to be studied (389). Furthermore, while zebrafish express MHC molecules, they do 

not harbour CD1 genes, thus preventing a more complete analysis of mycobacterial antigen 

presentation and CD1-restricted immune responses (390, 391).  

Every animal model of TB has limitations, but when choosing a model for vaccine research, it is 

appropriate to consider all aspects of the immune response including unconventional T cells and 

antigen presenting molecules. 

1.4 Vaccination 

The BCG vaccine is the first and currently only licensed vaccination against TB. Since its first use in 

1921, the BCG has become the most widely administered vaccination worldwide and is a standard 

part of national childhood immunisation programmes in over 150 countries (1, 392, 393). The BCG 

is a live, attenuated vaccine generated by subculture of Mycobacterium bovis (M.bovis) (394) 

which, due to variances in culture conditions over time, has been developed into 14 different 

strains varying in both phenotype and genotype (395, 396). Four strains of the BCG make up more 

than 90% of the prepared doses worldwide and include BCG Pasteur 1173P2, BCG Japan 172, BCG 

Glaxo 1077 and BCG Danish 1331 (397). BCG vaccination has been shown to protect against 

primary disease in children as well as disseminated forms such as TB meningitis and miliary TB 

with an efficacy as much as 70-80% (1, 3, 398-400). However, the protective effects of the vaccine 
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are reported to provide a maximum of 20 years of protection (269, 401) and has failed to show 

adequate prevention of pulmonary disease and secondary reactivation in adults (1, 3, 398). The 

efficacy of the BCG is reported to vary greatly from between 0 and 80% (402) and correlations 

have not been found between the cytokine profile of M.tb specific T cells in BCG vaccinated 

newborns and protection from the development of TB (403). Thus far, the global rate of TB 

incidence is not falling fast enough to hit the WHO’s End TB Strategy targets of an 80% reduction 

in incidence by 2030 (1) and it has been reported that the BCG in its current administration 

programme is not having a significant impact on this goal (404).  

Studies have been conducted into whether the route of BCG administration impacts the 

protective response. Aerosol delivery of BCG to Rhesus macaques has been reported to induce a 

Th1 and Th17 cytokine response, with polyfunctional CD4+ T cells detected in the BAL fluid 

following vaccination (405). However, more strikingly is the improved protection generated in the 

macaque model following intravenous (IV) delivery of the BCG vaccine. In two studies, IV injection 

of BCG was found to provide superior protection over the standard intradermal delivery with 

disease pathology significantly reduced and an improved survival of macaques challenged with 

M.tb (372, 406). Compared to intradermal or aerosol BCG delivery, IV injection induced larger 

frequencies of antigen specific CD4+ and CD8+ T cells in BAL fluid and peripheral blood, with some 

animals even displaying an absence of detectable infection using positron emission tomography-

computerised tomography (PET-CT) (372, 406). However, despite these positive results, the BCG 

vaccine may still be unsuitable for the entire population. Safety testing of IV BCG has yet to be 

carried out in humans, and in the current regime, the BCG is only suitable for those without prior 

sensitisation to mycobacteria which presents a major issue in countries with high incidences of 

LTBI in adults (407). Despite improved protection demonstrated in animal models in response to 

M.tb challenge following IV BCG, the demand for a more efficacious vaccine that can provide 

protection for all remains high. 

Since August 2019, there are more than 14 alternative vaccines against active TB that have been 

under investigation in clinical trials including live attenuated or recombinant vaccines, viral vector 

and protein adjuvants (1, 397). One candidate currently undergoing a phase Ib/IIa trial in South 

Africa is MTBVAC, a live, genetically attenuated vaccine and is the only potential TB vaccine 

derived from the clinical isolate of M.tb (408-410). A phase I trial observed a comparable safety 

level to the BCG vaccine and found that all vaccinated participants were IGRA negative at the 2 

year follow up (411). The intention behind this vaccine is to replace the BCG for newborns and to 

serve as a booster vaccine for adults, however the same concerns regarding prior mycobacterial 

sensitisation exist for MTBVAC as for BCG (397). A second potential candidate is the viral vector 

vaccine ChAdOx1 85A-MVA85A developed by Oxford University. This vaccine combines the 



Chapter 1 

42 

chimpanzee adenovirus ChAdOx1 with the modified vaccinia Ankara virus MVA85A which both 

express the M.tb antigen Ag85A and uses a prime-boost strategy to induce CD8+ and CD4+ T cell 

responses (412, 413). Following promising results in the mouse model, the ChAdOx1 85A-MVA85A 

vaccine candidate underwent a phase I in 42 healthy BCG vaccinated adults. The ChAdOx1 85A 

prime induced CD4+ and CD8+ T cell responses but was not boosted by a second dose. However 

these responses were boosted upon administration of MVA85A. The prime-boost candidate was 

well tolerated and immunogenic, but the results were not overwhelming (414).  

Another promising candidate is the H56:IC31 protein adjuvant vaccine constituting the M.tb 

derived early secretory proteins ESAT-6 and Ag85B and the latent infection associated protein 

Rv2660C in combination with adjuvant IC31. This potential vaccine is intended to protect against 

new infections with M.tb in addition to preventing reactivation of LTBI (415). H56:IC31, when 

used in the NHP model, has demonstrated to significantly reduce lung pathology while inducing a 

robust memory response when compared to the BCG (416). Furthermore, H56:IC31 vaccinated 

Cynomolgus macaques with latent M.tb infection did not show evidence of reactivation upon anti-

TNF antibody treatment (416). Phase I trials, which included HIV negative adults with LTBI or 

patients with drug susceptible TB that had undergone treatment, concluded that the vaccine was 

safe and produced good immunogenicity at all trial doses (415, 417, 418). Phase II trials 

investigating the ability of H56:IC31 to reduce TB recurrence in HIV negative individuals post-

treatment for TB in South Africa and the United Republic of Tanzania is currently ongoing.  

Of all the vaccine candidates currently undergoing investigation, the protein adjuvant vaccine 

M72/AS01 has appeared as a front-runner. Developed by Glaxo-SmithKline, recombinant fusion 

proteins Mtb31 and Mtb39 are combined with adjuvants AS01b, AS02a or AS01E and are 

designed to promote BCG induced immunity (419). The vaccine has performed well in animal 

models of M.tb infection, inducing greater protection than BCG alone in mice, guinea pigs and 

macaques (420, 421). Phase IIb trials conducted in Kenya, South Africa and Zambia revealed the 

vaccine induced significant protection against TB in individuals with LTBI, with an acceptable 

safety profile in addition to inducing robust humoral and cellular immune responses (1, 397). 

Vaccine efficacy was estimated at 54% over 2 years of follow up, which in terms of TB vaccine 

research, is a clinically significant result (1). 

However, despite advances in the search for an improved TB vaccine, the innate and 

unconventional T cell responses to M.tb infection have yet to be thoroughly investigated or 

exploited. T cells specific for lipids presented by molecules of the CD1 system are induced 

following infection with M.tb,  suggesting that lipid based vaccines may be an ideal target. 

Humanised transgenic mouse models expressing group 1 CD1 proteins and a CD1b-restricted, MA-
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specific TCR (DN1) were assessed for their response to M.tb challenge (148). Activated DN1 T cells 

displayed a polyfunctional phenotype and were found to accumulate in lung granulomas but 

protected against M.tb infection (148). A further study investigating the protective response of 

lipid-based vaccines comprising M.tb derived Ac2SGL or PIM2 found that vaccinated guinea pigs 

had a reduced bacterial burden in the spleen compared to unvaccinated animals following 

challenge with M.tb (369). Furthermore, a reduction in the number of lesions and severity of 

immunopathology was observed in the lungs of the vaccinated group (369). This is in support of 

previous studies which observed an induction of lipid-specific, CD1-restricted T cell responses 

following inoculation of guinea pigs with mycobacterial lipid mixtures or M.tb total lipids and a 

reduction in pathology and bacterial burden following M.tb challenge (367, 368). These studies 

represent a promising beginning to the exploitation of the CD1-restricted T cell response by way 

of lipid-based vaccines, but further work is needed to fully understand the host-pathogen 

interaction upon M.tb infection. 

1.5 Summary 

Despite efforts to reduce the global burden of Tuberculosis, the rate of incidence and mortality is 

simply not falling fast enough to meet the goals of the END TB Strategy set out by the WHO. The 

emergence of multidrug-resistant TB (MDR-TB), extensively drug-resistant TB (XDR-TB) and totally 

drug resistant TB highlights the growing need for improved methods of prevention, diagnosis and 

treatment. As the only licensed vaccine for the prevention of TB has such a variable rate of 

efficacy, a new vaccine is urgently needed and could prevent many of the new cases of TB 

reported each year. Unfortunately, despite extensive research, the immunology underpinning 

infection control versus disease is still incompletely understood, thus stalling the development of 

new vaccines. 

Unconventional CD1-restricted T cells are fast becoming a target of M.tb immunology research. As 

M.tb has a high lipid content and mycobacterial lipid specific CD1-restricted T cells have been 

demonstrated, there is strong evidence that these T cells play an important role during infection. 

In addition to this, it has been observed that plasma lipidomics of TB patients is altered when 

compared to healthy controls. Several studies have documented decreased levels of LPC in those 

with active TB (422-424) but a simultaneous increase in PC and PG has also been reported (422). 

However, it is unclear whether the alteration in these lipid levels have an effect on the frequency 

and function of CD1-restricted T cells, or if these T cells are protective or deleterious in the 

context of TB. Therefore, in order to target these responses in TB, we need to understand the 

basic molecular mechanisms that govern the interaction between T cells and CD1-lipid complexes.  
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In addition, phenotypical and functional characterisation of CD1 restricted T cell subsets in human 

TB are required in order to shed light on the T cell subsets that play important roles in host 

immunity to infection. Important T cell subsets can be dissected for their “friend” or “foe” 

function in TB by studying T cell function in sophisticated 3D cell culture models and via in vivo 

models. Hence, a better understanding of unconventional CD1 mediated immunity in the host 

pathogen interaction in TB may provide the platform for the generation of improved future 

vaccines and better therapeutics for TB. 

1.6 Hypotheses and Aims 

1.6.1 Hypotheses 

The overarching hypothesis of my research is that Lipid-CD1 reactive T cell immune responses play 

a central role in the host immune response to tuberculosis infection. 

To investigate my overarching hypothesis, I will investigate unconventional CD1 mediated immune 

responses in the context of TB in humans and in the macaque model of infection with the following 

species specific hypotheses: 

1) CD1c autoreactive T cells modulate the host-pathogen interaction in human TB infection  

2) CD1d-restricted iNKT responses in macaque TB infection are associated with disease severity 

and outcomes 

1.6.2 Aims 

I will address the above hypotheses with the following specific aims: 

Human 

I. Examine the molecular basis underpinning CD1c-lipid recognition by TCR through 

mutational analyses; involving the generation of CD1c alanine mutants and the 

interrogation of their interaction with TCR by FACS analysis and SPR. 

II. Establish CD1c autoreactive T cell lines and clone respective TCRs onto Jurkat T cell lines 

to determine reactivity to CD1c through combined tetramer binding and functional 

studies. 

III. Explore CD1c mediated immune response in healthy subjects through optimisation of 

short term expansion methods  

IV. Determine expression of CD1c and γδ T cell receptors in human TB granulomas by 

Immunohistochemistry. 



Chapter 1 

45 

V. Investigate numerical and phenotypical characteristics of CD1c mediated responses in the 

peripheral blood and lungs of human TB patients. 

Macaque 

VI. Investigate numerical and functional changes of iNKT and CD1c-restricted T cell repertoire 

from peripheral blood and tissues of animals pre- and post-M.tb challenge in longitudinal 

studies. 

VII. Determine iNKT phenotype in blood and lung biopsy samples with pathological and 

bacteriological readouts.  

VIII. Generate macaque CD1c tetramers and investigate their binding to T cells in order to 

explore these responses in future M.tb in vivo challenge studies.
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Chapter 2 Materials and Methods 

2.1 Human 

2.1.1 Protein production and purification 

2.1.1.1 Site directed mutagenesis of CD1c 

Mutant CD1c proteins were generated using a hybrid CD1c protein (CD1ch), a construct of the 

extracellular α1 and α2 domains of CD1c and the α3 domain of CD1b, cloned into the pET-23d 

vector (Novagene). Alanine substitutions of residues within the F’ roof of CD1c were performed 

using the QuikChange Lightning Site Directed Mutagenesis kit (Agilent) and custom primers 

purchased from Eurofins Genomics (Table 1).  
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Table 1: Primer sets for site directed mutagenesis, amplification and sequencing of soluble CD1c 

Site Directed Mutagenesis Primer Sets 
E>A F Forward CTT TGG ATT AAC TCG GGC GAT TCA AGA CCATGC AAG 
E>A R Reverse CTT GCA TGG TCT TGA ATC GCC CGA GTT AATCCA AAG 
H>A F Forward CTC GGG AGA TTC AAG ACG CTG CAA GTC AAGATT ACT C 
H>A R Reverse GAG TAA TCT TGA CTT GCA GCG TCT TGA ATCTCC CGA G 
L>A F Forward GGC CCA AAG TGT CTG TCA TGC ACT CAA TCATCA GTA TGA AG 

L>A R Reverse CTT CAT ACT GAT GAT TGA GTG CAT GAC AGACAC TTT GGG CC 

Y>A F Forward CAT CTA CTC AAT CAT CAG GCT GAA GGC GTCACA GAA AC 
Y>A R Reverse GTT TCT GTG ACG CCT TCA GCC TGA TGA TTGAGT AGA TG 
CHOP N>T F Forward CAA TAA TTT TCC TGC ATA CCT GGT CCA AGGGCA ACT TC 
CHOP N>T R Reverse GAA GTT GCC CTT GGA CCA GGT ATG CAG GAAAAT TAT TG 
CHOP R>Q F Forward CTA CCT CTT TGG ATT AAC TCA GGA GAT TCAAGA CCA TGC AAG 

CHOP R>Q R Reverse CTT GCA TGG TCT TGA ATC TCC TGA GTT AATCCA AAG AGG TAG 

CHOP H>R F Forward CTG TCA TCT ACT CAA TCG TCA GTA TGA AGGCGT CAC 
CHOP H>R R Reverse GTG ACG CCT TCA TAC TGA CGA TTG AGT AGATGA CAG 
Amplification Primer Sets 
CD1c_FL_Fwd Forward GCG CCC TAG GCG CCA CCA TGC TGT TTC TGC AGT TTC TGC 

TGC TAG CTC 
CD1c_FL_Rev Reverse GCG CGC GTC GAC TCA CAG GAT GTC CTG ATA TGA GCA GTG 

CTT CT 
Sequencing Primer Sets 
CD1cLV_Mid_Fwd Forward CTG ATG GGA CAT GGT ATC TTC 
CD1cLV_Mid_Rev Reverse CAG GAA AAT TAT TGT GCC TGA 
CD1cLV_Start_Fwd Forward ATG CTG TTT CTG CAG TTT CTG 
CD1cLV_End_Rev Reverse TCA CAG GAT GTC CTG ATA TGA GC 
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F’ roof residues mutated to alanine included TYR155, LEU150, HIS87, and GLU83. Other mutations 

located within the α1 and α2 helices included ASN55 to THR55, HIS153 to ARG153, and ARG82 to 

GLN82. The PCR programme utilised can be found in Table 2. The CD1c DNA and polypeptide 

sequence and the location of the mutants can be found in Figure 6. Mutated DNA was 

transformed into ultra-competent XL10-Gold cells, following the protocol supplied by Agilent. 

Plasmid DNA was generated from the CD1c mutant colonies using a QIAprep Spin Miniprep Kit 

(Qiagen), and the DNA sequence of each was confirmed to contain the correct mutation by the 

Source Bioscience Sanger sequencing service. Recombinant mutant proteins, as well as wild type 

(WT) CD1c, were purified, cleaned and subsequently refolded with β2m in the presence of PC 

(Avanti Polar Lipids). Following biotinylation and re-purification, mutant CD1c-lipid complexes 

were conjugated to Streptavidin-R-phycoerythrin (Invitrogen) to generate fluorescently 

conjugated mutant CD1c tetramers. 

Table 2: PCR programmes for site directed mutagenesis and CD1c insert amplification 

  

Site Directed Mutagenesis PCR 
Temperature (°C) Time (hh:mm:ss) Number of Cycles 
95 00:02:00 1 
95 00:00:20  

18 60 00:00:10 
68 00:00:30 
68 00:05:00 1 
Insert Amplification PCR 
Temperature (°C) Time (hh:mm:ss) Number of Cycles 
98 00:00:30 1 
98 00:00:10  

35 72 00:00:15 
72 00:10:00 
4 Hold   
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Figure 6: DNA and polypeptide sequence of the extracellular portion of hybrid CD1c 

The α3 domain of CD1b has been shown to preserve functionality of CD1c whilst improving 

stability (265). Residues to be mutated within the F’ roof are highlighted in yellow while blue 

highlighting denotes the location of the mutants outside this region. 

 

2.1.1.2 CD1c-lipid monomer production 

Recombinant proteins of the CD1c heavy chain and β2m were generated as inclusion bodies in 

Rosetta strain E.coli (Novagen). After establishing protein concentration in 8M Urea, inclusion 

bodies were washed and solubilised in a denaturing buffer of 6M guanidine-HCL. The oxidative in 

vitro refolding of CD1c and β2m was carried out in the presence of 200µg of specific lipids 

solubilised in vehicle (150mM NaCl and 0.5% Tween 20) including PC, PG, and 

phosphatidylethanolamine (PE) (Avanti Polar Lipids) as previously described (425), or with vehicle 

alone. Briefly, the denatured proteins were reduced with 20mM DTT before adding to a refolding 

buffer (1mM EDTA, 100mM Tris, 300mM L-arginine, 1M urea, 3mM reduced glutathione, 3mM 

oxidised glutathione) and allowed to stir at 4°C. 1ml of vehicle buffer composed of 150mM NaCl 

and 0.5% Tween 20, or 1ml of vehicle buffer containing 200μg/ml solubilised lipid were added to 

Extracellular Hybrid CD1c Sequence 

atgggcaacgcggat 
                M  G  N  A  D  
gcgtcccaggaacacgtgtccttccatgtcatccagatcttctcatttgtcaaccaatcc 
 A  S  Q  E  H  V  S  F  H  V  I  Q  I  F  S  F  V  N  Q  S  
tgggcacgaggtcagggctcaggatggctggacgagttgcagactcatggctgggacagt 
 W  A  R  G  Q  G  S  G  W  L  D  E  L  Q  T  H  G  W  D  S  
gaatcaggcacaataattttcctgcataactggtccaagggcaacttcagcaatgaagag 
 E  S  G  T  I  I  F  L  H  N  W  S  K  G  N  F  S  N  E  E  
ttgtcagacctagagttgttatttcgtttctacctctttggattaactcgggagattcaa 
 L  S  D  L  E  L  L  F  R  F  Y  L  F  G  L  T  R  E  I  Q  
gaccatgcaagtcaagattactcgaaatatccctttgaagtacaggtgaaagcgggctgt 
 D  H  A  S  Q  D  Y  S  K  Y  P  F  E  V  Q  V  K  A  G  C  
gagctgcattctggaaagagcccagaaggcttctttcaggtagctttcaacggattagat 
 E  L  H  S  G  K  S  P  E  G  F  F  Q  V  A  F  N  G  L  D  
ttactgagtttccagaatacaacatgggtgccatctccaggctgtggaagtttggcccaa 
 L  L  S  F  Q  N  T  T  W  V  P  S  P  G  C  G  S  L  A  Q  
agtgtctgtcatctactcaatcatcagtatgaaggcgtcacagaaacagtgtataatctc 
 S  V  C  H  L  L  N  H  Q  Y  E  G  V  T  E  T  V  Y  N  L  
ataagaagcacttgcccccgatttctcttgggtctcctggatgcagggaagatgtatgtg 
 I  R  S  T  C  P  R  F  L  L  G  L  L  D  A  G  K  M  Y  V  
cacagacaagtgaagcctgaggcctggctgtccagtggccccagtcctggacctggccgt 
 H  R  Q  V  K  P  E  A  W  L  S  S  G  P  S  P  G  P  G  R  
ctgcagcttgtgtgccatgtctcaggattctacccaaagcccgtgtgggtgatgtggatg 
 L  Q  L  V  C  H  V  S  G  F  Y  P  K  P  V  W  V  M  W  M  
cggggtgagcaggagcagcagggcactcagctaggggacatcctgcccaatgctaactgg 
 R  G  E  Q  E  Q  Q  G  T  Q  L  G  D  I  L  P  N  A  N  W  
acatggtatctccgagcaaccctggatgtggcagatggggaggcggctggcctgtcctgt 
 T  W  Y  L  R  A  T  L  D  V  A  D  G  E  A  A  G  L  S  C  
cgggtgaagcacagcagtttagagggccaggacatcatcctctactggggtccgggatcc 
 R  V  K  H  S  S  L  E  G  Q  D  I  I  L  Y  W  G  P  G  S  
ggtggtggtctgaacgatatttttgaagctcagaaaatcgaatggcattaa 
 G  G  G  L  N  D  I  F  E  A  Q  K  I  E  W  H  -   
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the refolding mixture. The refolding was optimised either in the presence or absence of the 

chaperone proteins GroEL, DsBA and PPI (291, 425). Proteins were concentrated before 

purification of the stable complexes through a fast protein liquid chromatography (FPLC) system 

using size-exclusion chromatography columns such as the preparatory grade (SD75 26/60) and the 

analytical grade (SD75 GL 10/300) columns (GE Healthcare). Subsequently, some proteins were 

further purified by anion exchange chromatography using the MonoQ 4.6/100 PE column (GE 

Healthcare). 

2.1.1.3 CD1 tetramers 

Biotinylation of the CD1c-lipid monomers was carried out via an engineered BirA motif on the C 

terminus of CD1c using the BirA ligation kit (Avidity) and then repurified by size exclusion 

chromatography. The eluted protein was then subjected to anion exchange column (MonoQ 

4.6/100 PE) (GE Healthcare) to further refine protein purity. Five individual protein fractions were 

collected before conjugation to Streptavidin-R-phycoerythrin, Streptavidin-Allophycocyanin, 

Streptavidin-BV421 or Streptavidin-BV605 (All Biolegend) to generate CD1c tetramers. 

2.1.2 Flow cytometry 

2.1.2.1 Staining of Jurkat T cells 

J.RT3-T3.5 Jurkat cells were washed in cold MACS buffer before the addition of 0.3µg tetramer 

and incubated on ice for 25 minutes. The cells were further stained with anti-CD3-APC antibody 

(Biolegend) and incubated on ice for a further 20 minutes before washing again in cold MACS 

buffer. Propridium Iodide (Sigma) was added to the cells before acquisition by the FACSCalibur 

(BD Biosciences) and analysed using FlowJo VX (FlowJo LLC). 

2.1.2.2 CD1c tetramer staining 

Staining of CD4+ T cells: CD4+ T cells were purified using a CD4 MACS purification kit (Miltenyi). 

CD4+ T cells were washed in cold MACS buffer before incubating with 50nM Dasatinib (Sigma) for 

30 minutes at 37°C. The samples were stained with 0.3µg tetramer and with human specific 

antibodies anti-CD3-FITC (Biolegend) and anti-CD4-APC (Biolegend) before incubating on ice for 

45 minutes. Samples were stained with Propridium iodide following washing with MACS buffer 

and acquired by the FACSCalibur (BD Biosciences). CD1c-lipid specific CD4+ T cells were identified 

by gating on the live CD3+ lymphocyte population and analysed using FlowJo VX. 
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Staining and sorting of Vδ1 T cells (Southampton): Peripheral blood mononuclear cell (PBMC) 

samples were washed in cold MACS buffer before incubating with 50nM Dasatinib (Sigma) for 30 

minutes at 37°C before staining with 0.3µg tetramer. Cells were then stained with the human 

specific antibodies anti-CD3-FITC and anti-Vδ1-APC (Miltenyi) before incubating on ice for 45 

minutes. Samples were washed in MACS buffer before staining with Propridium iodide. Samples 

were acquired by the FACSAria and cells that were positive for both tetramer and Vδ1 were bulk 

sorted into 3ml FACS tubes for culture. 

Staining and sorting of CD1c tetramer+ γδ T cells (King’s College London): Cells from three γδ T cell 

enriched cell lines and one ex vivo PBMC sample were resuscitated in complete media and rested 

at 37°C for 1 hour. Cells were washed in PBS before incubating with 50nM Dasatinib (Axon) for 30 

minutes at 37°C. The samples were stained with two tetramers, CD1c-SL-PE and CD1c-PG-BV421, 

before staining with anti-CD3-BV786, anti-αβTCR-APC, anti-γδTCR-PE/Cy7 and anti-Vδ2-FITC and 

incubating for 45 minutes on ice. The cells were washed in PBS before acquiring on a FACS Aria 

Fusion (BD Biosciences) and sorting single cells into 5μl PBS in PCR plates. The PCR plates were 

chilled on dry ice, centrifuged at 600g for 1 minute and subsequently frozen at -80°C. 

2.1.2.3 γδTCR transduced Jurkat T cells 

An aliquot of NFAT-Gluc Jurkat cells transduced with different γδTCRs was washed in cold MACS 

buffer before staining with anti-CD3-FITC (Biolegend) and anti- Vδ1-APC (Miltenyi) antibodies and 

incubated on ice for 45 minutes. After washing in MACS buffer, the cells were acquired by a FACS 

Aria IIu (BD Biosciences). The percentage of TCR expression was analysed and TCR positive cells 

were bulk sorted into complete RPMI media for expansion in culture to obtain a cell population 

with 100% TCR expression.  

γδTCR transduced NFAT-Gluc Jurkat cells were washed in cold MACS buffer before staining with 

0.3μg of various tetramers: CD1c-SL, CD1c-endo, and CD1c-SL/endo proteins pulsed with citrate 

buffer only, 0.5% CHAPS only, PG 16:0 and PC 18:0. Another aliquot of NFAT-Gluc Jurkat cells were 

also stained with 1.8μg CD1c-SL dextramer. Cells were further stained with anti-CD3-APC antibody 

(Biolegend) and incubated on ice for 45 minutes. Cells were washed in cold MACS buffer before 

acquisition by FACS Aria IIu (BD Biosciences) and analysed using FlowJo VX (FlowJo LLC). 

2.1.2.4 Activation induced marker assay (AIM) 

T cells expanded in a short term culture and stimulated overnight with either THP1-CD1c or THP1 

Knockout (THP1-KO) cells were resuspended and washed in sorting buffer (HBSS, 1% human AB 

serum, 10mM HEPES, 2mM EDTA) before staining with an antibody cocktail for co-receptors and 

activation markers: anti-CD3-FITC, anti-CD4-PerCP/Cyanine5.5, anti-CD8-BV510, anti-CD69-PE, 
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anti-CD25-PE/Cyanine7, anti-CD137-APC (Biolegend) and LIVE/DEAD Near IR (Invitrogen). THP1 

cells were gifted to us by Immunocore, Oxford, and are knockouts for the β2m and CIITA genes. 

The lack of β2m prevents the natural formation of MHC class I and CD1 molecules, and the 

absence of CIITA prevents upregulation of MHC class II molecules upon TCR engagement. This 

allows for the determination of CD1c-mediated activation of T cells in THP1 cells transduced with 

CD1c whilst lacking MHC and other CD1 molecules. T cells were acquired by BD FACS Aria IIu (BD 

Biosciences) and analysed using FlowJo XV (FlowJo LLC). The remaining incubating T cells were 

continued in culture and re-stimulated with THP1 cells and IL-2 every 7 days. On day 25, the cells 

were stained as above and CD69+CD137+ T cells were sorted into T cell media. Sorted cells were 

cultured overnight in 96 well plates with 1μg/ml PHA, 100U/ml IL-2 and 2x105 irradiated 

autologous PBMCs. On day 4 after initiation of the culture, cells were stimulated with 100U/ml IL-

2 and were re-stimulated in this manner every other day. 

2.1.2.5 Staining of CD1c-restricted T cells in South African TB patients 

Peripheral blood staining: PBMC were resuscitated and washed in RPMI 1640 (Lonza) media 

containing 10% Foetal Bovine Serum (FBS) before resting for 1 hour at 37°C. Cells were washed in 

PBS before blocking with a 50% human serum, 0.2% Bovine Serum Albumin (BSA) solution for 10 

minutes at 4°C. The cells were washed twice in PBS before incubating with 50nM Dasatinib 

(Sigma) for 30 minutes at 37°C. Cells were stained with 0.1μg of each CD1c-SL tetramer-PE and 

CD1c-SL tetramer-BV421/BV605 before staining with 25µl LIVE/DEAD Fixable Near-IR Dead Cell 

Stain (Invitrogen) diluted to 1:200 in PBS. Cells were then stained with human specific antibodies 

anti-CD3-PE CF594 (BD Biosciences), anti-CD19-BUV496 (BD Biosciences), anti-Vδ1-APC (Miltenyi) 

and anti-TCRα/β-Alexa Fluor 488 (Biolegend) and incubated on ice for 45 minutes. Samples were 

washed in PBS and acquired by the FACSAria Fusion and data was analysed using FlowJo VX 

(FlowJo LLC) 

Lung and PBMC staining: PBMC and Lung samples from M.tb infected donors were handled within 

a Biosafety Level III (BSLIII) laboratory. The samples, previously harvested and processed by 

collaborators at the Africa Health Research Institute (AHRI), Durban, were resuscitated in R10 

media (RPMI, 10% FBS) and rested at 37°C for 20 hours. Cells were washed in PBS and incubated 

with FACS block (PBS, 50% human AB serum, 0.2% bovine serum albumin) for 10 minutes at 4°C 

before washing twice. Samples were incubated with 50nM Dasatinib for 30 minutes at 37°C 

before staining with two CD1c-SL tetramers conjugated to PE and BV421. The cells were then 

stained for 45 minutes on ice following staining with an antibody cocktail comprising anti-CD3-

BV785, anti-αβTCR-FITC, anti-γδTCR-PerCP/Cy5.5, anti-Vδ2-BV711, anti-CD103-BV605, anti-PD1-

AF700, anti-CD19-PE/Cy7, anti-CD14-PE/Cy7 and anti-CD11b-PE/Cy7 (Biolegend), anti-CD69-
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BUV395 (BD), anti-Vδ1-APC (Miltenyi). Cells were washed in PBS and acquired using a FACS Aria 

Fusion at BSLIII. Data was analysed using FlowJo VX (FlowJo LLC). Single cells that were CD1c-SL 

Tetramer+ Vδ1+ were sorted into 5μl PBS in 96 well PCR plates before centrifuging at 600g for 1 

minute and freezing at -80°C for TCR sequencing at a later date. 

2.1.3 Investigating T cell reactivity 

2.1.3.1 Surface plasmon resonance  

Surface plasmon resonance (SPR) experiments were carried out by our collaborating colleague 

Johanne Pentier at Immunocore, Oxford. Streptavidin (~5000RU) was amine-coupled to a BIAcore 

CM-5 chip (BIAcore AB) and 50μg/mL biotinylated CD1c-SL complexes were loaded on individual 

flow cells until the response measured ~1000RU. Recombinant NM4 TCRs were serially diluted 

and flowed over the protein-loaded flow cells at a rate of 5 or 50μL/min for determination of 

equilibrium binding. Responses were recorded in real time on a BIAcore 3000 machine at 25°C, 

and data were analysed using the BIAevaluation software (BIAcore). 

2.1.3.2 CD1c-mediated activation of Jurkat T cells 

Optimisation of T2 and NM4 Jurkat T cell co-cultures: Two types of Jurkat cell lines, J.RT3-T3.5 and 

NFAT-Gluc, expressing a self-reactive, CD1c-restricted TCR (NM4) were seeded into wells of a 96 

well plate at a concentration of 1x105 cells/well in complete media. T2 lymphoblast cells, either 

expressing WT CD1c (T2-CD1c) or parental (T2-negative), were added to wells containing Jurkat 

cells in 4 different concentrations: 5x104 cells/well, 1x105 cells/well, 1.5x105 cells/well and 2x105 

cells/well. As a positive control, 1x105 Jurkat cells were stimulated with 50ng/ml PMA and 1µM 

Ionomycin. Cells were incubated for increasing lengths of time: 1 hour, 2 hours, 3 hours, 4 hours, 

8 hours, 16 hours and 24 hours. Prior to washing in MACS buffer, the supernatant of each NFAT-

Gluc co-culture was transferred to a separate plate and frozen at -20°C for later use in 

fluorescence assays (Luciferase). Washed cells were stained with anti-CD3-FITC (Biolegend) and 

anti-CD69-PE (Biolegend) before incubating on ice for 45 minutes. Samples were washed in MACS 

buffer before staining with Propridium iodide and acquired by the FACSCalibur. 

Culture of γδTCR Jurkat T cells and CD1c expressing APC: γδTCR transduced NFAT-Gluc Jurkat T 

cells were plated in 96 well plates at 2.5x105 cells/well in complete media. THP1 or T2 cells, with 

or without expression of CD1c, were added to the Jurkat T cells at 1.25x105 cells/well. Jurkat T 

cells stimulated with 10ng/ml PMA and 500ng/ml Ionomycin, and un-stimulated Jurkat T cells 

acted as positive and negative controls, respectively. Cells were incubated at 37°C 5% CO2 for 20 

hours before washing in MACS buffer. Cells were stained with anti-CD69-PE and anti-CD3-APC 
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(Biolegend) before acquiring by a BD FACS Aria IIu (BD Biosciences). Frequency of CD69 and CD3 

expression was analysed using FlowJo VX (FlowJo LLC). 

2.1.3.3 Plate bound CD1c assay 

Wells of a Nunc-immuno Maxisorp 96 well plate (Thermo Scientific) were coated with 1µg CD1c-

PC or 0.5µg CD1c-PC in 50µl PBS, or with 50µl PBS only. Plates were incubated at 4°C for 20 hours, 

before washing three times with 200µl sterile PBS to remove unbound protein. Jurkat T cells, of 

either the J.RT3-T3.5 or NFAT-Gluc cell line, were added to each well at a concentration of 1x105 

cells/well and were incubated at 37°C for 24 hours. Following incubation, supernatants were 

removed from each culture and transferred to a separate plate and frozen at -20°C for later use in 

fluorescence assays (Luciferase). Cells were washed in MACS buffer prior to staining with anti-

CD3-FITC (Biolegend) and anti-CD69-PE (Biolegend) for 45 minutes on ice. Cells were washed in 

MACS buffer and stained with Propridium iodide before acquiring on the FACSCalibur. 

2.1.3.4 Lipid loaded CD1c 

 Stable refolded CD1c monomers were loaded with defined ligands which included; GD1a (860055 

Avanti), PC (850375 Avanti), SM (860584 Avanti), Liver PI (840042 Avanti), Lyso Liver PI (850091 

Avanti) and a range of PG analogues including 16:0-18:1 (840457 Avanti), 18:0-18:1 (840503 

Avanti), 18:0 (840465 Avanti), 16:0 (840455 Avanti) and 18:1 (Δ9 cis) (840475 Avanti). 16µg of 

lipid was sonicated in 23µl of 0.5% CHAPS (Sigma) in 50mM sodium citrate buffer (pH 7.4 or 6.5) 

for 30 minutes at 37°C. 10µg of CD1c monomers, which had been refolded solely with vehicle, 

was added to the solubilised lipids before incubating at 37°C overnight. As a control, 0.5% CHAPS 

in 50mM sodium citrate buffer (pH 7.4 or 6.5) or sodium citrate buffer alone was added to vials 

without lipid and sonicated in the same way before the addition of CD1c monomer. The following 

day, 17µl PBS was added to each vial of CD1c to bring the protein concentration to 0.2mg/ml in 

50μl. The CD1c monomers were then tetramerised with Streptavidin-PE (Biolegend). J.RT3-T3.5 

Jurkat cells, both parental TCR negative and NM4 TCR expressing lines, were stained with 0.3µg of 

lipid-pulsed CD1c tetramer, followed by anti-CD3-APC antibody (Biolegend) and incubated on ice 

for 45 minutes. The cells were washed in cold MACS buffer and stained with Propridium Iodide 

(Sigma) before acquisition by the FACSCalibur (BD Biosciences) and analysed using FlowJo VX 

(FlowJo LLC). 

2.1.3.5 Luciferase activity 

γδTCR transduced NFAT-Gluc Jurkat T cells were plated in 96 well plates at 2.5x105 cells/well in 

complete media. THP1 or T2 cells, with or without expression of CD1c were added to the Jurkat T 

cells at 1.25x105 cells/well. Jurkat T cells stimulated with 10ng/ml PMA and 500ng/ml Ionomycin, 
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and un-stimulated Jurkat T cells acted as positive and negative controls, respectively. Cells were 

incubated at 37°C 5% CO2 for 20 hours before washing twice in PBS. Cells were lysed and the cell 

extract was mixed with luciferase substrate as per Luciferase Reporter Gene Assay kit instructions 

(Roche). Luciferase activity for each parameter was measured in triplicate by a Glomax Discovery 

plate reader (Promega) with a 10 second integration time and no filter. 

2.1.4 Cell purification, isolation and preparation 

2.1.4.1 Human PBMC isolation 

Blood samples were obtained from a range of donors which included those who had no evidence 

of active or latent TB, and those who were clinically assessed to have latent TB. Approximately 

50ml of blood was collected from each donor in heparin containing tubes and diluted 1:1 with PBS 

before layering over Ficoll-Paque (GE Healthcare) and centrifuged at 2000 rpm for 20 minutes 

with the brake off. The buffy coat was harvested and washed twice in PBS. Unused cells were 

cryopreserved in FBS + 10% DMSO. 

2.1.4.2 Magnetic activated cell sorting (MACS) 

Cells were washed and resuspended in MACS buffer (PBS, 0.5% BSA, 0.4% 0.5M EDTA) to a 

concentration of 1x107 cells/80µl buffer before incubating with 10µl of CD14 or CD4 microbeads 

(Miltenyi) for 15 minutes at 2-8°C. After washing cells in MACS buffer, cells were resuspended in 

500µl buffer and run through an MS MACS column to collect CD14+ monocytes or CD4+ T cells 

labelled with the microbeads. Enrichment of γδ T cells was carried out by labelling cells with a 

biotin-antibody cocktail (Miltenyi) to bind cells not expressing the γδ TCR. Cells were then 

incubated with anti-biotin microbeads and run through an MS MACS column in the same fashion 

to collect the unlabelled γδ T cells. Cells from each MACS separation were counted before use in 

the following assays. 

2.1.5 Establishing T cell lines 

2.1.5.1 DC stimulation of T cells 

MACS (Miltenyi) was used to isolate CD14+ monocytes and CD4+ T cells from donor PBMC. T cells 

were cryopreserved in FBS +10% DMSO while monocytes were incubated in RPMI 1640 media 

(Lonza) containing 1% Penicillin/Streptomycin-Glutamax (Gibco) and 10% FBS (Sigma) (Complete 

media). The media was supplemented with 20ng/ml GM-CSF and 20ng/ml IL-4 to differentiate the 

monocytes into MoDCs. MoDCs were cultured for 5 days, changing the media every 2 days, before 

pulsing overnight with 50ng/ml of specific lipids which included PC, PG and PE (Figure 7). 



Chapter 2 

57 

Maturation of DC was induced with 50ng/ml Lipopolysaccharide (LPS) before addition of thawed 

autologous CD4+ T cells. DC and T cells cultured together for 2 weeks before staining for analysis 

by flow cytometry. 

 
Figure 7: Structures of phosphatidylglycerol (PG), phosphatidylethanolamine (PE) and 

phosphatidylcholine (PC) 

Adapted from O’Donnel 2018 (335). 

 

2.1.5.2  Preparation and culture of ex vivo sorted lines 

MACS sorting (Miltenyi) was used to isolate γδ T cells from human PBMCs prior to staining for 

sorting by flow cytometry. Cells were sorted into RPMI 1640 (Lonza) media containing 1% 

Penicillin/Streptomycin-Glutamax (Sigma), 10% human AB serum (Sigma), 1X amino acids (Sigma), 

1X non-essential amino acids (Sigma), 11mM Hepes buffer (Sigma) (T cell media), supplemented 

with 1.6µg/ml PHA (Sigma), and cultured with 1.5x105 irradiated feeder cells per well of a 96 well 

plate. Cells continued to be fed and expanded for 21 days, with T cell media supplemented with 

100U/ml IL-2 (Miltenyi). After 3 weeks, the cells were stained for analysis and sorting by flow 

cytometry. 

2.1.5.3 Plate bound anti-γδ T cell expansion  

Wells of a 6 well plate were coated with 0.3µg/ml, 3µg/ml or 30µg/ml LEAF purified anti-γδ TCR 

antibody (Biolegend) in PBS and incubated at 4°C overnight. Coated plates were seeded with 

2x106/ml human PBMCs in RPMI 1640 (Lonza) media containing 1% Penicillin/Streptomycin-

Glutamax, 1mM sodium pyruvate (Sigma) and 5% human AB serum (Sigma) (γδ media) and 
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incubated overnight at 37°C. The following day, PBMCs were stimulated with 100U/ml IL-2. 

Cultures were expanded into T25 flasks and fed every 2 days with γδ media supplemented with 

100U/ml IL-2 for 21 days. PBMCs were stained for analysis by flow cytometry at day of plating 

(day 0), day 14 and day 21. In a second method, 30µg/ml of LEAF purified anti-γδ TCR antibody 

was bound to two wells of a 6 well plate in the same manner. One of these wells was also coated 

with 10µg CD1c-SL protein in a total volume of 1ml PBS with the anti-γδ TCR antibody. A third well 

was coated with just 10µg CD1c-SL protein in 1ml PBS. PBMCs were added in the same 

concentration and expanded under the same conditions. 

2.1.5.4 Short term culture for the Activation Induced Marker (AIM) assay 

PBMCs were isolated by density gradient centrifugation from whole blood taken from both 

healthy donors and those with M.tb exposure. CD3+ T cells were isolated using a Pan T cell 

isolation kit (Miltenyi) and stained with Cell Trace Violet (Invitrogen) according to the 

manufacturer’s instructions. CD3+ T cells were then resuspended in T cell media (RPMI 1640, 1X 

Penicillin/Streptomycin-Glutamine, 1X non-essential amino acids, 1X sodium pyruvate, 5% human 

AB serum) to 2x106 cells/ml and plated in 24 well plates. THP1 cells, with or without CD1c 

expression, were irradiated with 80Gys before adding 3x105/ml to the plated T cells. Two wells of 

T cells without THP1 cells were used as controls, one stimulated with 10ng/ml PMA and 500ng/ml 

Ionomycin, and one left unstimulated. The T cell cultures were then incubated at 37°C, 5% CO2. 

On day 4, 10U/ml IL-2 was added to each well of cells (Aldesleukin, Chiron). On day 8, the cultured 

T cells were re-stimulated with 3x105 irradiated THP1 cells, with some wells originally cultured 

with THP1-CD1c being re-stimulated with THP1-KO as a control for CD1c-mediated activation. On 

day 9, supernatant was removed from each T cell culture and frozen at -20°C. 

2.1.6 Immunohistochemistry 

Paraffin-embedded lung tissue taken from human TB patients and controls with adenocarcinoma 

was acquired from the histology archive at University Hospital Southampton in line with the 

ethical approval obtained for this project (REC Reference: 13/SC/0043). Sections of tissue were 

cut to 4μm thick and mounted onto APES coated glass slides by colleagues in the Histochemistry 

Research Unit as part of the provided histology service. Tissue sections were dewaxed in two 

tanks of TISSUE-CLEAR (Sakura) for 10 minutes each and rehydrated in graded alcohols (2x 

absolute alcohol, then 70% alcohol) for 5 minutes each. Endogenous peroxidase was inhibited by 

incubating sections in freshly made 0.5% hydrogen peroxide in methanol for 10 minutes. Tissue 

sections were subsequently washed 3 times for 2 minutes in TBS buffer pH 7.2-7.6 before 

performing heat-induced epitope retrieval by microwaving for 25 minutes on 50% power in 330ml 
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10mM citrate buffer pH 6 for CD1c or 330ml 1mM EDTA pH 8 for TCRδ. Sections were cooled in 

running water and washed three times for 2 minutes in TBS before coating in avidin solution for 

20 minutes (Vector Laboratories Ltd). Following 3 washes in TBS, the sections were coated in 

biotin solution (Vector Laboratories Ltd) for a further 20 minutes. Blocking solution composed of 

Dulbecco’s modified eagle medium with 10% FCS and 2% BSA was then applied to each slide 

following a further three TBS washes and incubated for 30 minutes. Primary antibody was then 

applied to the appropriate sections, including anti-CD1c 1:500 (EPR23189-196 Abcam) and anti-

TCRδ 1:100 (H-41 Santa Cruz), followed by overnight incubation at 4°C. After washing in TBS, 

sections were coated in secondary antibody for 30 minutes; goat anti-rabbit 1:800 (2B Scientific) 

for CD1c and goat anti-mouse 1:800 for TCRδ (2B Scientific). Avidin-Biotin complex to amplify 

signal detection (2B Scientific) was prepared, constituting 1:1:75 parts of Reagent A, Reagent B 

and TBS, respectively. Following a TBS wash, slides were coated with the avidin-biotin complex for 

30 minutes. DAB chromagen solution, constituting 1ml DAB substrate buffer, 32μl DAB 

chromagen (Launch Diagnostics) and 50μl 15% sodium azide, was freshly prepared and applied to 

each section following a TBS wash step. Following a 5 minute incubation, sections were washed 

once in TBS before washing under running water for 5 minutes. Sections were subsequently 

counterstained in Mayer’s haematoxylin for 30 seconds to 1 minute before washing for a further 5 

minutes in running water. Slides were mounted and a cover slip applied using XTF mounting 

medium (CellPath). Sections were allowed to dry and subsequent imaging was carried out by 

David Johnston using an Olympus BX51, CC12 (dotSlide) as part of an imaging service provided by 

the Biomedical Imaging Unit at University Hospital Southampton. Section images were analysed 

using Olympus OlyVIA. 

2.1.7 TCR Sequencing 

2.1.7.1 Single cell PCR and sequencing 

Single CD1c tetramer+ CD3+ Vδ1+ cells sorted into 96 well plates were thawed on ice and 

incubated for 5 minutes at 65°C before returning to ice. The reverse transcription PCR was 

performed using the qScript XLT One-Step RT-PCR Kit (Quanta Biosciences) in a 20μl reaction with 

500nM total concentration of each forward and reverse external primer (Table 3). The PCR 

reaction was then diluted 1:5 before performing a second round of PCR using Phusion High-

Fidelity DNA Polymerase (NEB) and sets of internal primers for the γ and δ chains (Table 4). The 

subsequent PCR product was separated by electrophoresis on a 1.5% agarose gel before purifying 

the selected bands with the QIAquick Gel Extraction Kit (Qiagen) and sending for Sanger 

sequencing using custom primers at Source Bioscience.  



Chapter 2 

60 

Table 3: PCR and sequencing primer sets for analysis of single sorted cells 

Table 4: PCR programmes for single sorted cells 

2.1.8 Transduction of γδTCRs onto Jurkat T cells 

The sequences of six γδTCRs identified from tetramer-guided sorting of patient samples and cell 

lines were cloned into the pELNS Lentivector by Genscript. Another γδTCR clone previously 

identified in collaboration with our colleagues at King’s College was also cloned into the pELNS 

External primer sets 
hGV23458-ext_F Forward TGCCAGTCAGAAATCTTCCAAC 
hCgamma-Xba_R Reverse atattctagaTTATGATTTTTCTCCATTGCAGCAG 
Vd1-ext_F Forward atatctcgaggccgccaccATGCTGTTCTCCAGCCTGCTG 
Cd_R Reverse atatgcggccgcTTACAAGAAAAATAACTTGGCAGTCAAGAG 
Internal primer sets 
hGV23458-int_F Forward atatcctgcaggCACTGGTACCTACACCAGGAGG 
hGC12-int_R Reverse atatggcgcgccGGAGGAGGTACATGTAATATGCAGAG 
hDV1-int_F Forward atatggcgcgccGGTACAAGCAACTTCCCAGCAAAG 
hDC-int_R Reverse atatgcggccgcGGCAGCTCTTTGAAGGTTGC 
Sequencing primers 
hGammaC-Seq_R Reverse GCAGTAGTGTATCATTTGCATC 
hDeltaC-seq_R Reverse GGTTTTACGTGATCTGTAGAATCTGTC 

1
st

 PCR 
Temperature (°C) Time (hh:mm:ss) Number of Cycles 
50 00:20:00 1 
94 00:03:00 1 
94 00:00:15  

35 64 00:00:30 
72 00:01:30 
72 00:02:00 1 
4 Hold   
2

nd
 PCR 

Temperature (°C) Time (hh:mm:ss) Number of Cycles 
98 00:03:00 1 
98 00:00:20  

35 64 00:00:15 
72 00:00:15 
72 00:02:00 1 
4 Hold   
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Lentivector (TCR7). HEK 293T cells were plated in 100mm tissue culture dishes in 7ml DMEM 

(Lonza) supplemented with 10% FBS (Sigma) and 1X Penicillin-Streptomycin-Glutamine (Gibco) 

(complete DMEM), and cultured overnight at 37°C 5% CO2. The following day, media was 

removed from the plates and the cells were gently washed in 4ml PBS. The DNA media was 

prepared in 300μl DMEM and constituted 1μg/μl Pol/Gag, 1μg/μl pRSV.REV, 0.5μg/μl pVSV-g and 

1μg/μl Lentiviral plasmid containing γδTCR DNA. The DNA media was vortexed before adding 20μl 

TurboFect Transfection Reagent (Thermo Scientific) and incubating at room temperature for 10 

minutes. 3ml complete DMEM was mixed into the DNA media before adding dropwise onto the 

adherent HEK cells and incubating at 37°C for 3 hours. DNA media was then removed from the 

cells before gently washing with 4ml PBS. 6ml fresh complete DMEM was then added to the cells 

before incubating overnight at 37°C. The following day, NFAT-Gluc Jurkat T cells to be transduced 

were plated in 6 well plates at densities of 5x105 and 1x106 cells per well in 3ml complete DMEM 

each, and incubated overnight at 37°C. On day 4, the media was removed from the HEK cells and 

transferred into a tube for centrifugation at 37°C for 5 minutes at 1500rpm. 6ml fresh complete 

DMEM was added to the HEK cells and continued incubation at 37°C. The centrifuged supernatant 

was passed through a 0.45μm PES filter (Sartorius) before adding in two concentrations, neat or 

1:2, to each density of NFAT-Gluc Jurkat T cells that had been cultured from the previous day. The 

NFAT-Gluc Jurkat T cells were then centrifuged at 2000rpm for 90 minutes at 37°C before 

incubating overnight. The transduction procedure was then repeated the following day after 

removing the media from the NFAT-Gluc Jurkat T cells before incubating for a further week. 

2.1.9 Statistical Analysis 

2.1.9.1 Clinical data 

The statistical significance of the frequency of T cell subsets and CD1c tetramer staining between 

healthy controls and TB patients was tested using the Mann-Whitney test. Correlations between 

the CD4 count of the HIV+ TB patients and the frequency of T cell subsets and CD1c tetramer 

staining was tested by using Spearman’s correlation. The Wilcoxon test was used to calculate the 

statistical significance of T cell subset frequencies between matched lung and PBMC samples from 

donors in each group. 

2.1.9.2 T cell activation assays 

The statistical significance of CD69 and CD3 expression by Jurkat T cells expressing γδTCRs 

between those stimulated with APCs expressing CD1c, parental CD1c negative APC (-KO) or Jurkat 

T cell only cultures was tested using the Mann-Whitney test. This test was also used to analyse 

the statistical significance of AIM expression by all donor T cells cultured with THP1-CD1c, THP1-
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KO or cultured alone. The Wilcoxon test was used to assess statistical significance of AIM 

expression by each set of donor T cells between time points, T cell subsets, or culture conditions. 

2.2 Macaque 

2.2.1 Experimental animals 

The three animals used for the iNKT study were Rhesus macaques of Indian origin, bred in the 

Public Health England (PHE) UK colony at Porton Down in 2013 (~5 years old at the time of study). 

Confirmation of absence of exposure to mycobacterial antigens was established by a negative 

tuberculin skin test prior to the beginning of the study. Macaques were challenged with M.tb 

Erdman strain K 01 with a presented dose in the range of <10-50 CFU via aerosol exposure. 

Clinical parameters were monitored throughout the duration of the study which included 

behaviour, weight, temperature, axillary and inguinal lymph node scores and haemoglobin 

concentration. Animals were sedated at two weekly intervals following M.tb challenge for blood 

collection. At 7-8 weeks post challenge, the macaques were humanely euthanized and biopsies 

were taken from each lung lobe at random. 

2.2.2 Disease burden  

Disease burden of the iNKT study animals was assessed using bacteriology analysis and pathology 

scoring of lung tissue samples. Gross pathology of lung tissue was assessed using a previously 

described scoring system (371) that is based on the number and extent of observed lesions (Table 

5). The scores assigned to each lobe were combined to give a total pathology score for the lungs. 

Standard bacteriology scores were produced by collecting samples of each lung lobe with and 

without lesion as described previously (426). Homogenised lung lobe samples were either directly 

plated onto Middlebrook 7H11 oleic acid-albumin-dextrose-catalase (OADC) selective agar, or 

serially diluted prior to plating. Agar plates were incubated at 37°C for 3 weeks before counting 

colonies. A second type of sampling was applied for bacteriology analysis using a randomised 

punch biopsy method as detailed by Luciw et al (427) before plating out in the same way.  
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Table 5: PHE scoring system to assess pathology within the lungs 

2.2.3 Cell purification and isolation 

2.2.3.1 Macaque PBMCs 

Blood samples from macaques challenged with M.tb were handled at Containment Level 3, 

whereas samples prior to infection were handled at Containment Level 2. Whole blood samples 

from three Rhesus macaques were received fortnightly in 20ml heparin containing universal 

tubes. PBMCs were isolated in accupsin tubes (Greiner) containing Ficoll-Paque. Following 

centrifugation of blood at 800 RCF for 15 minutes, the buffy coat was harvested and washed in 

RPMI 1640 (Sigma) with 1% Penicillin-Streptomycin (Sigma), 1% L-glutamine (Sigma) and 2% FBS 

(Lab Tech International) (R2 media). Red blood cells were lysed by incubation with ACK lysis buffer 

(Gibco) for 5 minutes before further washing with R2 media. Unused cells were cryopreserved in 

FBS + 10% DMSO. 

Lung biopsy samples were digested by agitation at 37°C in Earle’s Balanced Salt Solution (Gibco) 

supplemented with 350U/ml DNase (Sigma) and 715U/ml collagenase (Sigma). Lung samples were 

homogenised using a GentleMACS dissociator (Miltenyi) before layering over Ficoll and 

centrifuging at 400 RCF for 30 minute with the brake off. The buffy coat was harvested and 

washed in R2 media before red cell lysis with ACK lysing buffer. 

2.2.4 Flow cytometry 

2.2.4.1 iNKT staining 

Infected samples were handled and stained at Containment Level 3. PBMCs and lung biopsy 

samples from each macaque were washed with PBS before staining with 0.3µg CD1d-α−GalCer 

tetramer. Macaque cross-reactive antibodies were then added: anti-CD3-APC (BD Biosciences) 

and anti-Vα24-FITC (Beckman Coulter) followed by 1:50 diluted LIVE/DEAD Fixable Red Dead stain 

(Life technologies) in water. Following incubation for 30 minutes, cells were washed in PBS before 

fixing in 2% paraformaldehyde for 15 minutes. Cells were acquired by the LSRFortessa and 

Lung (per lobe) Score 
No visible lesions 0 
1 lesion, <10mm 1 
2-5 lesions, <10mm 2 
>60 lesions, <10mm; or 1 lesion, >10mm 3 
>1 lesion >10mm 4 
Coalescing lesions 5 
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analysed using FlowJo VX. The iNKT cells were identified as Vα24 and CD1d tetramer double 

positive cells from within the live CD3+ lymphocyte population. 

2.2.4.2 CD1c-restricted T cells 

Cryopreserved PBMCs from two Rhesus macaques and ten Cynomolgus macaques were 

resuscitated and washed in complete media before resting at 37°C for approximately 2 hours. 

Cells were washed in MACS buffer before staining for 45 minutes on ice with anti-CD3-FITC 

antibody and either negative control tetramers or 0.3µg human CD1c-SL-PE and –APC tetramers. 

Cells were acquired by the FACSAria IIu and analysed using FlowJo VX. 

In a separate experiment, PBMCs isolated from three Cynomolgus macaques and three Rhesus 

macaques were washed in cold MACS buffer before incubating with 50nM Dasatinib (Axon) for 30 

minutes at 37°C. The samples were then stained with either Streptavidin-R-Phycoerythrin alone or 

one of two tetramers; mCD1c-SL or human CD1c-SL. Cells were subsequently stained with anti-

CD3-APC (SP34-2 BD), and Live/Dead Aqua (Invitrogen) for 45 minutes on ice. Following washing 

with MACS buffer, the cells were acquired by a FACS Aria IIu (BD Biosciences) and data analysed 

using FlowJo VX (FlowJo LLC). 

2.2.4.3 Staining of Jurkat T cells 

J.RT3-T3.5 Jurkat cells expressing the human CD1c-restricted TCR, NM4 (TRAV22, TRBV6.2), as 

well as the parental TCR negative Jurkats, were washed in cold MACS buffer before the addition of 

0.3μg mCD1c-SL tetramer and stained with anti-CD3-APC. The cells were incubated on ice for 45 

minutes before washing in MACS buffer. The cells were acquired on a FACSCalibur (BD 

Biosciences) and the data analysed using FlowJo VX (FlowJo LLC). 

2.2.5 T cell culture 

2.2.5.1 iNKT expansion 

Macaque PBMCs in T cell media (with 10% FBS instead of human AB serum) were seeded onto 24 

well plates at 3x105 cells per well. Half of the wells for each animal were supplemented with 

200µg/ml α-GalCer (Avanti Polar Lipids). After 14 days in culture, PBMCs were stained to 

investigate iNKT frequency and determine the fold expansion, defined as the frequency of iNKTs 

in 14 day culture over ex vivo iNKT frequency. 



Chapter 2 

65 

2.2.5.2 Expansion of CD1c-restricted T cells 

Heparinised blood samples from three naïve Rhesus macaques were processed to harvest PBMCs 

before isolating CD3+ T cells using an NHP Pan T cell Isolation kit (Miltenyi). T cells were stained 

with Cell Trace Violet (Invitrogen) before aliquoting into 24 well plates at 2x106 T cells per well in 

Macaque T cell media (Mq media) (RPMI, 10% FBS, 1X Penicillin-Streptomycin-Glutamine, 1X non-

essential amino acids (Sigma), 10mM HEPES (Sigma) 1mM sodium pyruvate (Sigma)). THP1 cells, 

with or without expression of CD1c, were irradiated with 80Gys before adding 3x105 cells in Mq 

media to each well of T cells. On day 8, the T cells co-cultured with THP1-CD1c were re-stimulated 

with 3x105 irradiated THP1-CD1c cells, and the T cells co-cultured with THP1-KO were re-

stimulated with 3x105 irradiated THP1-KO cells. The following day, cells were washed in Mq media 

before incubating with 50nM Dasatinib for 30 minutes at 37°C. The cells were then either stained 

with an antibody cocktail of anti-CD137-APC, anti-CD25-PE (Biolegend), anti-CD3-AF488 (SP34-2 

BD) and Live/Dead Near IR (Invitrogen), or with 1μg CD1c-SL tetramer, anti-CD3-AF488 and 

Live/Dead Near IR. Cells were stained for 45 minutes on ice before washing in Mq media and 

acquiring by FACS Aria IIu (BD Biosciences) and analysed using FlowJo VX (FlowJo LLC). 

2.2.6 Production of mCD1c tetramers 

2.2.6.1 Macaque CD1c cloning 

The extracellular portion of Cynomolgus macaque CD1c (mCD1c) was synthesised by GeneArt 

Gene Synthesis (Thermo Scientific) and held within the pMK-RQ vector. The mCD1c pMK-RQ 

plasmid was propagated through transformation into XL10-Gold ultracompetent cells (Agilent) 

and DNA extracted using an Endofree Plasmid Maxi Kit (Qiagen). The plasmid was digested with 

restriction enzymes NcoI and BamHI (New England Biolabs) and the mCD1c insert of 

approximately 850bp was extracted from a 1% agarose electrophoresis gel using a Qiaquick Gel 

Extraction Kit (Qiagen). The mCD1c insert was ligated with the pet23d vector, which had also been 

digested with NcoI and BamHI, using a 1:3 vector:insert calculation and T4 DNA Ligase (New 

England Biolabs). The ligation reaction was incubated at 4°C overnight before incubating at 65°C 

for 10 minutes to inactivate the ligase. The ligation mixture was then transformed into MAX 

Efficiency Stbl2 competent cells (Thermo Scientific). Picked colonies were grown in LB broth 

before extracting DNA using QIAprep Spin Miniprep kit (Qiagen). The mCD1c plasmid DNA was 

digested with NcoI and BamHI (New England Biolabs) to visually examine the presence of the 

mCD1c insert within the pET23-d vector and the sequence was confirmed by Sanger Sequencing 

(Source Bioscience). 
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2.2.6.2 Protein production and purification 

mCD1c was generated as inclusion bodies in Rosetta strain E.coli (Novagen) and solubilised in 6M 

guanidine-HCL. The mCD1c inclusion bodies were run on a 12% SDS-PAGE gel with 4x reducing 

dye (200mM Tris pH 6.8, 40% Glycerol, 8% SDS, 0.4% Bromophenol blue, 400mM DTT) to 

ascertain whether the protein was of the expected molecular weight prior to refolding. Oxidative 

refolding of mCD1c and β2m, following reduction with 20mM DTT, was carried out in vitro with a 

vehicle buffer composed of 150mM NaCl and 0.5% Tween 20 added to the refolding buffer (1mM 

EDTA, 100mM Tris, 300mM L-arginine, 1M urea, 3mM reduced glutathione, 3mM oxidised 

glutathione). The refolding mixture was allowed to stir for 3 days at 4°C before concentrating 

using a vivaflow (Sartorius) and spin columns (Sartorius). The refolded mCD1c protein was then 

purified using an FPLC system constituting a size exclusion chromatography column SD75 26/60 

(GE Healthcare) and anion exchange column MonoQ 4.6/100 PE (GE Healthcare). Biotinylation of 

the mCD1c monomers was then carried out via an engineered BirA motif on the C terminus of 

CD1c using a Biotin-Protein Ligase kit (Genecopoeia) and then purified further using an analytical 

grade chromatography column (SD75 GL 10/300) (GE Healthcare). The resultant purified protein 

was conjugated to Streptavidin-R-Phycoerythrin (Biolegend) to generate mCD1c tetramers.
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Chapter 3 Investigating the molecular basis 

underpinning TCR recognition of CD1c-lipid 

complexes 

3.1 Molecular Mechanisms of Recognition by a CD1c autoreactive αβ 

TCR 

In order to utilise CD1c-restricted T cells in the development of potential new vaccines for TB, we 

first need to understand the molecular mechanisms that underpin recognition of CD1c by its 

cognate TCRs. We aim to understand the binding mechanism of a previously cloned TCR through a 

combination of CD1c surface residue mutagenesis and lipid loading studies to provide information 

on crucial contact points and how recognition of CD1c can be modulated by bound lipid cargo. For 

these studies, we will investigate the binding mechanisms of a previously cloned human CD1c 

restricted αβ TCR, NM4. 

3.1.1 Understanding TCR binding footprint 

How the TCR interacts with CD1c and its bound ligands is critical for the development of suitable 

vaccines and therapeutics that can effectively activate or inhibit CD1c-restricted T cells. 

Interestingly, most CD1c restricted TCRs are autoreactive because they recognise CD1c complexes 

bound to self-lipid cargo.  Until recently, a ternary structure of TCR bound to a CD1c-lipid complex 

had not been solved. The general mode of recognition was predicted to be that of the absence of 

interference model as demonstrated for CD1a (232). The first crystal structure of an αβ TCR (3C8) 

bound to CD1c presenting self-lipids provided a three dimensional image of this complex, but the 

specific docking footprint was revealed through the use of alanine scanning mutagenesis (268). 

This technique has been invaluable in deciphering various docking mechanisms of different TCRs 

on CD1b, and has revealed a range of fine specificities (276, 280). Our group has previously 

demonstrated that the human self-reactive NM4 TCR binds a conformation of CD1c whereby the 

F’ roof region is closed (265). We hypothesise that this region is critical for the recognition of CD1c 

by self-reactive TCRs. To investigate this hypothesis, alanine substitutions were carried out within 

the F’ roof region of the α1-α2 domain using site directed mutagenesis. 

To investigate the important contact points in the recognition of CD1c by TCR, seven residues in 

the α1-α2 domain of the extracellular portion of CD1c were mutated. Four residues within the F’ 
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roof location; HIS87, TYR155, LEU150, GLU83, were substituted for alanine. A further three amino 

acids were mutated; ASN55 positioned on the loop joining the α1 helix to the β-sheet, HIS153 on 

the α2 helix and ARG82 on the α1 helix were altered to THR55, ARG153 and GLN82, respectively. 

These three amino acid mutations were chosen in collaboration with the Children’s Hospital of 

Philadelphia as they are the most frequent mutations found to occur in paediatric autoimmune 

disease patients, and were initially used to optimise this method (Figure 8). 

 
Figure 8: Overview of CD1c structure and location of residue mutations 

a) Cartoon representation of CD1c with residues selected for mutation highlighted in red and 

blue. b) Cartoon representation of the CD1c structure. c) Orthogonal view of CD1c with red and 

blue highlighted residues for mutation. 

 

Mutant CD1c proteins were expressed as inclusion bodies before purification and refolding. 

Following tetramerisation of stably refolded protein monomers with Streptavidin-PE, the binding 

of these mutant CD1c tetramers, in concentrations ranging from 0.1 to 0.5μg, to NM4 TCR 

expressing Jurkat T cells were investigated in a dose response experiment. Analysis of the first 

three tetramerised mutants, R82Q, H153R and N55T, demonstrated varying degrees of binding as 

measured by median fluorescence intensity (MFI). R82Q and N55T exhibited reduced binding at 

all tested tetramer concentrations compared to the WTCD1c tetramer. N55T had the greatest 
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effect on binding to the NM4 TCR, demonstrating an 87% reduction in MFI compared to WT CD1c 

when staining with 0.3-0.5µg of tetramer, and a 94% and 92% reduction when using 0.1µg and 

0.2µg N55T tetramer, respectively. The R82Q tetramer also showed reduced binding capacity, 

with MFI decreased by >40% for each dose of tetramer, with the exception of 0.3µg which has a 

reduction of 29% compared to the MFI of the WT CD1c tetramer. In contrast, the H153R tetramer 

had an improved binding capacity over WT CD1c, ranging from a 14% increase with the lowest 

concentration of tetramer to a 69% increase with 0.4µg of tetramer. This work demonstrates that 

although not an absolute requirement for TCR binding, arginine and asparagine residues away 

from the F’ roof at positions 82 and 55 of CD1c, respectively, are of significant importance for 

effective interaction. On the other hand, histidine at position 153 adjacent to the F’ roof appears 

to reduce the interaction, as the mutation to arginine increased binding. 

In addition, four F’ roof mutations have been refolded and tetramerised. Both Y155A and E83A 

demonstrated reduced binding to the NM4 TCR in comparison to WT CD1c. E83A exhibited a 77% 

to 91% reduction in MFI compared to WTCD1c, whereas Y155A demonstrated a lesser but still 

substantial reduction of 73% to 82% (Figure 9). The L150A tetramer had a very similar staining 

profile to WT CD1c at each concentration of tetramer. However, variation in MFI from that of WT 

CD1c increased with tetramer concentration, with the L150A tetramer demonstrating minimally 

greater binding (1.9%) than WT at 0.1μg but 18.02% less binding with 0.5μg of tetramer. The 

H87A tetramer had an overall reduced level of binding compared to WT CD1c, demonstrating a 

43% to 55% reduction in staining over the range of tetramer concentrations. The reduced level of 

tetramer staining introduced by the majority of these mutations indicates a crucial role of the F’ 

roof in the binding of CD1c to the NM4 TCR, at least through this analysis revealed by this 

tetramer assay.  
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Figure 9: Dose response of CD1c mutant tetramers 

Graphs representing average staining intensity (n=3) of NM4 Jurkat T cells stained in a dose-

response by CD1c mutant tetramers, with data suggesting that several mutants may disrupt TCR 

binding to CD1c. a) Staining intensity of CD1c tetramers with mutations within the F’ roof region, 

b) staining intensity of CD1c tetramers with mutations outside the F’ roof region. 

 

3.1.2 Surface plasmon resonance 

To further investigate the NM4 TCR binding footprint, the binding affinity of the NM4 TCR was 

analysed by SPR. Despite differences in tetramer staining of NM4 by the seven CD1c mutants 

being observed over a range of tetramer concentrations, the equilibrium binding constant (KD) 

was not markedly different for each of the CD1c mutants compared to WT CD1c. Mutants L150A 

and R82Q had KD values of 5.7μM and were most similar to that of WT CD1c (5.8μM) (Figure 10 

and 11). These two mutants were also the most similar to WT CD1c in terms of tetramer binding. 
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However, KD values for the remaining CD1c mutants did not closely match the tetramer staining 

profiles when compared to WT CD1c. Mutant Y155A which had poor binding of NM4 in tetramer 

studies, but had the highest affinity (4.9μM) with the TCR when analysed by SPR. H153R also had 

a greater affinity with the TCR than WT CD1c, however the difference in KD was negligible and a 

greater affinity was expected as it had greater staining in tetramer studies. The remaining mutant 

proteins all had lower affinities than WT CD1c, but these results did not correlate to tetramer 

studies. 

 
Figure 10: CD1c-SL F' roof mutant binding to NM4 TCR 

Surface plasmon resonance measurements for binding of NM4 TCR to immobilised CD1c-SL wild 

type (WT) and F’ mutant (each complex indicated in the above plots) complexes at equilibrium. KD, 

calculated dissociation constant; RU, response units.  
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Figure 11: CD1c-SL mutant binding to NM4 TCR 

Surface plasmon resonance measurements for binding of NM4 TCR to immobilised CD1c-SL wild 

type (WT) and mutant (each complex indicated in the above plots) complexes at equilibrium. KD, 

calculated dissociation constant; RU, response units. 

3.1.3 Optimising Jurkat T cell activation assays 

In order to investigate recognition of WT CD1c by the NM4 TCR and subsequent T cell activation, 

we sought to optimise an activation assay through culture of T2 lymphoblast cells expressing wild-

type CD1c with NM4 Jurkat T cells. Two NM4 Jurkat T cell lines were used: the J.RT3-T3.5 parental 

Jurkat T cell line and J.RT3-T3.5 cells harbouring the NFAT-inducible luciferase reporter cassette 

(termed NFAT-Gluc Jurkat T cells). Jurkat T cells were cultured in 96 well plates at a concentration 

of 1x105 cells per well with either parental WT T2 cells (T2-negative) or T2 expressing CD1c (T2-

CD1c). The effect of increasing concentrations of T2 cells, from 0.5x105 to 2x105 cells per well, and 

the duration of culture on T cell activation was investigated in order to optimise this assay. T cell 

activation was measured by frequency (%) of live lymphocytes expressing CD69 and CD3. Fold 

change in CD69 expression and the percentage downregulation of CD3 expression between Jurkat 

T cells cultured with T2-CD1c and T2-negative was then analysed. From 2 hours of incubation, 

there was a positive fold change in CD69 expression by both Jurkat T cell lines cultured with T2-
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CD1c cells compared to T2-negative cells (Figure 12). Generally, a greater fold change in CD69 

expression was observed following longer duration of cultures with T2 cells, with J.RT3-T3.5 cells 

having greater fold change at 24 hours. NFAT-Gluc T cells were also observed to have greatest fold 

change at 24 hours for those cultured with 0.5x105 and 1x105 T2s, but for the higher T2 

concentrations, the greatest fold change in CD69 expression was observed at 16 hours of culture. 

Overall, we observed that NFAT-Gluc Jurkat T cells expressing the NM4 TCR had a greater fold 

change in CD69 expression over the range of culture conditions compared to J.RT3-T3.5 Jurkat T 

cells. 

 
Figure 12: CD69 expression by Jurkat T cells stimulated with CD1c 

Flow cytometry analysis of two Jurkat T cell lines, J.RT3-T3.5 and NFAT-Gluc, cultured for various 

lengths of time with T2 cells at concentrations of a) 0.5x105 T2, b) 1x105 T2, c) 1.5x105 T2 and d) 

2x105 T2. Results are presented as fold change ratios calculated from the average CD69+ Jurkat T 

cells cultured with T2-CD1c cells (n=3) / average CD69+ Jurkat T cells cultured with parental CD1c 

negative T2 cells (n=3). 

 

In addition to CD69 expression, another indicator of T cell activation is downregulation of the TCR, 

measured here by CD3 expression. Generally, from 3 hours of culture we observed a 

downregulation of CD3 for both Jurkat T cell lines cultured with T2-CD1c compared to T2-negative 

cells (Figure 13). An increase in percentage downregulation was observed with increasing 

concentrations of T2 cells, with NFAT-Gluc Jurkat T cells demonstrating an overall slightly greater 

level of CD3 downregulation than J.RT3-T3.5 Jurkat T cells. For both Jurkat T cell lines, the greatest 

percentage of CD3 downregulation was observed to be at 8 hours of culture, however NFAT-Gluc 

Jurkat T cells also demonstrated greater TCR downregulation at 16 and 24 hours. 
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Figure 13: TCR downregulation by Jurkat T cells stimulated with CD1c 

Flow cytometry analysis of two Jurkat T cell lines, J.RT3-T3.5 and NFAT-Gluc, cultured for various 

lengths of time with T2 cells at concentrations of a) 0.5x105 T2, b) 1x105 T2, c) 1.5x105 T2 and d) 

2x105 T2. TCR downregulation was calculated by the percentage change in average CD3 

expression by Jurkat T cells cultured with T2-CD1c cells (n=3) from the average CD3 expression by 

Jurkat T cells cultured with parental CD1c negative T2 cells (n=3). 

Although the percentage downregulation of CD3 was similar between NFAT-Gluc and J.RT3-T3.5 

Jurkat T cells, we observed a clearly greater response from NFAT-Gluc T cells in the context of 

CD69 expression. Taken together, both NM4 expressing Jurkat T cell lines are clearly activated in 

the presence of CD1c. However, in addition to the greater response of NFAT-Gluc Jurkat T cells in 

the presence of CD1c, this cell line contains a luciferase reporter cassette which enables activation 

to also be measured by the secretion of luciferase into the supernatant. Subsequently, NFAT-Gluc 

Jurkat T cells are a better tool when measuring antigen-specific activation of T cells. 

3.1.4 Plate bound CD1c assay 

With the aim of investigating the recognition of soluble CD1c by the NM4 TCR and the subsequent 

T cell activation, a plate bound CD1c assay was utilised. In order to optimise this experiment, 

soluble WT CD1c was bound to wells of a 6 well plate at concentrations ranging from 0.5 to 2µg 

per well, with protein-free PBS as a negative control. NFAT-Gluc Jurkat T cells expressing the NM4 

TCR were added to each protein coated well at a concentration of 1x105 cells per well. Following 

incubation of the cells for 24 hours at 37°C, frequency of CD69 and CD3 expression by NFAT-Gluc 
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Jurkat T cells were analysed by flow cytometry. There were negligible differences in CD69 

expression between Jurkat T cells cultured with plate bound CD1c or the PBS negative control, but 

while a small increase in CD69 expression was observed in cultures with 0.5μg and 1μg of CD1c, 

lower frequencies of CD69 were observed with 1.5μg and 2μg of CD1c. Expression of CD3 was also 

minimally affected by the presence of CD1c, although a trend for decreasing average CD3 

expression with increasing concentration of plate bound CD1c can be observed (Figure 14). 

 
Figure 14: Activation of Jurkat T cells stimulated with plate bound CD1c 

Flow cytometry analysis of NFAT-Gluc Jurkat T cells cultured with different concentrations of plate 

bound CD1c monomers for 24 hours at 37°C. Activation of Jurkat T cells was measured by the 

frequency of a) CD69+ Jurkat T cells and b) CD3+ Jurkat T cells. Data is represented as the mean ± 

SD for each concentration of CD1c (n=3). 

 

Although there are trends for small changes in the average CD69 and CD3 expression of the Jurkat 

T cells cultured with CD1c monomer (n=3), greater levels of activation were expected. High 

concentrations of protein may have led to more aggregation, or the assay itself may not have 

been sensitive enough to see a consistent effect. If this method is to be used to further analyse 

CD1c-specific activation of T cells, further optimisation is required. 

3.1.5 Understanding lipid reactivity of the NM4 TCR 

CD1c is a widely expressed antigen presenting molecule that is commonly expressed on marginal 

zone B cells and myeloid DC. T cells restricted to CD1c presenting specific lipids have been 

identified, including the pathogen-derived lipid PM (264). However, CD1c autoreactive T cells are 

known to circulate in high frequency in the peripheral blood and our group has previously isolated 

and identified a self-reactive CD1c-restricted TCR (NM4) using a tetramer comprised of CD1c 
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containing only spacer lipids (CD1c-SL). It has been demonstrated that there are CD1b-restricted T 

cells that are promiscuous in nature, recognising CD1b loaded with a range of self-phospholipids 

and sphingolipids, but are still specific for CD1b itself (280). Additionally, recognition of both CD1a 

and CD1c harbouring sequestered lipids has been observed, whereby the TCRs recognise the CD1 

protein itself but not the bound lipids (268, 295). We aimed to investigate whether CD1c could be 

loaded with self-lipids ranging in head group size, lipid tail length and saturation, and 

hydrophobicity. Lipids were solubilised in 50mM sodium citrate buffer pH 6.5 + 0.5% CHAPS and 

incubated with refolded CD1c-SL monomers overnight. The lipid-pulsed proteins were then 

tetramerised and used to stain our CD1c-restricted TCR clone, NM4, in order to investigate 

whether recognition and binding to CD1c was augmented by loaded self-lipids. As a control, CD1c-

SL protein was also incubated with citrate buffer alone, and citrate buffer 0.5% CHAPS. CD1c in 

citrate buffer alone showed positive staining of NM4 but when incubated with buffer 

supplemented with 0.5% CHAPS, staining was almost abolished. Addition of each lipid 

demonstrated improved staining when compared to protein incubated with citrate buffer + 0.5% 

CHAPS alone, but with variable levels of staining. CD1c pulsed with PG 16:0-18:1 demonstrated 

the greatest level of staining followed by Liver PI, while SM, PC (18:1 Δ9 cis) and GD1a also 

produced positive staining but to a lower extent (Figure 15). This indicates that NM4 is a highly 

promiscuous TCR with no requirement for a specific lipid. To assess whether lipid tail variations 

affected the recognition of CD1c by NM4, analogues of the lipids were tested. CD1c tetramers 

pulsed with Lyso Liver PI which is a monoacyl lipid, were found to have substantially poorer 

staining of NM4 than Liver PI, suggesting that both lipid tails are required for recognition of CD1c 

by this TCR.  
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Figure 15: Staining of the NM4 TCR with lipid pulsed CD1c tetramers 

Flow cytometry dot plots showing the staining of NM4 Jurkat T cells stained with tetramers 

composed of lipid-pulsed CD1c monomers and anti-CD3 antibody. CD1c tetramers pulsed with 

vehicle (0.5% CHAPS sodium citrate buffer) served as a control for lipid loading. Loaded lipids are 

solubilised in vehicle and are indicated above each plot. Lipids loaded into CD1c included GD1a, 

PC, PG, Liver PI, Lyso Liver PI and SM. 

Four further analogues of PG were tested: 18:0, 16:0, 18:0-18:1 and 18:1 (Δ9 cis). Tetramers 

loaded with fully saturated lipid tails, PG 18:0 and 16:0, were consistently recognised the 

strongest by NM4, surpassing PG analogues 18:0-18:1 and 16:0-18:1 with one unsaturated bond, 

despite observable positive staining with these tetramers (Figure 16). PG analogue 18:1 (Δ9 cis) 

had little to no staining of NM4 and was observed to have poorer functionality than CD1c treated 

with citrate buffer + 0.5% CHAPS alone. This suggests that while other PG analogues are 

recognised, the conformation of this lipid tail may have altered the ability of NM4 to recognise 

CD1c. However, the PC analogue tested also had the same level of unsaturation and tail 

conformation, which may suggest that both head group and lipid tail conformation may be 

important in recognition of CD1c by this TCR. In conclusion, these studies, which were repeated at 

least four times per tetramer, indicate that the NM4 TCR recognises CD1c when bound to a range 

of self-lipid ligands, including those with head groups. In addition, our data suggests a role for 

lipid backbone structure in NM4 mediated recognition of CD1c which warrants future 

investigation. 
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Figure 16: Staining of NM4 Jurkat T cells with CD1c tetramers loaded with phosphatidylglycerol 

(PG) lipid analogues 

Flow cytometry dot plots showing the staining of NM4 Jurkat T cells with CD1c tetramers loaded 

with PG analogues. The head groups of the PG analogues are the same but comprise different 

structural variants within their lipid chains. CD1c tetramers pulsed with vehicle (0.5% CHAPS 

sodium citrate buffer) served as a control for lipid loading. Loaded lipids are solubilised in vehicle 

and are indicated above each plot.  
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3.2 Deriving CD1c-restricted T cells 

A growing body of evidence suggests a functional role for CD1c and its restricted T cells in human 

TB. Furthermore, many CD1c-restricted T cells recognise CD1c in the absence of foreign lipid 

antigen, suggesting their recognition of CD1c when bound to host derived self-lipids. However, 

the molecular mechanisms underpinning CD1c recognition by T cells are not well understood. 

Here, our overarching aim was to clone new CD1c autoreactive TCRs and compare their CD1c 

recognition mechanism to that of αβ NM4 TCR. To this end, we first sought to expand T cells by 

several methods before employing CD1c tetramer guided cell sorting to clone T cells or their TCRs 

by flow cytometry. In order to clone T cells, we attempted to enrich CD1c restricted T cell 

populations using two methods before tetramer guided T cell cloning. In the first method, we 

used self-lipid loaded CD1c+ MoDC as APC which were co-cultured with autologous CD4+ T cells. In 

another method, we specifically expanded Vδ1 T cells within PBMC using a plate bound anti-

γδ antibody assay. We also attempted to derive a clonal CD1c-restricted T cell population from 

donor blood through ex vivo tetramer guided cell sorting. 

3.2.1 DC-T cell co-culture 

The first method employed to generate enriched CD1-restricted T cell lines was the co-culture of 

DC with autologous T cells. MACS isolated CD14+ monocytes were cultured with 20ng/ml IL-4 and 

20ng/ml GM-CSF for 5 days to generate CD1+ DC (428) before pulsing overnight with 50ng/ml of 

one of the following lipids: PC, PG or PE. Before adding autologous T cells in a ratio of 10:1 (T 

cells:DC), half of the DCs were matured with 50ng/ml LPS to observe whether matured DC would 

affect expansion of T cells in comparison to T cells stimulated with immature DC. After 2 weeks of 

culture, T cells were stained with CD1c tetramers (Figure 17). 
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Figure 17: CD1c-lipid tetramer staining of DC expanded T cell lines 

Representative dot plots of CD1c-lipid tetramer stained T cells stimulated with mature (top row) 

or immature (bottom row) DC that had been pulsed with phosphatidylcholine (PC). T cell lines 

were pre-gated on Live CD3+ T cells and stained with anti-CD4 antibody and the following 

tetramers: a) control NM4 TCR tetramer, b) CD1c-PC tetramer, c) CD1c-PG tetramer, d) CD1c-PE 

tetramer, e) control NM4 TCR tetramer, f) CD1c-PC tetramer, g) CD1c-PG tetramer and h) CD1c-PE 

tetramer. Data representative of three individual T cell cultures pulsed with three different lipids. 

 

We found that for each of the cultures, T cells cultured with immature DC compared to those with 

mature DC had a greater number of cells stained with each of the CD1c-lipid tetramers, regardless 

of whether the CD1-lipid tetramer complex matched the lipids added to each culture (Figure 18). 



Chapter 3 

81 

 
Figure 18: Tetramer staining of DC stimulated T cell cultures 

Graphs showing numbers of tetramer positive T cells within T cell lines cultured in vitro with 

immature or mature DC. a) T cells cultured with phosphatidylcholine (PC) pulsed DC, b) T cells 

cultured with phosphatidylglycerol (PG) pulsed DC and c) T cells cultured with 

phosphatidylethanolamine (PE) pulsed DC. 

 

T cells cultured with immature DC contained large numbers of T cells that were stained by CD1c-

PG tetramers and even greater numbers of T cells stained with CD1c-PC tetramers, regardless of 

which lipid was added to culture. This may suggest that CD1c tetramers may exhibit non-specific 

binding for T cell lines generated by immature DC. However, this may also suggest the presence of 

expanded CD1c autoreactive T cells which can be cloned for further analyses. Staining with CD1c-

PE tetramers was low to absent, even when cells were exposed to PE in culture. The level of 

staining with this tetramer was comparable to staining with the NM4-TCR tetramer used as a 

negative control. These results suggested that the CD1c-PE tetramer may not have been 

functional at the time of this experiment, and was investigated against a freshly made CD1c-PE 

tetramer. CD1c-PE tetramers used to stain expanded cultures failed to stain a CD1c-restricted 

NM4-TCR expressing Jurkat T cell line, compared to a freshly made CD1c-PE tetramer which 

showed clear binding to NM4 Jurkat T cells (Figure 19). However, the tetramer staining was not 

sufficiently bright when bound to NM4 Jurkat T cells which prompted us to revisit the CD1c 

refolding and purification procedures to improve tetramer staining efficiency. 
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Figure 19: Comparing newly refolded CD1c-PE tetramers with those used in T cell staining 

Flow cytometry dot plots showing a) CD1c-restricted NM4 Jurkat T cells stained with old CD1c-PE 

tetramer, b) CD1b-restricted C18 Jurkat T cells (negative control) stained with old CD1c-PE 

tetramer, c) NM4 Jurkat T cells stained with new CD1c-PE tetramer, d) C18 Jurkat T cells stained 

with new CD1c-PE tetramer. 

 

3.2.2 Improving CD1c tetramer quality 

In order to improve tetramer staining efficiency, we attempted to improve the purification 

procedure of our refolded CD1c lipid complexes. Refolded CD1c lipid complexes are usually 

purified by several rounds of size exclusion chromatography. We introduced another purification 

step involving anion exchange chromatography. The addition of an anion exchange column to the 

purification of the CD1c protein enabled us to analyse whether different fractions eluted from the 

column corresponded to higher quality monomers and thus an enhanced staining profile when 

tetramerised. Five CD1c protein fractions were eluted from the anion exchange column and these 

were subsequently tetramerised with Streptavidin-PE before staining the NM4 Jurkat T cells. The 

tetramer staining revealed that Fraction 2 had a significantly brighter staining than the pre-anion 
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exchange fraction and all other anion exchange fractions, indicating that this method of 

purification enabled separation of optimally refolded protein from lower quality monomers 

(Figure 20). 

 
Figure 20: Comparing tetramer staining of different CD1c protein fractions 

Flow cytometry dot plots of CD1c-restricted NM4 Jurkat T cells stained with tetramers composed 

of CD1c-PC protein that was eluted from the anion exchange column at increasing concentrations 

of salt. Only pre-anion exchange fraction and fraction 2 stained Jurkat T cells. 

 

The refolding of CD1 proteins is frequently carried out in the presence of a refolding matrix. A 

ternary refolding matrix is comprised of a minichaperone and two isomerases, known as foldases. 

The minichaperone GroEL binds to unfolded polypeptides and is understood to prevent improper 

protein folding and aggregation (425). The two foldases, protein disulphide isomerase DsbA and 

peptidyl-prolyl cis-trans isomerase PPI, are included in the ternary matrix to assist in the 

formation of disulphide bridges and catalysis of cis-trans isomeration of peptidyl-proline bonds, 

respectively (425). Previous data has shown that the use of a ternary refolding matrix increases 

solubilisation of the sample and decreases protein aggregation, leading to enhanced sample 

recovery following High Performance Liquid Chromatography (HPLC) (291, 425). For CD1a and 
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CD1b, it has been shown that if the ternary matrix lacks one component, the β2m light chain 

remained solubilised in solution but the CD1 heavy chain precipitated (291). However, it has also 

been shown that CD1a is able to refold in the absence of the ternary matrix if ligand is present 

(291). To investigate whether a ternary matrix was crucial for the refolding of CD1c and whether 

exogenous ligand was required, we refolded CD1c and β2m in the absence of matrix either in the 

presence of vehicle (0.5% Tween 20, 150mM NaCl) as a control, or in the presence of vehicle with 

solubilised PC lipid antigen. Surprisingly, both these refolding experiments gave rise to stable 

protein complexes, producing tetramers that stained NM4 Jurkat T cells (Figure 21). These data 

suggested that CD1c can be refolded in the absence of the refolding matrix, but also that 

components of vehicle can successfully stabilise the protein. This suggests that during the CD1c-

PC refold, PC may not have been incorporated into CD1c. We had previously crystallised CD1c 

following refolding with vehicle which gave rise to CD1c-SL (265). Henceforth, we shall employ our 

improved CD1c-SL tetramers for T cell staining. 

 
Figure 21: Comparing tetramers refolded with/without refolding matrix "resin" and 

with/without specific lipid 

Flow cytometry dot plots of CD1c-restricted NM4 Jurkat T cells stained with a) CD1c tetramers 

refolded in the presence of Phosphatidylcholine (PC) and resin, b) CD1c tetramers in the presence 

of PC but without resin, C) CD1c tetramers refolded in the absence of both PC and resin.  
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3.2.3 Ex vivo sorting 

In parallel to the DC mediated expansion method, we also employed tetramer guided cell sorting 

from ex vivo PBMC in order to clone CD1c-restricted T cells. In addition to sorting directly from 

PBMCs, several strategies were employed to enrich specific T cell populations prior to tetramer 

staining, including the enrichment of CD3+ T cells and γδ T cells by MACS sorting. Tetramer sorted 

populations were cloned by a recently published method for the cloning of CD1b-restricted T cells 

(429). Generally, we sorted three different tetramer positive populations from several donors. 

These included CD1c tetramer+ CD3+ T cells, CD1c tetramer+ CD3+ CD4+ T cells and CD1c tetramer+ 

CD3+ Vδ1+ T cells. Our ex vivo staining revealed a clear CD1c tetramer+ population in comparison 

to control TCR tetramers and streptavidin-PE alone (Figure 22). Tetramer positive populations 

were sorted in bulk, seeded into 8 wells of a 96 well plate and cultured with 1.5x105 irradiated 

feeder PBMCs. Cells were stimulated overnight with 1.6µg/ml PHA before supplementing the next 

day with 100U/ml IL-2. After two weeks of T cell expansion, T cells were stained again with CD1c 

tetramers to investigate the fold expansion of CD1c-restricted T cells. However, we found that the 

frequency of CD1c tetramer+ T cells was reduced after this initial round of expansion. 

Nevertheless, similar to recent CD1b tetramer guided cloning methods (301, 429), we performed 

several rounds of sorting and expansion for several lines. Despite a lack of expansion, a modest 

enriched population of T cells staining with CD1c tetramers was observed (Figure 23). Taken 

together, these results demonstrate that we were not successful in cloning CD1c restricted T cells 

using this method. 
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Figure 22: Ex vivo sorting of CD1c-SL tetramer+ Vδ1+ T cells from PBMC of a healthy donor 

Representative flow cytometry dot plots showing tetramer staining of donor PBMCs for ex vivo 

sorting of CD1c-SL tetramer+ Vδ1+ T cells. a) Gating strategy of donor PBMCs including gating on 

lymphocytes, live cells (Propridium iodide-) and CD3+ T cells, b) Donor PBMCs stained with 

negative control NM4 TCR tetramer and anti-Vδ1. No cells were sorted from this sample. C) Donor 

PBMCs stained with CD1c-SL tetramer and anti-Vδ1. Cells staining positive with the CD1c-SL 

tetramer or tetramer and anti-Vδ1 antibody (indicated gates) were sorted into FACS tubes. 
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Figure 23: Ex vivo sorting of CD1c-SL tetramer+ CD3+ T cells from donor PBMC 

Representative flow cytometry dot plots showing ex vivo sorting and generation of T cell lines. a) 

Ex vivo sorted donor PBMCs that were CD3+ and CD1c-SL tetramer+
, b) Sorted cells were cultured 

for two weeks before staining and re-sorting tetramer+ CD3+ T cells. There was a reduction in 

CD1c tetramer staining cells but an expansion of CD3+ T cells. c) Following re-sorting and culture 

of sorted cells, cells were stained again but there was a further decline in CD1c-SL tetramer+ cells. 

 

3.2.4 Plate bound anti-γδ T cell assay 

In parallel to the above mentioned methods, we sought to specifically expand γδ T cell lines using 

an unbiased method, in order to investigate whether CD1c-restricted T cells expand within these 

populations. To investigate whether blood derived Vδ1 T cells could be specifically expanded in 

vitro, a plate bound anti-panγδ TCR antibody assay was utilised. PBMCs from healthy donors were 

suspended in media supplemented with 5% human AB serum. The PBMCs were seeded at a 

concentration of 2x106/ml in wells of a 6 well plate coated with one of three concentrations of 

anti-γδ TCR antibody: 0.3µg/ml, 3µg/ml or 30µg/ml. Initial screening of donor PBMCs revealed a 
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low frequency of Vδ1 T cells at 0.61%, compared to a higher population of Vδ2 T cells at 4.33% 

(Figure 24). The PBMCs were cultured in the presence of 100U/ml IL-2 for 21 days, and cells were 

stained with anti-Vδ1 at day 14 and 21 to observe expansion levels. Staining at day 14 revealed a 

large increase in the frequency of Vδ1 cells for samples cultured with each of the three 

concentrations of anti-panγδ TCR antibody. Cells cultured in the presence of 0.3µg/ml of antibody 

revealed the lowest expansion of Vδ1 at 1161%, whereas cells cultured with 30µg/ml showed an 

expansion of 2556%. At day 21, the frequency of Vδ1+ T cells cultured with 0.3µg/ml and 3µg/ml 

of anti-panγδ TCR antibody increased by 19% and 13%, respectively. In contrast, there was a 6% 

decrease in the frequency of Vδ1+ T cells cultured with 30µg/ml antibody (Figure 25). The 

reduction in expansion and lower frequency may have been due to prolonged time in culture, 

leading to slowed growth and cell death. These results indicated that stimulation with 30µg/ml of 

anti-panγδ TCR antibody produced the greatest fold expansion of Vδ1+ T cells but came at the cost 

of cell death. The cells were also stained with CD1c tetramers at each time point to identify CD1c-

restricted T cells. However, minimal staining was observed and was attributed to the use of poor 

quality tetramers used at the time of this experiment. 
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Figure 24: Comparing Vδ1+ T cells in response to increasing concentrations of anti-γδ TCR 

antibody 

Flow cytometry dot plots of T cells stained with CD1c-SL tetramer and anti-Vδ1 antibody following 

incubation with different concentrations of plate bound anti-γδ TCR antibody. a) Ex vivo stain of 

PBMC demonstrating initial frequency of Vδ1+ T cells. Vδ2+ T cells were also stained, b) day 14 

staining of cells cultured with 0.3µg anti-γδ TCR antibody, c) day 14 staining of cells cultured with 

3µg anti-γδ TCR antibody, d) day 14 staining of cells cultured with 30µg anti-γδ TCR antibody, e) 

day 21 staining of cells cultured with 0.3µg anti-γδ TCR antibody, f) day 21 staining of cells 

cultured with 3µg anti-γδ TCR antibody, g) day 21 staining of cells cultured with 30µg anti-γδ TCR 

antibody. 
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Figure 25: Expansion of Vδ1+ T cells between day 0 and day 21 

Graph representing the expansion of Vδ1+ T cells within the donor PBMC fraction that had been 

cultured with three different concentrations (0.3µg/ml, 3µg/ml, and 30µg/ml) of anti-panγδ TCR 

antibody over 21 days. 

 

Vδ1+ T cells from further healthy donors were subsequently expanded using the single 

concentration of 30μg/ml of plate bound antibody. Although rates of expansion varied for each 

donor, the frequency of Vδ1+ T cells within the CD3+ subset was observed to increase each week. 

By day 21, frequencies of Vδ1+ T cells had increased to as much as 35% of the CD3+ population, 

demonstrating that this method is ideal for rapidly expanding the Vδ1+ T cell subset in a variety of 

donors. These expanded cell lines were also stained with CD1c tetramers to investigate whether 

CD1c specific Vδ1+ T cells also expanded using this method. Staining with CD1c tetramers on Day 0 

(i.e. before plate bound antibody expansion) revealed that some donors have a distinct, albeit 

small population of Vδ1+ cells that recognise CD1c. However, following in vitro culture with plate 

bound antibody, the frequency of Vδ1+ T cells staining with the CD1c tetramer declined each week 

for all donors. PBMCs from one donor were cultured under three different conditions to 

investigate whether the presence of CD1c influenced expansion of CD1c-restricted Vδ1+ T cells: 

PBMCs cultured with either 30μg/ml plate bound anti-γδ antibody or 10μg CD1c monomer; or 

PBMCs cultured with both CD1c monomer and anti-γδ antibody. Despite a substantial increase in 

Vδ1+ T cells from donor cells cultured in each of the three conditions, an expansion of CD1c-

restricted T cells was not observed and in some cases was completely absent (Figure 26).  This 

indicates that the culture conditions may not be suitable for expanding CD1c specific populations. 

Interestingly however, following cryopreservation of the expanded cell lines and subsequent 

resuscitation, a large population of Vδ1+ T cells recognising CD1c were observed upon staining 
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with CD1c tetramers (Figure 27). The distinct population observed in some donors following 

resuscitation was of a greater frequency than the CD1c tetramer+ Vδ1+ T cells observed at day 0. 

This suggests that this method may indeed expand this particular subset, but that CD1c-specific 

TCR downregulation may have occurred during culture. 

 
Figure 26: Expansion of T cells cultured with anti-pan γδTCR antibody and/or CD1c-SL monomer 

Graphs representing the expansion in T cells following 21 days in culture. a) Expansion of Vδ1+ T 

cells following incubation with anti-panγδ TCR antibody (γδ), CD1c monomer (CD1c) or anti-panγδ 

TCR antibody and CD1c monomer (γδ CD1c). b) Expansion of CD1c-SL tetramer+ T cells following 

culture with γδ, CD1c or γδ CD1c. c) Expansion of CD1c-SL tetramer+ Vδ1+ T cells following culture 

with γδ, CD1c or γδ CD1c. 
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Figure 27: CD1c-SL tetramer staining of resuscitated enriched Vδ1+ T cell lines 

Flow cytometry dot plots demonstrating CD1c-SL tetramer and anti-Vδ1+ antibody staining of 

resuscitated donor cells that had been expanded in culture with plate bound anti-panγδ TCR 

antibody. a) Cells cultured with 0.3µg/ml anti-panγδ TCR antibody, b) Cells cultured with 3µg/ml 

anti-panγδ TCR antibody, c) Cells cultured with 30µg/ml anti-panγδ TCR antibody. Data 

demonstrates the presence of CD1c-SL tetramer+ Vδ1+ T cells within cultures. 

3.2.5 Cloning of CD1c tetramer+ TCRs 

As the plate bound anti-γδ antibody method appeared to successfully expand convincing CD1c 

tetramer+ T cell populations, we sought to directly clone the TCRs for further functional and 

biochemical characterisation. CD1c tetramer+ T cells from the most distinct populations were 

sorted as single cells by FACS for the specific amplification, separation and sequencing of the γ 

and δ TCR chains, a method adapted from Melandri et al (296). In the first instance, donor cells 

that were expanded in the first plate bound anti-γδ assay were resuscitated and stained for 

sorting by flow cytometry. Donor cell lines BH3 and BH30, as well as a γδ T cell enriched 

population expanded by our group (AL1) and an ex vivo PBMC sample from donor Ex.P.1, were 

stained with two tetramers, CD1c-SL and CD1c-PG, and a cocktail of antibodies including CD3-

BV786, αβTCR-APC, γδTCR-PE/Cy7 and Vδ2-FITC. Frequencies of γδTCR+ Vδ2- cells varied between 

each donor, but all demonstrated a distinct population of these cells that stained positively with 

the CD1c-SL tetramer, and/or with the CD1c-PG tetramer. Tetramer+ cells in the Ex.P.1 sample 

were much more numerous but appeared to be CD3loγδTCRlo. Single cells that were γδTCR+ Vδ2- 

and showed positive staining with either one or both tetramers were sorted into PCR plates 

containing PBS before freezing at -80°C (Figure 28). 
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Figure 28: CD1c tetramer guided single cell sorting of Vδ1/Vδ3+ T cells for TCR sequencing 

Flow cytometry dot plots representing CD1c-SL (PE) and CD1c-SL (BV421) staining of three γδ 

enriched T cell lines (BH3, BH30, AL), and one ex vivo sample (Ex.P.1). Live lymphocytes were pre-

gated and doublets were excluded before gating on αβTCR- CD3+ T cells and then selecting for 

γδTCR+ Vδ2- T cells. CD1c tetramer+ Vδ2- T cells were sorted as single cells and their individual γ 

and δ TCR chains were sequenced. 

 

Sorted cells from donors BH3 and Ex.P.1 were thawed and subjected to two rounds of PCR to 

amplify and separate the γ and δ chains of each T cell clone. PCR products of rows A and B for 

donor Ex.P.1 and the whole of the plate from donor BH3 of both the individual γ and δ chains 

were separated by agarose gel electrophoresis (Figure 29). Of the 24 wells analysed for donor 

Ex.P.1, only two corresponding wells produced bands at the expected molecular weight of 700bp 

and 550bp for the γ and δ TCR chains, respectively. The majority of the wells from the BH3 γ and δ 

PCR plates produced bands of the expected molecular weights. Of these, 16 pairs of γ and δ 

chains were excised from the gel along with the two pairs from donor Ex.P.1, and were sent for 

Sanger Sequencing. Only one pair of γδ TCR chains from donor Ex.P.1 had a clear read, but the δ 

chain of the other pair demonstrated the same sequence as the first. Nine γδTCR sequences from 

donor BH3 had clear sequences and included three Vγ8c2.2Vδ1 TCRs with identical sequences, 

one Vγ2Vδ3, one Vγ4Vδ3, one Vγ3c2.2Vδ1 and three Vγ4Vδ1 with identical γ chains only. 

Interestingly, a recurring δ chain was observed in a Vγ4Vδ1 and the Vγ8c2.2Vδ1 sequences. 
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Figure 29: Separation of γ and δ TCR chains of CD1c tetramer+ sorted γδ T cells 

Representative images of agarose gel electrophoresis separation of γ and δ TCR chains from CD1c 

tetramer sorted γδ T cells from ex vivo and γδ T cell enriched T cell lines. Matched γ and δ chains 

from 24 wells were analysed following Sanger sequencing. γ and δ TCR bands highlighted in 

yellow. 

 

3.2.5.1 Synthesis of γδTCR Lentiviral plasmids 

Of the sequenced TCR pairs, six were chosen to be transduced into Jurkat T cells to assess their 

recognition of CD1c (Table 6). This included the three Vγ4Vδ1 pairs and the Vγ8c2.2Vδ1 to 

investigate whether specificity and affinity for CD1c is dictated by the γ or δ chain. It has 

previously been reported that for CD1d and CD1b, the δ chain is necessary for specificity and 

recognition, and in CD1c the γ chain has a fine tuning role in affinity and stabilisation (174, 299, 

320). The two Vδ3 TCRs were also chosen as there is little known about recognition of CD1c by 

γδTCRs with δ3 chain usage.  
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Table 6: Chain sequences of the γδTCRs chosen for cloning and expression onto Jurkat T cells 

 

These sequences, along with another Vγ4Vδ1 clone (TCR7) isolated with our collaborators at 

King’s College London using our CD1c dextramers, were attempted to be cloned into a γδTCR 

backbone gifted to us by collaborators at King’s College. The aim was to digest the TCR backbone 

with restriction enzymes AjuI and BaeI in order to excise and purify the vector backbone (~7.5kb) 

and IRES (~1.5kb). Forward and reverse oligos of the CDR3 portion of each γ and δ chain (Eurofins 

Genomics) were then to be 5’ phosphorylated using T4 Polynucleotide Kinase before annealing to 

the digested TCR backbone vector and IRES. The resultant TCR backbone containing the desired 

CDR3 sequence of the γ and δ pair would then be cloned into the pELNS Lentiviral vector. 

Unfortunately, there were significant issues with this technique. Digestion of the TCR backbone 

was not successful with the required restriction enzymes. Some cutting was observed when using 

XhoI and XbaI but this was inconsistent. Due to the inability to remove the vector and IRES from 

the TCR backbone, this method of cloning was not completed. In order to move ahead with this 

project, the γδ pairs were synthesised and cloned into the pELNS Lentivector by Genscript for 

transduction into NFAT-Gluc Jurkat T cells for further investigation. 

3.2.5.2 Transduction of γδTCRs into Jurkat T cells 

The γδTCR Lentivector DNA was transfected into HEK 293T cells and, following incubation for 2 

days, the supernatant of the cell culture was used to transduce into TCR negative NFAT-Gluc 

Jurkat T cells (J.RT3-T3.5 background) with the neat virus or diluted with two parts culture media. 

Each of the transduced NFAT-Gluc Jurkat lines were stained with anti-Vδ1 and anti-CD3 antibodies 

to assess frequency of TCR expression by flow cytometry. Greater TCR expression, as assessed by 

CD3 and Vδ1 frequency (excluding Vγ4Vδ3 and Vγ2Vδ3), was observed for NFAT-Gluc Jurkat T 

cells transduced with neat virus compared to 1:2 diluted virus. Approximately one week after 

transduction, the frequency of TCR expression ranged from 5% for TCR1 to 79% for TCR 3. Cells 
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that were CD3+ and Vδ1+ (in the case of TCR1-4 and TCR7) were bulk sorted into complete media 

and expanded in culture to obtain approximately 100% TCR expression (Figure 30 and 31). TCR 

expression appeared to be stable in the majority of γδTCR Jurkat lines, however it was observed 

that TCR4 and TCR7 transduced cells were unable to maintain a high level of expression and 

positive staining with anti-Vδ1 and anti-CD3 antibodies was not observed above ~45%.  

 
Figure 30: TCR "CD3" expression by γδTCR transduced Jurkat T cells 

Flow cytometry dot plots demonstrating CD3+ TCR expression by NFAT-Gluc Jurkat T cells 

transduced with γδTCRs (TCR1-TCR7). Parental TCR negative NFAT-Gluc and NM4 Jurkat T cells 

were included as a staining control. The results demonstrate high TCR expression in transduced 

Jurkat T cells except for TCR4. 
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Figure 31: Vδ1 and CD3 expression by γδTCR transduced Jurkat T cells 

Flow cytometry dot plots demonstrating TCR expression represented by Vδ1 and CD3 staining by 

NFAT-Gluc Jurkat T cells transduced with γδTCRs (TCR1-TCR7). Parental TCR negative NFAT-Gluc 

and NM4 Jurkat T cells were included as a staining control. TCR5 and TCR6 showed negative 

staining for Vδ1 as these TCRs constitute a Vδ3 chain, while NM4 is an αβ TCR with no Vδ1 chain. 

 

3.2.6 Investigating γδ T cell receptor reactivity 

3.2.6.1 CD1c Tetramer assay 

To investigate the reactivity of the cloned γδTCRs to CD1c, the transduced NFAT-Gluc Jurkat lines 

were stained with a CD1c-SL tetramer. The CD1c-restricted αβ TCR, NM4, was also used as a 

control to ensure functionality of the tetramer. Out of the seven cloned γδTCRs, only TCR4 and 

TCR7 demonstrated clear staining despite not having 100% TCR expression at the time of this 

analysis (Figure 32). 
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Figure 32: CD1c-SL tetramer staining of γδTCRs 

Flow cytometry dot plots depicting CD1c-SL tetramer staining of the seven γδTCR NFAT-Gluc 

Jurkat T cells, including the parental NFAT-Gluc TCR negative and NM4 Jurkat T cells as controls 

for tetramer staining. CD1c-SL tetramers bind Jurkat T cells stably expressing the γδTCRs 4 and 7 

as well as the αβ TCR NM4. 

 

As the mammalian system is an established method of producing CD1c monomers, we also 

investigated the reactivity of our cloned γδTCRs to CD1c-endo which has been demonstrated in 

the literature as a tool to identify autoreactive T cells (268). TCR4 and TCR7 were observed to also 

have clear staining with the CD1c-endo tetramer, but surprisingly, NM4 Jurkat T cells did not show 

positive staining (Figure 33). This clearly indicates that while CD1c-SL stained three different 

human CD1c autoreactive TCR clones, CD1c-endo did not. In addition, in light of these data and 

studies conducted above, they suggest that the NM4 TCR may have a radically different 

mechanism of binding to CD1c in comparison to the published autoreactive TCR 3C8, which does 

indeed positively stain with CD1c-endo tetramers. Finally, we did not observe obvious CD1c 

tetramer staining of the remaining γδ Jurkat T cells (Figure 33), suggesting that the remaining 

TCRs may not confer reactivity to CD1c. 
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Figure 33: CD1c-endo tetramer staining of γδTCRs 

Flow cytometry dot plots depicting CD1c-endo tetramer staining of the seven γδTCR NFAT-Gluc 

Jurkat T cells, including the parental NFAT-Gluc TCR negative and NM4 transduced Jurkat T cells as 

controls for tetramer staining. CD1c-endo tetramer bind autoreactive γδTCRs 4 and 7 but not the 

αβ TCR NM4. 

 

3.2.6.2 Luciferase activity as a measurement of T cell activation 

Recognition and subsequent activation of the γδTCR transduced NFAT-Gluc Jurkat T cells by CD1c 

presenting cells can be monitored by the production and activity of luciferase. The NFAT-Gluc 

Jurkat cell line is integrated with a firefly luciferase reporter gene which is induced by NFAT 

activation following engagement of the TCR/CD3 complex by cognate antigen. To investigate 

whether our cloned γδTCRs are activated by CD1c, we cultured the transduced NFAT-Gluc Jurkat T 

cells with two antigen negative APC lines, THP1-KO and T2-KO, or the APC lines expressing CD1c 

(THP1-CD1c and T2-CD1c). Cell culture supernatant was then analysed following cell lysis to 

measure levels of luciferase by way of luminescence. Initially, all γδTCR lines (TCR1-7) and the 

parental TCR negative NFAT-Gluc cell line were cultured alone, with THP1-KO, or with THP1-CD1c. 

All γδTCRs demonstrated a lower level of luminescence when cultured alone than with APCs. 

Additionally all γδTCRs had a lower level of luminescence following stimulation with THP1-KO 

than with THP1-CD1c (Figure 34). Issues with the TCR7 Jurkat only condition lead to no activity 

being recorded for this cell line. 
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Figure 34: T cell activation via Luciferase activity by THP1 stimulated γδTCR Jurkat T cells 

Bars showing the average (n=3) luciferase activity, measured in relative light units (RLU), plotted 

for each γδTCR transduced NFAT-Gluc Jurkat T cell line following stimulation with THP1-CD1c, 

THP1-KO or culture alone (Jurkat only). 

 

There was a modest percentage change between Jurkat T cells cultured alone and those cultured 

with THP1-CD1c. TCR4 demonstrated the greatest increase in luminescence at 30% with the 

remaining TCR lines demonstrating <25% increase when cultured with THP1-CD1c compared to 

Jurkat T cells alone (Figure 35). The percentage difference between cells cultured with THP1-KO 

and THP1-CD1c was observed to be lower. The only cell line to exceed a 10% increase in 

luminescence with THP1-CD1c compared to THP1-KO was TCR4 with a ~18% increase. 

Surprisingly, despite TCR7 clearly binding CD1c tetramers, there was only a marginal increase in 

luminescence when cultured with THP1-CD1c compared to THP1-KO. However, for all TCRs the 

response in each of the three repeats was modest but consistent. 
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Figure 35: T cell activation as percentage change in luminescence 

Graphs depicting the mean percentage change in luminescence for each γδTCR NFAT-Gluc Jurkat 

T cell line following stimulation with THP1-CD1c and THP1-KO (left), or THP1-CD1c and 

unstimulated, Jurkat only cultures (right). Graphs represent 3 experimental repeats.  

As THP1 cells are known to express other antigen presenting molecules such as HLA-DR, the MHC 

class II deficient cell line T2 was also used to investigate CD1c recognition by the γδTCRs. In this 

experiment, only TCR4 and TCR7 were investigated as they were the only cloned γδTCRs to 

demonstrate recognition of CD1c in the tetramer assay. The CD1c-restricted αβTCR NM4 was also 

used as a control. When comparing the culture with T2-CD1c relative to T2-KO, all three Jurkat cell 

lines demonstrated minimal increases in luminescence with NM4 having the greatest increase at 

6% (Figure 36). Levels of luminescence were also negligible between γδTCR Jurkat T cells cultured 

with T2-CD1c compared to those cultured alone without APCs. Despite low signal in some γδTCR 

lines, consistent activation with the CD1c expressing APCs was observed. The greater changes 

observed in the cultures with THP1 cells compared to the T cells cultured alone condition may 

suggest that other molecules expressed on these cells may have contributed to greater levels of 

luminescence through a co-stimulatory mechanism. 
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Figure 36: T cell activation as percentage change in luminescence 

Graphs depicting the mean percentage change in luminescence for NM4 and γδTCR transduced 

NFAT-Gluc Jurkat T cell lines TCR4 and TCR7 following stimulation with T2-CD1c relative to T2-KO 

(left), and T2-CD1c relative to unstimulated, Jurkat only cultures (right). Graphs represent 6 

experimental repeats.  

 

3.2.6.3 T cell activation assay via CD69 upregulation and CD3 downregulation 

As tetramer studies determined that only TCR4 and TCR7 bound CD1c tetramers, only these TCRs 

in addition to the CD1c-restricted αβTCR NM4 were included to further analyse CD1c-mediated 

activation. This variation to the assay was repeated six times. For each of the three Jurkat lines, 

the average frequency of CD69 expression was found to be greater when in culture with T2-CD1c 

compared to T2-KO or solitary culture. This was significant for both NM4 and TCR4 but not TCR7. 

For NM4 and TCR4, CD69 expression was over 150% greater when cultured with T2-CD1c 

compared to T2-KO, while TCR7 only had a 36% greater expression. Both NM4 and TCR4 had an 

even greater difference in CD69 expression between the T2-CD1c and Jurkat only culture 

conditions, showing an average percentage increase in the T2-CD1c culture of 236% and 317%, 

respectively. In contrast, TCR7 showed a smaller difference in CD69 expression between these 

two culture conditions, having only a 29% increase in expression in the T2-CD1c culture (Figure 

37). Expression of CD3 by each of the γδTCR Jurkat lines was found to be significantly less in the 

T2-CD1c culture compared to the solitary culture, with TCR4 having the greatest decrease in 

expression by 70%. This suggests that culture with an APC line induces downregulation of CD3 

expression. However, each γδTCR demonstrated a percentage increase in the frequency of CD3 
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expression of cells cultured with T2-CD1c compared to T2-KO, albeit a small increase of between 

17 and 27% (Figure 37). 

 
Figure 37: T cell activity as a percentage change in CD69 and CD3 expression 

Mean percentage change of 6 experimental repeats in CD69 and CD3 expression by NM4 and 

γδTCR transduced NFAT-Gluc Jurkat T cell lines TCR4 and TCR7. a) Percentage change in CD69 

upregulation by Jurkat T cells stimulated by T2-CD1c relative to control T2-KO cells. b) Percentage 

change in CD3 downregulation by Jurkat T cells stimulated by T2-CD1c relative to control T2-KO 

cells. c) Percentage change in CD69 upregulation by Jurkat T cells stimulated with T2-CD1c relative 

to unstimulated Jurkat T cells. d) Percentage change in CD3 downregulation by Jurkat T cells 

stimulated by T2-CD1c relative to unstimulated Jurkat T cells. 

 

In conclusion, the combination of these assays assessing CD1c recognition and subsequent 

activation demonstrate that while some response towards CD1c is demonstrated by all γδTCRs, 

TCR4 and TCR7 were more consistent across all assays, supporting their reactivity and recognition 

of CD1c.  
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3.3 Discussion 

3.3.1 Molecular Mechanisms of CD1c Recognition by an autoreactive αβ TCR 

3.3.1.1 Understanding the TCR binding footprint 

Establishing T cell lines from multiple donors allows for the generation of TCR clones for molecular 

and functional analysis. The TCRs of sorted single cells from these T cell lines can be sequenced 

and cloned to determine the mode of binding and recognition of CD1c molecules. The mode of 

binding is known to vary between different TCRs, as has been demonstrated for numerous TCRs 

binding CD1b and CD1d (175, 280). Knowing which TCRs are involved in the response to 

mycobacterial antigens and how the TCR binds to CD1c will enable the development of 

therapeutics that can utilise the CD1c-restricted T cell system.  

We first investigated the binding mechanism of a self-reactive αβTCR clone, known as NM4, to 

CD1c. It has been reported that CD1c can be “remodelled” by the ligands it binds (231, 267). The 

formation of an F’ roof over the F’ channel has been reported, enclosing bound spacer lipids from 

external solvent (265). This closed position has also been reported by Wun and colleagues, where 

endogenous lipids bound by CD1c were shielded and the 3C8 TCR (TRAV29-TRBV7-2) docked 

centrally above this area (268). The position of this F’ roof however has been demonstrated to be 

open when CD1c is bound to mycobacterial lipids PM or MPM, exposing these ligands to solvent 

(231, 267). This led us to investigate the hypothesis that the F’ roof has a vital role in autoreactive 

TCR interaction.  

Mutagenesis of multiple CD1c extracellular residues, four in the F’ roof and three in the 

surrounding areas of the α1-α2 domain highlighted the involvement of these areas in binding to 

our NM4 TCR. Three of the four F’ roof mutants tested, Y155A, E83A, and H87A, contributed to a 

clear reduction of TCR binding by the CD1c tetramers, adding weight to our hypothesis that the F’ 

roof is crucial in binding to the TCR. The remaining F’ roof mutant, L150A, was observed to have a 

similar staining profile to that of WT CD1c tetramers but with a slight reduction in binding at 

greater concentrations of tetramer. Alanine scanning of both Y155 and E83 has previously been 

examined by Wun et al and Roy et al for their binding to different CD1c-restricted TCRs. Although 

docking mechanisms for each of the TCRs in these studies varied, the importance of these two 

residues were highlighted as binding of the TCR and subsequent activation was reduced following 

mutation to alanine (267, 268). Another of our chosen mutants, L150, was also examined by both 

these groups, but the importance of this residue in binding was not consistent across the different 

TCRs investigated (267, 268). However, these data taken together with our observation of 
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minimally reduced binding of CD1c with L150A mutation to our NM4 TCR further highlights that 

docking mechanisms differ between TCRs.  

Our CD1c mutants R82Q and N55T also led to a reduction in binding of the CD1c tetramers to the 

NM4 TCR, indicating that a larger area of the α1 helix may be involved in TCR contact and that the 

loop connecting this helix to the β-sheet may be involved in flexibility or lipid loading of the 

molecule. Although staining intensity of these mutant CD1c tetramers was minimal, binding was 

not completely abolished. This suggests that although important for recognition, these residues 

are not absolute determinants for TCR binding. In comparison, mutant H153R, located on the α2 

helix, demonstrated increased levels of binding compared to WT CD1c. Arginine is frequently 

found at contact points between proteins as its hydrophilic nature allows for the formation of 

hydrogen bonds and salt bridges (430). This then may have led to improved binding capabilities of 

CD1c to the NM4 TCR following mutation from histidine which is known to be functionally 

sensitive to pH (431). To build upon our findings, we plan to generate further CD1c alanine 

mutants to create a more comprehensive picture of the NM4 TCR binding footprint on CD1c.  

The mutant and WT CD1c tetramers tested here were refolded in the absence of specific lipids. 

CD1c in complex with spacer lipids (CD1c-SL) has been demonstrated to have a closed F’ roof and 

is able bind the NM4 TCR, thus we hypothesised that NM4 is autoreactive to CD1c itself and the F’ 

roof may be an important structure in the binding footprint of the TCR. Wun et al also 

demonstrated an augmentation in T cell activation following culture of their CD1c autoreactive 

TCR 3C8 with CD1c expressing APC that had F’ roof mutations (268). However, Roy et al also 

demonstrated the importance of the aforementioned F’ roof mutants when CD1c was loaded with 

mycobacterial PM (267). Although the importance of these mutants varied between different 

TCRs, this study highlights that the F’ roof positioning, which has been revealed to be open when 

CD1c is binding PM, may not be a key area in TCR docking. To further investigate the importance 

of the F’ roof in NM4 recognition of CD1c, we need to first optimise the loading of CD1c with 

specific lipids and then subsequently analyse how these lipids affect recognition of both WT CD1c, 

and our generated CD1c mutants.  

In addition to analysing recognition of CD1c by our NM4 TCR using tetramer studies, we also 

carried out SPR to analyse binding affinity. Compared to WT CD1c, we observed similar binding 

affinities of each of the CD1c mutants to the NM4 TCR. Despite the lack of correlation with our 

tetramer studies, the binding affinity of NM4 to CD1c was seemingly high for an autoreactive TCR 

(137, 432). The binding affinity of the autoreactive TCR 3C8 to WT CD1c was reported to have a KD 

of 40μM, a much weaker interaction than the 5.8μM observed for our NM4 TCR (268). It has been 

reported that autoreactive TCRs with a high binding affinity have a KD in the range of 1-50μM, a 
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value which would normally be considered low affinity when analysing binding of TCRs to 

microbial antigens (432). However, despite NM4 binding to CD1c with relatively high affinity, SPR 

did not indicate that mutations to CD1c had any discernible effect on TCR docking.  

The lack of corroboration between the tetramer studies and SPR analysis does not enable us to 

draw solid conclusions from these results. While CD1 tetramers are commonly used to detect and 

sort CD1-restricted T cell populations by flow cytometry, a number of factors affect their 

functionality and ability to provide a convincing representation of the target population. 

Temperature, concentration and light exposure are known to affect functionality of tetramers 

following their generation and during usage, but also the length of storage can lead to 

degradation which varies between proteins (287). Furthermore, as autoreactive TCRs generally 

have lower affinity for cognate antigen than TCRs specific for exogenous ligands, detection by 

flow cytometry can be more challenging (287). SPR is a more robust technique which can 

sensitively detect complexes formed with weak affinities and is less affected by concentration 

than tetramer staining. Greater differences observed between mutant CD1c proteins in tetramer 

studies may have been due to tetramer degradation, temperature changes, light fluctuations, 

protein aggregation and poor signal detection due to low affinity. Taken together, due to the 

contradictory results generated from these studies, we cannot confidently conclude that CD1c 

mutations affected recognition by the NM4 TCR. However, we can further probe the binding 

footprint of this TCR by generating more CD1c mutants involving amino acids in other areas of the 

protein such as the A’ roof. The effects of these mutations on recognition of CD1c by the NM4 TCR 

can be further analysed by carrying out additional studies such as activation markers assays, 

cytokine release and crystallography. 

3.3.1.2 Investigating the impact of CD1c on T cell activity 

The successful recognition and binding of CD1c-lipid complexes by the cognate TCR leads to 

activation of the T cell. This can be measured by numerous methods, including the detection of 

cytokine secretion, CD3 downregulation, and CD69 upregulation. To establish a baseline level of 

activation for WT CD1c, we optimised an activation assay involving the culture of T2 cells 

expressing CD1c and NM4 TCR expressing Jurkat T cells in preparation for future investigations of 

CD1c mediated TCR activation. The expected outcome of this experiment was that CD69 

expression would increase for Jurkat T cells that were cultured with increasing concentrations of 

CD1c expressing T2 cells, and that this would occur simultaneously with a downregulation in CD3 

expression.  

CD69 is known to be an early marker of T cell activation, with expression inducible within just 30 

minutes of stimulation and peak expression observed between 18 and 48 hours (433, 434). This is 
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in keeping with our observation that the greatest fold change in CD69 expression between cells 

cultured with T2-CD1c and T2-negative cells occurred when both Jurkat lines were incubated in 

culture for 24 hours. The greatest fold change in CD69 expression by the Jurkat T cells was found 

to be approximately 5.2 when cultured with 2x105 T2 cells for 16 hours. In a study by Guo et al 

which investigated the effect of CD1c APCs on the expression of CD69 by 84 clonotypic TCRs, only 

9 of these TCR clones had a comparable level of fold change in CD69 expression to our NM4 TCR, 

with clones having a fold change above 4.5 being grouped together as the greatest responders to 

antigen (337). The J76 clone 110 (C110) Jurkat T cells in this study were cultured with CD1c 

expressing K562 cells for just 6 hours, and approximately half of the TCR transfectants produced a 

CD69 fold change ratio of at least 1.5. The shorter culture durations producing high levels of 

activation seen in the study by Guo and colleagues may be due to the cell lines used. K562 cells 

are known to express the surface adhesion molecules CD54 and CD58 (435) which may lead to 

increased binding and the subsequent activation of T cells. As well as activating the C110 Jurkat T 

cells, the K562 cells expressing CD1c were also shown to successfully activate primary CD4+ T cells, 

but this was measured by upregulation of CD154 (337). Cultures of Jurkat T cells and CD1c+ 

antigen presenting cells have also been used to evaluate the effect of mutations in CD1c on the 

level of activation of the responding T cells. Wun and colleagues transduced another self-reactive, 

CD1c-restricted TCR into J76 Jurkat T cells, known as 3C8 (TRAV29, TRBV7-2) and evaluated the 

percentage of CD69 expression when in culture with C1R cells expressing WT CD1c compared to 

those in culture with mutated CD1c (268). The cells were cultured in a 1:1 ratio and found that 

there were pronounced changes in levels of CD69 expression in comparison to CD1c WT, whereas 

we observed similar levels of CD69 expression with each concentration of T2 cells (268).  

Additionally, our measurements of CD69 expression seemingly coincided with levels of CD3 

downregulation, with this association appearing stronger with longer duration of cultures. As 

downregulation of CD3 is known to be tightly linked with TCR engagement and the subsequent 

activation of the T cell (436), this indicates that the NM4 TCR did indeed bind CD1c as we 

observed a downregulation of CD3 expression by as much as 25%. As Jurkat T cells have 

background expression of CD69, it may be advantageous to measure activation by additional 

means. T2 lymphoblasts expressing CD1c have been used previously to measure the activation of 

Jurkat T cells through cytokine secretion. For example, in the Guo study, T2 cells were used as 

CD1c presenting cells and the activation of T cells was measured by the secretion of IL-2 and TNFα 

(337). Mansour and colleagues also used T2-CD1c cells in a 1:1, 24 hour culture with NM4 Jurkat T 

cells, but again the level of activation was measured by cytokine release, including TNFα and IL-10 

(265). The use of NFAT-Gluc Jurkat T cells in our work also has the additional benefit over the WT 

T3.5 cell line of carrying the firefly luciferase reporter gene, allowing response to CD1c to be 
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measured in terms of luminescence. This feature will be exploited in future experiments 

investigating antigen-mediated activation of T cells through TCR engagement.  

Activation of NM4 TCR expressing NFAT-Gluc Jurkat T cells was also analysed using a plate bound 

protein method. NFAT-Gluc Jurkat T cells were cultured in 96 well plates that had been coated 

with the extracellular portion of CD1c. The activation response was then measured by flow 

cytometric analysis of CD69 and CD3 expression. Minimal changes were observed in CD69 

expression between NFAT-Gluc Jurkat T cells cultured with plate bound CD1c or the negative 

control, which is in contrast to the findings of Guo et al. This group demonstrated an increase in 

positive CD69 staining to 75% when Jurkat T cells were cultured with plate bound CD1c (5µg/ml) 

compared to the negative control (337). Our findings from this assay are also in contrast with the 

results of our T2-Jurkat culture which demonstrated a downregulation of CD3 in response to CD1c 

expressing cells.  

The lack of response to the plate bound protein may have arisen due to a variety of factors. 

Firstly, successful binding of the CD1c monomers to the plate was not confirmed so we cannot be 

sure as to whether there was any protein available to bind to the Jurkat T cells following washing 

of the plate. If repeated, successful binding could be confirmed through an ELISA. If protein had 

coated the plate successfully, we would have expected to observe some level of activation. Our 

NM4 clone is a CD1c autoreactive TCR and its binding to CD1c without the presence of specific 

lipid has been confirmed through tetramer and activation studies. Another CD1c autoreactive 

TCR, 3C8 has been demonstrated to upregulate expression of CD69 in the presence of CD1c but in 

the absence of exogenous lipid antigens (268). As with our NM4 TCR, 3C8 also binds CD1c with 

sequestered lipids and a closed F’ roof (265, 268). In addition to our findings of CD69 upregulation 

and CD3 downregulation in the presence of T2 cells expressing CD1c, this suggests that there was 

a lack of available CD1c in the plate bound assay for sufficient activation of the NM4 TCR. 

Therefore it would perhaps be useful in future to repeat this experiment with smaller increments 

in concentration of plate bound CD1c and to confirm successful coating of the plate using an 

ELISA. Following optimisation, this experiment could then be used to investigate the effect of 

mutations to CD1c on the recognition by the NM4 TCR and subsequent T cell activation. 

3.3.2 Understanding lipid reactivity of the NM4 TCR 

CD1c autoreactive T cells are abundant in the peripheral blood of healthy humans (304) but the 

self-lipid reactivity of these T cells has yet to be understood. We sought to characterise the lipid 

reactivity of our previously isolated CD1c autoreactive TCR clone, NM4, to further understand the 

mechanism of CD1c recognition. Refolded CD1c-SL monomers were loaded separately with a 
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range of phospholipids, SM and a ganglioside (GD1a) and tetramerised to compare binding of the 

NM4 TCR by flow cytometry. We observed clear staining of NM4 with CD1c-SL tetramers 

incubated with only citrate buffer (pH 6.5), but a greatly decreased level of staining when CD1c-SL 

was incubated with 0.5% CHAPS citrate buffer. Precise concentrations of CHAPS have previously 

been shown to be a requirement of successful lipid loading into CD1 molecules, with higher 

concentrations observed to be comparably ineffective to the absence of the detergent (437). 

Upon addition of specific lipids to the 0.5% CHAPS citrate buffer, we observed clear staining of the 

NM4 TCR with lipid loaded CD1c tetramers. CD1c tetramers loaded with phospholipids PG (16:0-

18:1), PC (18:1 Δ9 cis) and Liver PI were observed to have the greatest staining of the NM4 TCR, 

followed by SM and GD1a. This demonstrates extreme promiscuity of NM4 as each of the classes 

of lipid vary by their lipid tail, neck region and head group size and constitution.  

The ability of NM4 to recognise CD1c loaded with various self-lipids indicates that this TCR has a 

different binding mechanism to that of the published CD1c autoreactive TCR, 3C8, which 

displayed a lack of recognition when CD1c was loaded with SM or PC and was only able to form a 

ternary complex with small head group lipids such as fatty acids (268). Another CD1c autoreactive 

T cell line described by this group, HD1, which was also derived by CD1c-endo tetramer sorting, 

was revealed to only recognise CD1c loaded with small head group lipids such as MAG and C16 

fatty acids but did not recognise CD1c loaded with PC or SM (268). For this particular CD1c 

autoreactive T cell line, PC and SM acted as non-permissive ligands but are strongly recognised by 

our NM4 TCR, further highlighting the differences in TCR binding and recognition mechanisms of 

CD1c. Interestingly, although mass spectrometry analysis of CD1c-endo revealed bound lipids 

including C16, C18 and C18:1 fatty acids, MAG, SM and PC, the absence of recognition of SM and 

PC by the HD1 and 3C8 indicates that while CD1c-endo carries a mixture of lipids, only a fraction 

of these are permissive for TCR recognition (268). Analysis of CD1b-endo by Shahine et al also 

demonstrated a variety of lipids bound within this complex including phosphatidic acid (PA), 

phosphatidylserine (PS), PI, PC, PE, and SM (280). Corroborating the differential lipid recognition 

observed between our CD1c autoreactive TCR and those described by Wun et al, Shahine and 

colleagues observed different patterns of recognition by CD1b autoreactive TCRs derived by 

CD1b-endo tetramer sorting. While the CD1b autoreactive TCRs showed functional response to 

CD1b-endo in the absence of exogenous lipid, two TCRs demonstrated cross-reactive recognition 

of many phospholipids and sphingolipids, three TCRs recognised different classes of phospholipids 

but were not cross-reactive to any sphingomyelins, and two further TCRs only recognised 

phospholipids with small headgroups such as PG or LPA (280). These phospholipid specific TCRs 

may have been derived through recognition of the lipids bound by CD1b-endo. This is in contrast 

to our NM4 TCR that was previously cloned using CD1c-SL tetramers. CD1c-SL has been revealed 
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to sequester a C18 stearic acid in the A’ channel and two C12 lipids in F’ channel, presumed to be 

lauric acids (265). This may indicate that in contrast to most of the TCRs described by the Shahine 

and Wun groups, NM4 may be recognising CD1c itself with binding augmented by various classes 

of loaded self-lipids. In conclusion, this work further highlights that the role of individual lipids and 

their relationship to the TCR is complex.  

We also aimed to investigate whether recognition of CD1c by the NM4 TCR was augmented by 

differences in the lipid tail. We chose to initially investigate PG as this lipid is abundantly 

expressed by M.tb but is only available in host cells under conditions of stress, such as during 

microbial infection. It has previously been observed that CD1b autoreactive T cells that recognise 

PG do not discriminate between mammalian and bacterial PG and display dual recognition of PG 

from self and foreign origin (301). Van Rhijn and colleagues have also previously demonstrated 

that T cell responses to mycobacterial MA differ according to modifications of the lipid tail (437). 

Three MA specific, CD1b-restricted TCR clones demonstrated differential recognition of three 

different, natural forms (α, keto and methoxy) of C80 MA as well as a synthetic C83 MA (437), 

demonstrating that lipid tail conformation has a role in lipid-specific TCR recognition. Our group 

has also previously performed an in depth investigation into how structural changes in 

meromycolate chains of MA affect the ability of the GEM18 TCR to recognise CD1b (275). The 

response of this TCR to a panel of 12 synthetic mycolates revealed through activation assays that 

the fine specificity of the lipid backbone directly impacts TCR recognition (275).  

With this in mind, we analysed CD1c tetramers loaded with five analogues of PG, varying in chain 

length and saturation. We observed greater staining of NM4 with CD1c tetramers loaded with 

fully saturated lipid tails, of either C16 or C18 in length. Comparable, but slightly weaker staining 

was observed with CD1c tetramers loaded with PG with one unsaturated bond, indicating that 

although still permissible, fully saturated chains are preferable by NM4. However, we consistently 

observed minimal staining with CD1c tetramers comprising PG 18:1 (Δ9 cis). As we observed 

binding with PG comprising an unsaturated double bond, it may suggest that the cis conformation 

at position 9 may have an effect on the conformation of CD1c which may not be desirable for 

binding by NM4. However, we had previously observed tetramer staining of CD1c loaded with PC 

18:1 (Δ9 cis) which may suggest that the head group of the phospholipid may have more 

involvement in TCR recognition of CD1c than we expected. While NM4 has been revealed to 

recognise a broad range of lipids, the fine specificity of recognition needs to be further elucidated. 

Shahine and colleagues observed that while three of their cloned CD1b-restricted TCRs recognised 

a range of self-phospholipids including PC, they were not cross-reactive to SM which has the same 

head group of PC but differs in the phosphoglycerol neck region (280). These data suggests 
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binding of some highly specific autoreactive TCRs such as NM4 may still have precise 

requirements for permissive binding.  

Here we have demonstrated that while tetramer studies indicate that mutations to CD1c augment 

recognition by the NM4 TCR, SPR does not corroborate these results. This may indicate that the 

chosen mutations are not involved in the TCR binding footprint but may instead have affected 

conformation of CD1c. Furthermore, while FPLC is a useful tool to purify proteins, it is also 

possible that the collected CD1c protein fractions may not be of homogeneous quality, thus 

affecting tetramer production and function. Further work is required to understand how the NM4 

TCR binds to CD1c, which will include producing additional CD1c mutants and analysing the 

subsequent effect on TCR recognition by tetramer studies, SPR and activation assays. We will also 

further investigate the lipid reactivity of NM4 and dual recognition of self and mycobacterial 

antigens by loading CD1c with additional phospholipid analogues as well as synthetic 

mycobacterial lipids. The functional response of NM4 to lipid CD1c can then also be analysed by 

expression of activation markers and cytokine release. 

3.3.3 Establishing CD1c-restricted T Cell Lines 

It has been known since the 1990s that CD1 molecules present mycobacterial lipid antigens to T 

cells (139). In addition, it has been demonstrated more recently that the CD1c isoform may play a 

role during active TB infection (304, 306, 307, 311-313). Mycobacterial lipids including PM and 

polyisoprenoids have been shown to be recognised by lipid specific CD1c-restricted T cells (313, 

438, 439), as well as lipids that are shared by both M.tb and the host such as PI (266). Hence, we 

wanted to employ our CD1c-lipid tetramers to isolate and clone TCRs to characterise their 

recognition of human CD1c. Furthermore, we sought to validate our CD1c-SL tetramer as a tool 

that could identify autoreactive αβ and γδ T cells in healthy humans and in the context of M.tb.  

3.3.3.1 DC-T cell co-culture 

T cell lines have proved useful during the investigation of antigen immunogenicity and TCR 

specificity, and have also been used in the demonstration of CD1 molecules presenting 

mycobacterial lipids to CD1-restricted T cells. Phospholipids have been characterised as being 

presented by both CD1b and CD1c (280, 297, 440), and extreme binding promiscuity of different 

TCRs to CD1b presenting various phospholipids has been reported (280). It is unknown whether 

CD1c has a binding preference of ‘rare’ lipids such as PG over the more common PC and PE, or 

whether binding to CD1c-phospholipid complexes has similarities to that of CD1b. With the 

ultimate aim of deriving new TCR clones, we first investigated the binding of T cells to different 

CD1c-lipid complexes, cultured in the presence of lipid pulsed APCs.  
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The frequency of CD1c-lipid specific T cells cultured with MoDCs that had been pulsed with three 

lipids, PC, PG and PE, were assessed using CD1c tetramers in complex with each of the three 

different lipids. PG and PE both contain neutral head groups and are highly expressed in bacterial 

membranes. On the other hand, in humans PG is considered a ‘rare’ antigen as it is predominantly 

found in mitochondrial membranes and is thought to only be released under conditions of stress 

(297, 301, 441, 442). Due to this, there may have been a lack of PG release and therefore a low 

frequency of CD1c-PG reactive T cells from the lack of cognate antigen. In contrast to PG and PE, 

PC has a polar head group and is abundant within human cell membranes, which may indicate 

that the large frequency of cells staining with the CD1c-PC tetramer were self-reactive T cells. Our 

data also suggested that the culture of T cells with immature DCs lead to an increased frequency 

of cells that stained positively with the CD1c tetramers. This could suggest that immature DC 

influenced the expansion of CD1c-reactive T cells, perhaps due to increased expression of CD1c on 

the DC in this particular stage of maturation (341, 443). However, to confirm this, both the 

immature and mature DC’s should have been stained with an anti-CD1c antibody to assess levels 

of expression.  

During this experiment, substantial staining with the CD1c-PC and PG tetramers was noted, but 

the frequency of CD1c-PE tetramer staining was comparable to the negative control. This 

indicated poor functionality of the tetramer which was later confirmed when tested against a 

freshly made CD1c-PE tetramer. This highlights the importance of frequently assessing tetramer 

staining as they are a crucial tool when analysing and sorting CD1c-lipid specific T cells for further 

experimentation. Multiple issues can occur prior to and during the generation of tetramers 

including protein aggregation, photobleaching of the conjugated fluorophores and unsuccessful 

incorporation of specific ligands (444). With this in mind, it would be important to identify 

whether the CD1c monomers were refolded correctly with the specific lipid of choice following 

conformation of protein refolding by SDS-PAGE. Comparison of CD1c-PC tetramer staining with 

that of CD1c-SL tetramers suggests that PC may not have been successfully incorporated into the 

molecule, indicating that the TCR is interacting solely with CD1c. Pulsing CD1c-SL monomers with 

lipid prior to tetramerisation may improve the incorporation of the lipid into the CD1c molecule 

(268). This could subsequently alter the staining profile when compared to CD1c-SL without lipid 

pulsing. The binding of lipids by CD1c can also be detected by mass spectrometry (440). This 

would provide more conclusive evidence of the lipids incorporated within the refolded CD1c 

monomers and therefore allow us to conclude lipid-specificity of tetramer-isolated T cells.  
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3.3.3.2 Ex vivo sorting 

CD1 molecules in complex with self-lipids have been used to isolate self-reactive T cells into 

established T cell lines (268, 297). While this has predominantly been undertaken in samples from 

healthy donors, this technique can be utilised to reveal the TCR repertoire in TB patients. The 

majority of research into the role of CD1 in TB focuses on T cells with an αβ TCR, but γδ T cells 

have also been suggested as playing a role in the immune response against M.tb infection (68, 

106, 196). T cells expressing a Vδ1 TCRδ chain have been demonstrated to have prominent 

recognition of CD1c, yet are the least studied subtype of γδ T cells (173-175). Their production of 

Th1 cytokines such as TNFα and IFNγ (202), as well as the observation that Vδ1 are increased in 

active TB patients exhibiting anergy (173) makes them an interesting candidate as a key player in 

M.tb immune response. Furthermore, there have been reports that γδ T cells are able to 

recognise CD1c in the absence of antigen (174, 179). To examine this specific population, we 

endeavoured to expand and establish CD1c-restricted Vδ1+ T cell lines. Our CD1c-SL tetramer 

could then be used to sort single cells from these lines with the aim of sequencing and cloning 

CD1c autoreactive TCRs to investigate specificity, reactivity and diversity within the context of 

M.tb.  

Direct ex vivo sorting of CD1c-SL tetramer bound T cells from various blood donors was 

undertaken to establish CD1c-restricted Vδ1+  T cell lines. This technique demonstrated a larger 

frequency of positive staining with the CD1c-SL tetramer compared with the CD1c-PC tetramer, 

but the vast majority of these cells were not Vδ1+. However, this was expected as γδ T cells 

represent no more than 10% of circulating T cells, with only 10-30% of these comprising Vδ1+ T 

cells (174, 175). Only cells that were double positive were sorted, but this population was 

minimal. It was expected that CD1c-SL tetramer staining would be a greater, more distinct 

population, but the absence of this increased speculation that staining capacity of the CD1c-SL 

multimers was poor. Optimisation of tetramer functionality lead to vastly increased ex vivo 

staining of both CD4+ and Vδ1+ T cells, allowing for greater quantities of CD1c tetramer+ 

populations to be sorted for expansion in culture. Expansion of cells expressing the CD4 co-

receptor or Vδ1+ TCR was successful when culturing these sorted cells with irradiated feeder 

PBMCs. However, a decrease in CD1c tetramer staining was observed, indicating a loss of CD1c-

reactive T cells or perhaps a downregulation of the TCR. This method of expanding CD1-restricted 

T cell populations has however proved successful for other groups. This process of sorting, culture 

and re-sorting has demonstrated to yield an expanded population of CD1b- and CD1c-restricted T 

cells of both αβ and γδ lineage (174, 264, 268, 301). Although we found little success with this 

method in expanding CD1c-restricted populations, it can be noted that others have utilised anti-
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CD3 antibody or CD3/CD28 activation beads in the culture of the sorted cells which may have 

improved expansion of CD1c-restricted T cells. 

3.3.3.3 Plate bound anti-γδ T cell assay 

Due to the lack of success in expanding CD1c-restricted T cells that were sorted directly from 

numerous donors, we attempted to stimulate the expansion of Vδ1 T cells within the PBMC 

fraction using a plate bound anti-γδ TCR antibody. The results from the initial experiment 

demonstrated an increasing expansion of Vδ1 T cells with increasing quantities of plate bound 

anti-γδ TCR antibody, verifying that this method is capable of specifically expanding Vδ1 cells. 

Although there was an expansion of Vδ1 cells, there were very few which stained positively with 

the CD1c-SL tetramer. This lack of staining may have arisen from a variety of factors, including the 

possibility that samples from these particular donors contained a low frequency of circulating 

peripheral CD1c-restricted Vδ1+ T cells. Another potential reason for this may have been due to 

the culture conditions, as it has been reported that this population is particularly difficult to grow 

(174). However, even low levels of T cell staining would be expected, suggesting a possible issue 

with the CD1c tetramer.  

Following enhancement of the CD1c refolding and purification methods, and the subsequent 

confirmation of improved tetramer staining, a larger population of CD1c-reactive Vδ1+ T cells 

were identified from resuscitated cells that were expanded using this method in the initial 

experiment. Despite this more convincing population, expansion of this sorted population in 

culture with irradiated feeder PBMCs yielded similar disappointing results to the ex vivo sorting 

method as the CD1c-specific Vδ1+ population failed to expand further. Interestingly, following 

cryopreservation and subsequent resuscitation, there was a much greater population of Vδ1+ T 

cells that stained positively with the CD1c-SL tetramers. It has been reported previously that there 

is an observable decrease in T cell staining with MHC/peptide multimers of cells in culture despite 

normal levels of TCR expression (445). This reduction in multimer staining has been noted 

following culture of T cells with persistent stimulation, which resembles our method of expansion 

involving continuous supplementation with IL-2. The effects of cryopreservation and stimulation 

on T cell expansion has been investigated, and Sadeghi et al report that cryopreservation itself has 

little effect on antigen specificity, but that specificity was ablated following culture with a large 

dose of IL-2 (446). As the cells in both our plate bound expansion and ex vivo sorting methods are 

cultured with IL-2 supplemented media, this may have contributed to the almost eradicated CD1c 

tetramer staining despite seemingly normal CD3+ levels and increased Vδ1+ TCR expression.  

On the other hand, prolonged stimulation with IL-2 may not have removed antigen specificity but 

rather downregulated the TCR complex. The binding avidity of tetramers is lower than that of 
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antibodies and rates of dissociation for tetramers is higher (287). Therefore, following TCR 

downregulation, staining of the remaining CD1c-restricted TCR complexes will be more 

observable with anti-Vδ1 antibodies than with CD1c-tetramers. Furthermore, it has been reported 

that TCRs reactive to molecules presenting self-antigens have a lower affinity than those that are 

responsive to pathogen-derived ligands (287, 447). As the CD1c tetramers used in our work are 

refolded in the absence of specific lipid (CD1c-SL), low affinity self-reactive TCRs that are able to 

bind our CD1c-SL tetramers may not be clearly detected. This may be due to failure of binding in 

the first instance or fast rates of dissociation. Additionally, as affinity is a crucial factor in staining 

intensity (287), lower affinity CD1c-restricted self-reactive T cells that have bound the tetramer 

may appear closer to the negative staining population. This may be evidenced in our work, as 

distinct populations of cells appearing to bind CD1c tetramers were observed close to the 

negative population. Nevertheless, our data suggest that some donors had several convincing T 

cell populations that bound CD1c-SL tetramers that we then exploited for TCR cloning. 

3.3.4 Investigating reactivity of CD1c autoreactive γδ TCR clones 

CD1c restricted γδ T cells isolated with a CD1c-PM tetramer have been reported to show cross-

reactivity to both self- and foreign lipids, with TCR recognition predominantly directed toward 

CD1c itself (174). We endeavoured to use our CD1c-SL tetramers to isolate and clone CD1c 

autoreactive Vδ1+ T cells from enriched γδ T cell lines. Ten γδ TCR pairs were sequenced following 

CD1c-SL tetramer guided single cell sorting, six of which were transduced onto NFAT-Gluc Jurkat T 

cells (of J.RT3-T3.5 background) for further characterisation. One further γδ TCR (TCR7) which was 

cloned in collaboration with colleagues at King’s College London was also included in our analysis 

as a positive control for CD1c tetramer staining (296). We then proceeded to stain each γδTCR 

transduced Jurkat T cell line with CD1c-SL tetramers. As expected, TCR7 stained positively but 

surprisingly, only TCR4 had clear staining out of the six γδTCRs that were cloned. We hypothesised 

that absence of staining of the remaining TCRs may be due to low affinity interactions with CD1c, 

as T cell lines used for sorting were pre-treated with Dasatinib to prevent TCR downregulation 

upon engagement and thus improve tetramer staining of low affinity TCRs (444, 448). In addition 

to CD1c-SL, we also stained our γδTCR clones and our αβTCR clone NM4 with CD1c-endo tetramer 

which has been validated by other groups to identify CD1c autoreactive T cells (268). While TCR4 

and TCR7 both stained positively with CD1c-endo, surprisingly NM4 did not show reactivity to this 

tetramer, suggesting that recognition of CD1c by NM4 is inhibited by lipids within the CD1c-endo 

complex. The lack of reactivity of the other γδTCRs may also imply that the original γδ T cells 

sorted may have been due to non-specific tetramer binding. Dead and dying cells with 

compromised membrane integrity are known to cause a high number of non-specific binding 



Chapter 3 

116 

events, however as we included a viability dye this is an unlikely explanation (449). Some cells, 

such as CD19+ and CD14+ cells, express the ILT4 receptor that has been reported to bind CD1c 

tetramers (450). Although we did not include antibodies to exclude these cells, we included 

numerous T cell markers and employed double tetramer staining in order to reduce the possibility 

of staining other peripheral blood cells. We sought to further characterise the autoreactive 

recognition of CD1c by γδTCR clones through measurement of luciferase activity and CD69 

upregulation/CD3 downregulation as indicators of CD1c-specific activation.  

NFAT-Gluc Jurkat T cells contain a firefly luciferase reporter gene which, following engagement of 

the TCR, is induced and luciferase is secreted by the activated cell. Luciferase present in the cell 

supernatant can then be detected as luminescence (451). We observed consistently greater 

differences for all γδTCR transduced Jurkat T cells cultured with THP1-CD1c compared to THP1-KO 

cultures, with TCR4 observed to have the greatest CD1c-specific response. Interestingly, despite a 

lack of staining of TCR5 with CD1c tetramers, in the luciferase assay this TCR demonstrated more 

indicative CD1c-specific activity than TCR7, which had the lowest measurement of luminescence. 

Antigen-specific activation without observable tetramer staining has also been reported by 

Reijneveld et al, indicating that although tetramer binding is indicative of reactivity, low affinity 

TCRs are not always detected by this method (299). We also sought to characterise CD1c-specific 

activation of these seven γδTCR clones can be detected through measurement of CD69 and CD3 

expression. In contrast to the luciferase assay, activation as measured by CD69 upregulation by 

γδTCR Jurkat T cells when cultured with THP1-CD1c compared to THP1-KO was minimal (data not 

shown). However, there was an observable increase in CD69 expression by TCR1, TCR4 and TCR5 

when stimulated with CD1c (data not shown), supporting observations made in the luciferase 

assay. Low but detectable upregulation of CD69 has been demonstrated previously for CD1c-

restricted γδTCRs, as Roy and colleagues reported weak upregulation of this T cell marker by two 

PM-specific γδTCR clones following addition of PM to culture media despite clear recognition of 

CD1c-PM tetramers (174). Furthermore, Reijneveld and colleagues also reported a similar finding, 

with their CD1b autoreactive γδTCR clone BC14.1 clearly staining with CD1b tetramers but CD69 

upregulation was minimal (299). 

As we had previously optimised an activation assay involving our autoreactive αβ TCR clone, NM4, 

in culture with the T2 cell line, we chose to repeat investigation of CD1c-mediated activation of 

our γδTCR clones with this APC line. The cellular origin of APCs may affect their lipidome and 

surface expression of co-stimulatory molecules, so it is possible that activation may differ 

between Jurkat T cells cultured with THP1 or T2 cells. The use of two APC lines has been reported 

by other groups and may be used in order to ascertain antigen-specific activation of TCRs (299). 

Wun and colleagues analysed activation of CD1c-restricted T cells following stimulation with 
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either K562 or C1R cells expressing CD1c. They observed that while both CD1c expressing APC 

lines stimulated production of IFNγ, K562-CD1c induced marginally more IFNγ as measured by 

ELISPOT (268). Additionally, Reijneveld et al sought to measure activation marker upregulation 

and TCR regulation of CD1b-restricted T cells also in response to K562 and C1R cells. Similar to our 

results, the authors observed complete TCR downregulation upon stimulation with K562.CD1b but 

only a partial effect when stimulated with C1R.CD1b (299), indicating that choice of APC line can 

influence TCR-mediated activation. In contrast to THP1 stimulated Jurkat T cells, we observed that 

NM4 and both γδTCR Jurkat T cell lines showed a minimal increase in luminescence when 

stimulated with CD1c expressing T2 cells compared to the CD1c negative parental T2 line. 

However, when analysed by flow cytometry, all three Jurkat T cell lines showed significant 

upregulation of T cell activation marker CD69 in the presence of T2-CD1c cells compared to 

culture in the absence of T2 cells. TCR4 was also observed to have significantly increased 

expression of CD69 in the presence of CD1c compared to T2-KO; although a similar trend was 

observed for TCR7, this was not significant. Despite differences in sensitivity of these two assays 

with each APC line, we consistently observed CD1c-specific responses by TCR4 and TCR7. 

It has been reported that the γ and δ TCR chains have different functions with regards to 

recognition of CD1 proteins. Roy et al characterised three CD1c-PM specific γδTCR clones that 

harboured identical Vδ1 chains but different Vγ chains. Chain swapping experiments revealed that 

whilst the δ chain was required for specific recognition of CD1c, binding affinity of the protein was 

augmented by the γ chain, with Vγ3 contributing to greater binding affinity of CD1c-PM than Vγ8 

(174). Two of our γδTCR clones, TCR1 and TCR 4, have identical Vδ1 CDR3 sequences but do not 

appear to recognise CD1c at a comparable level. As these TCRs express the same δ chain, we 

would expect to see similar levels of activation as the Vδ1 chain has been described as the 

dominant TCR chain in CD1 docking (174, 299, 319, 320). However, as the γ chain has been shown 

to significantly affect binding affinity, this may explain why we see CD1c-specific staining and 

activation of TCR4 but smaller levels of activation and absent tetramer staining of TCR1. Similar to 

four of our transduced γδTCR clones, the BC14.1 γδTCR clone described by Reijneveld and 

colleagues also expresses Vγ4Vδ1 TCR chains, albeit with restriction to CD1b (299). In addition to 

other Vγ4Vδ1+ T cells described by Di Marco Barros et al, the CD1b-restricted BC14.1 γδTCR clone 

upregulated CD69 to a greater extent when stimulated with K562 cells expressing butyrophilin like 

(BTNL) protein 3, BTNL8 and CD1b compared to K562 cells expressing  CD1b alone (299, 452). It 

has been recently proposed that Vγ4+ γδTCRs may have dual recognition of CD1c and 

butyrophilins, taken together with the data on CD1b restricted γδTCR clones, this may suggest 

that our Vγ4Vδ1 TCRs isolated using a CD1c-SL tetramer may demonstrate increased levels of 

activation markers in the presence of butyrophilins or BTNLs (296). As TCR1, TCR2 and TCR3 all 



Chapter 3 

118 

have identical Vγ4 chains but differing Vδ1 chains, it would be interesting to further investigate 

dual reactivity of these TCRs to CD1c and butyrophilins or BTNLs.  

In conclusion, we have successfully isolated CD1c autoreactive γδ T cells from healthy human 

donors using our CD1c-SL tetramers. The combination of tetramer studies with activation assays 

suggests that the transduced γδTCR clones have a range of binding affinities to CD1c. To further 

investigate this, we could employ chain swapping experiments and activation assays in the 

presence of butyrophilins. We aimed to investigate these γδTCR clones in a similar manner to that 

of NM4, i.e. analysing binding augmentation to CD1c mutants and CD1c loaded specific lipids. 

However, due to the COVID-19 pandemic and ensuing lockdown, we were unable to complete 

these experiments. Therefore, these experiments will also be carried out in future to further 

probe CD1c recognition by these autoreactive γδTCR clones.  
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Chapter 4 CD1c autoreactive T cells in healthy and M.tb 

infected humans 

4.1 Activation Induced Marker (AIM) Assay 

We have previously used CD1c tetramers to detect and isolate CD1c-restricted T cells in healthy 

donors. However, we sought to optimise a tetramer independent assay to detect T cells that 

respond to CD1c in the absence of exogenously added microbial lipid antigens. The recognition of 

antigens by the TCR often induces activation of the cell leading to downstream effects. Common 

methods of investigating cellular activation often include analysis of cytokines including ELISPOT 

and Intracellular cytokine staining (ICS). However, these methods are often limited and typically 

only investigate one type of T cell, such as those which are Th1-biased (453, 454). AIM assays 

overcome this issue by analysing the expression of particular surface markers in response to 

stimulation with an antigen, thus defining antigen specificity of a range of T cell types (337, 338, 

453, 455, 456). To this end, we employed an AIM assay in order to investigate the presence of 

CD1c autoreactive T cells in a small cohort of healthy human donors. We optimised a short term T 

cell culture with APC which will also be used in future experiments to investigate the functional 

phenotype of CD1c autoreactive T cell responses by Luminex. We first isolated CD3+ T cells from a 

small cohort of six healthy donors, with three of these having prior exposure to M.tb. We then 

cultured CD3+ T cells with parental WT THP1 cells (THP1-KO) or THP1 cells expressing CD1c (THP1-

CD1c). No exogenous antigen was added to the cultures in order to drive the expansion and 

subsequently confirm the presence of CD1c autoreactive T cells. Expression of CD1c on THP1-

CD1c cells was confirmed by flow cytometry analysis after staining with anti-CD1c antibody 

(Figure 38). 
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Figure 38: Flow cytometry gating strategy for THP1 cells 

The flow cytometry dot plots indicate that cells were pre-gated on lymphocytes and doublets 

were excluded. CD14+CD11b+ cells were then analysed for expression of CD1c. No positive CD1c 

staining was observed on THP1-KO cells and clear positive CD1c staining was observed on THP1-

CD1c cells. 

 

As a control, T cells were also cultured without APCs and were either stimulated with PMA and 

Ionomycin, or left unstimulated for the duration of the experiment. A schematic depicting the 

experiment can be viewed in Figure 39. Over the course of 3 weeks, T cells were re-stimulated 

each week and analysed by flow cytometry for their expression of the activation markers CD137, 

CD25 and CD69, as well as their proliferative response indicated by the diminishing signal of Cell 

Trace Violet (CTV). CTV allows for the tracking of cell proliferation as it diffuses into the cell and 

covalently binds to intracellular amines and subsequently becomes diluted as the cell divides. The 

fluorescence of CTV is easily analysed by flow cytometry, and diminishing signal is representative 

of generations of cell division. The gating strategy to analyse the expanded populations of CD3+ T 

cells and the expression of activation markers can be viewed in Figure 40. 
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Figure 39: Experimental workflow for short term expansion (AIM) assay 

Cartoon schematic representing expansion of T cells in culture with CD1c negative parental THP1 

line (THP1-KO), THP1-CD1c, T cells alone, or positive control T cells stimulated with PMA and 

Ionomycin (PMA/I). At day 8, 16 and 24, T cells were re-stimulated with THP1-KO or THP1-CD1c 

before analysing expression of activation markers CD69, CD25 and CD137 the following day by 

flow cytometry. 

 
Figure 40: Gating strategy of proliferated T cells and expression of activated induced markers 

Representative flow cytometry dot plots showing the gating strategy used to identify proliferated 

T cells and the identification of CD69, CD25 and CD137 expression. After gating on lymphocytes, 

doublets were then excluded. Live, CTV- cells (indicating proliferation) were gated on before 

selecting CD3+ T cells. CD69+CD137+ and CD25+CD137+ double positive T cells were identified.  
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On day 8, a significantly greater frequency of proliferated T cells as defined by the CTV- CD3+ 

population (Figure 41) was clearly evident in the THP1-CD1c stimulated cultures compared to T 

cells that were cultured alone. Increased proliferation was also observed in the THP1-KO 

stimulated cultures compared to T cells alone, suggesting that the presence of APCs seemingly 

drives T cell proliferation. On day 16, most donors (n=5) had an increase in the number of 

proliferated CTV- CD3+ T cells. Our data revealed an increase in the number of proliferated CTV- 

CD3+ T cells in cultures stimulated with THP1-KO APCs, but this was substantially lower compared 

to cells cultured with THP1-CD1c APC for most donors. We also observed an increase in the 

frequency of CTV- T cells on day 24, but due to cell death and a lack of activation markers at this 

time point, it was deemed that 2 weeks of culture was seemingly the ideal time point to 

investigate the expanded T cells. 

 
Figure 41: Proportion of CTV- CD3+ T cells in CD1c stimulated lines 

Average frequency (n-6) of CTV- CD3+ T cells at day 8 after solitary culture or overnight stimulation 

with THP1-CD1c. Statistical significance calculated using a Mann-Whitney test. 

We next sought to investigate the antigen specific responses within our short term T cell cultures. 

To this end, the frequency of T cells that were double positive for the T cell activation markers 

CD69/CD137 and CD25/CD137 within the CTV- T cell population were assessed and compared to 

that of CTV+ T cells as an internal control. Antigen specific activation was assessed by comparing T 

cells stimulated overnight with THP1-KO and THP1-CD1c before analysing activation markers after 

24 hours by FACS analysis. Our data revealed that T cells from all donors stimulated with THP1-

CD1c had significantly greater frequencies of activated T cells as shown by a greater CD69+CD137+ 
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and CD25+CD137+ T cell population within the CTV- gate than in the CTV+ gate at day 8 and day 16 

(Figure 42) This demonstrates that to understand antigen specific activation, the expanded 

population indicated by CTV negativity is the population to assess. 

On day 8, half of the donors (A.PT.1, A.S.2, A.L.1) had greater frequencies of CD69+CD137+ when 

stimulated overnight with THP1-CD1c compared to control THP1-KO APCs, but only A.PT.1 and 

A.S.2 had greater frequencies of CD25+CD137+ in the THP1-CD1c stimulated group. However, our 

results reveal that on day 16 all donors had significantly greater frequencies of CD69+CD137+ and 

CD25+CD137+ when stimulated overnight with THP1-CD1c compared to THP1-KO APCs (Figure 43). 

This further suggests that two weeks of culture is the optimal time point to investigate activation 

marker expression. Finally, our data confirm the presence of CD1c autoreactive T cells through 

their specific proliferation and activation in short term T cell cultures from a small cohort of 

healthy subjects. 

 
Figure 42: Activation marker expression at day 16 following overnight CD1c stimulation 

Frequency of CTV- and CTV+ T cells stimulated overnight with THP1-CD1c expressing a) CD69 and 

CD137, and b) CD25 and CD137. Significantly greater frequencies of CD69+CD137+ and 

CD25+CD137+ T cells observed in the CTV- gate than the CTV+ gate. Statistical significance 

calculated using a Wilcoxon matched pairs signed rank test. 
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Figure 43: Activation marker expression at day 16 by CTV- T cells following overnight stimulation 

Frequency of CTV- CD3+ T cells stimulated overnight with CD1c negative parental THP1 line (THP1-

KO) or THP1-CD1c expressing a) CD69 and CD137, and b) CD25 and CD137. Statistical significance 

calculated using a Wilcoxon matched pairs signed rank test. 

4.1.1 Co-receptor expression by CD1c autoreactive T cells 

To further investigate the phenotype of proliferating cells, we also stained the T cells with anti-

CD4 and anti-CD8 antibodies. Between day 8 and day 24, all the THP1-CD1c expanded T cells 

showed an increase in the CD4+ population despite an observable reduction at day 16 from which 

T cell frequencies subsequently recovered and increased. The changes in the CD4+
 population in 

the THP1-KO stimulated cultures was not consistent across the cohort, with half decreasing at day 

16 and the other half increasing.  Generally, we observed a greater frequency of CD4+ cells in the 

THP1-CD1c stimulated cultures at day 8 and 16 than those stimulated with THP1-KO APCs. A 

larger frequency of this T cell subset was also seen in the T cell only cultures. 

Compared to CD4+ T cells, the CD8+ subset in all culture conditions remained relatively stable over 

the time course for the majority of donors, with a peak at day 16 seen for only 2 donors. 

Generally, the greatest frequency of CD8+ T cells was found in the T cell only condition at each 

time point, with lower frequencies observed in the THP1-CD1c expanded co-cultures. CD4-CD8- 

DN T cells cultured with THP1-CD1c were observed to peak in frequency at day 16 before 

decreasing at day 24 to a similar level observed at day 8. In general, DN T cells cultured with 

THP1-KO increased in frequency between day 8 and day 24 but were on average lower than those 

cultured with THP1-CD1c at day 16. Day 16 again appeared to be the most valuable time point 
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with greater levels of expansion observed for all T cell subsets. At this time point, the DN T cells 

were, on average, the predominating subset for those cultured with THP1-CD1c and THP1-KO, but 

CD8+ T cells were the largest fraction in cultures with T cells alone. Figure 44 depicts the overall 

co-receptor status of T cells stimulated with CD1c antigen compared to control unstimulated T 

cells. 

 
Figure 44: Proportion of T cell subsets at day 16 

Proportion of CD4+, CD8+, double negative (DN) and double positive (DP) CTV- CD3+ T cells at day 

16 following overnight stimulation with THP1-CD1c or T cells cultured alone. 

 

We then investigated the co-receptor status of the CD1c-expanded T cells that were activated 

following overnight CD1c stimulation, hence co-receptor status of CD1c-autoreactive T cells. As 

previously observed with the overall T cell population, the majority of CD69+CD137+ and 

CD25+CD137+ T cells within each co-receptor subset peaked at day 16. At this time point, the 

greatest average frequency of CD69+CD137+ and CD25+CD137+ T cells was within the DN T cell 

subset. CD4+ T cells on average were the least activated T cell subset when measured by 

CD69+CD137+ expression, but were similar to that of CD8+ T cells when analysing CD25+CD137+ 

(Figure 45). Overall, CD1c-specific activation did not differ greatly between the three co-receptor 

subsets, but activated DN T cells were somewhat more numerous. 
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Figure 45: Activation marker expression by CD4+, CD8+ and DN T cells after overnight stimulation 

Frequency of CD1c antigen specific CD4+, CD8+ and DN CTV- T cells at day 16 expressing a) CD69 

and CD137, and b) CD25 and CD137 following overnight stimulation with THP1-CD1c. 

 

To investigate the effects of prior M.tb exposure on the response of CD1c autoreactive T cells to 

cognate antigen, we analysed activation markers of T cell subsets stimulated with THP1-CD1c at 

day 16 for both healthy and TB exposed donors. Generally, the frequency of CD69+CD137+ and 

CD25+CD137+ CD3+ T cells were similar between the M.tb exposed and unexposed groups. The 

frequency of CD69+CD137+ CD4+, CD8+ and DN cells was observed to be generally higher in the 

unexposed group than the M.tb exposed group, whereas the frequency of CD25+CD137+ cells in 

the CD8+
 and DN subsets were found to be similar between the two groups (Figure 46). Unlike the 

CD8+ and DN T cell subsets, unexposed healthy donors were observed to have a higher frequency 

of CD25+CD137+ CD4+ cells, (Figure 46). This could suggest that this subset may respond more 

avidly to antigen in healthy donors and they might be reduced in TB which warrants further 

investigation in a larger cohort. 
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Figure 46: Activation marker expression by CD4+, CD8+ and DN T cells between unexposed and 

M.tb exposed donors 

Frequency of CD4+, CD8+ and DN CTV- T cells overnight at day 16 expressing a) CD69 and CD137, 

and b) CD25 and CD137 by unexposed and M.tb exposed donors following overnight stimulation 

with THP1-CD1c. Statistical significance calculated using a Mann-Whitney test.
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4.2 Immunohistochemistry staining for CD1c and γδ T cells in human TB 

granulomas 

CD1c is known to be expressed on antigen presenting cells such as myeloid DC and a sub-

population of B cells (139, 264). Additionally, CD1c has been demonstrated to be strongly induced 

on foam cell macrophages which are present in inflammatory lesions, such as those in 

atherosclerosis (342). Foam cell macrophages are also known to be present in TB lesions, as well 

as B cells which often are found in follicles remote from the inner cells of granulomas (2, 7, 15). 

The presence of CD1c+ DC in the lung has been demonstrated in the human CD1 transgenic mouse 

model (331), and an increase in CD1c+ DC in pleural effusions from TB patients has been reported, 

but as of yet there is no evidence of CD1c expressing cells in human TB lung granulomas. We 

therefore sought to demonstrate the expression of CD1c within the granuloma using 

immunohistochemical staining of lung sections taken from five human TB patient biopsies.  

Using heat-induced epitope retrieval, expression of CD1c was observed in lung tissue from all five 

TB patients, but the majority of expression was remote from the granuloma centre, the focus of 

infection. Areas of positive staining were observed in B cell follicles and inflammatory tissue distal 

to areas of caseous necrosis (Figure 47), but overall CD1c expression was low relative to the 

amount of inflammation seen in each patient. Positive staining of CD1c however was observed 

within a small number granulomas (Figure 48).  However, this was localised to specific granulomas 

in each tissue section and the majority of expression was seen away from the TB granulomas. In 

control tissue sections, some CD1c expression was identified in the normal airway tissue but no 

large areas of expression were observed. Negative control stains of the lung sections confirmed 

the absence of non-specific secondary antibody binding. 
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Figure 47: Immunohistochemistry staining of CD1c expression in M.tb infected lung tissue 

Representative staining of CD1c expression in lung tissue taken from an M.tb infected patient. 

Positive CD1c staining is demonstrated within a B cell follicle (left) and in inflammatory tissue 

remote from areas of caseous necrosis (right) at 20x magnification. Scale 50μm. 

 
Figure 48: Immunohistochemistry staining of CD1c expressing cells in lung sections taken from 

an M.tb infected patient 

Representative staining of CD1c expression within a TB granuloma using a) CD1c antibody at 10x, 

20x and 40x magnification and b) Negative control staining using secondary antibody only at 10x 

magnification. Scale bars in 10x, 20x and 40x magnification depict 100μm, 50μm and 20μm, 

respectively.  
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Additionally, we also aimed to demonstrate staining of γδ T cells within the granuloma from these 

same patients. Vδ1+ are the predominant tissue resident subset of γδ T cells and have been 

reported to accumulate in the lungs of patients with pulmonary sarcoidosis, a disease which is 

histologically similar to TB (210, 457). Lung resident populations of γδ T cells dominated by 

localised clonal expansions of the Vδ1+ subset were recently identified and characterised by 

Ogongo et al (200), but these T cells have also yet to be visually demonstrated in the granuloma. 

Using anti-TCRδ antibodies, we performed heat-induced epitope retrieval on the five sections of 

lung tissue from TB patients and the absence of non-specific antibody binding was determined 

using a negative control stain of secondary antibody only. Four out of five TB lung sections were 

positive for γδ T cells, with expression differing substantially both between and within each tissue 

section. Clusters of positive staining for γδ T cells were observed in a small subset of granulomas 

(Figure 49), but this was not detected in every TB patient. The majority of γδ T cells were 

observed in inflammatory tissue near areas of caseous necrosis, but expression was scanty and 

less clustered than in the granuloma. In contrast, no staining of γδ T cells was observed in areas of 

normal lung tissue from the TB patients, or in normal lung tissue from the control patients (Figure 

50).  
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Figure 49: Immunohistochemistry staining of γδ T cells in lung sections taken from an M.tb 

infected patient 

Representative staining of γδ T cells within a TB granuloma using a) TCRδ antibody at 10x, 20x and 

40x magnification. B) Negative control staining using secondary antibody only at 10x 

magnification. Scale bars in 10x, 20x and 40x magnification depict 100μm, 50μm and 20μm, 

respectively. 

 
Figure 50: Immunohistochemistry staining of lung sections negative for γδ T cells 

Representative staining of M.tb uninfected control lung (left) demonstrating a lack of γδ T cells in 

healthy tissue, and M.tb infected lung tissue (right) demonstrating no TCRδ antibody staining at 

areas of caseous necrosis in TB patients.  
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These results demonstrate the presence of both CD1c and γδ T cells within M.tb infected lung 

tissue, but the majority of staining was observed to be remote from the area of infection. This 

suggests that areas of immunopathology may be linked to M.tb induced downregulation of CD1c, 

a phenomena which has been previously documented in several studies (63, 458-460). 

Suppression of CD1c may also impact on the recruitment and activation of CD1c-restricted γδ T 

cells, leading to an absence of observable γδ T cells in this area (460).  
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4.3 The localisation of CD1c mediated immune responses in TB 

Over the past few decades, T cells recognising mycobacterial lipids in the context of CD1 group 1 

molecules have been characterised. Several lines of evidence suggest that M.tb-lipid specific CD1 

group 1 restricted T cells contribute to anti-mycobacterial immunity. Analyses of CD1 restricted T 

cell lines derived from healthy or M.tb exposed donors has revealed that these T cells are 

cytotoxic and release the cytokines TNF-α and IFNγ which are deemed critical for anti-

mycobacterial immunity (306, 429, 461). Furthermore T cells from M.tb infected donors 

responded with significantly greater magnitude and frequency to mycobacterial lipid antigen 

preparations than lymphocytes from uninfected healthy donors (306). M.tb lipid specific T cell 

responses were enriched within the CD4+ T cell fraction and restricted by CD1 molecules. This 

suggests that CD1-restricted T cells responding to M.tb lipid antigens comprise a significant 

portion of the circulating pool in human TB (306). Of note, CD1b-restricted T cells that are specific 

for the M.tb lipid antigens MA and GMM are elevated in the peripheral blood of donors with 

active or latent TB (311). Upon recognition of antigen, CD1b restricted T cells produced TNF-α and 

IFNγ and killed M.tb infected cells via cytolysis and granulysin delivery (166, 167, 230, 236, 292, 

429). 

Furthermore, circulating CD1c mediated T cell responses specific for mycobacterial lipids are also 

elevated in the peripheral blood of human TB patients (306, 313). CD1c tetramers loaded with the 

mycobacterial lipid PM have been used to identify mycobacteria-specific T cells in the blood of 

subjects that had been exposed to M.tb, but not in healthy controls (264). CD1c-PM tetramer+ T 

cells were specifically activated by CD1c only in the presence of the microbial lipid antigen PM. In 

addition, CD1c-restricted T cell lines derived from subjects with a positive tuberculin skin test 

(PPD+) have been shown to have a significantly greater proliferative response to mycobacterial 

MPD compared to T cell lines derived from naïve controls (313). 

However, the majority of CD1c-restricted T cells appear to be autoreactive, whereby they are 

specifically activated by CD1c+ APCs in the absence of microbial antigens (268, 304, 337). CD1c-

autoreactive T cells are abundant in the peripheral blood of healthy humans and they released 

the cytokines IFNγ, TNF-α and IL-2 upon their recognition of CD1c carrying endogenous self-lipids 

(268, 304, 337). Despite the knowledge that CD1c-restricted M.tb lipid antigen-specific responses 

are increased in TB, there is as of yet no insight into the role of CD1c-autoreactive T cell subsets in 

human TB. We hypothesised that CD1c and its autoreactive T cells may contribute to the host-

pathogen interaction in human TB infection. To address this hypothesis, we sought to investigate 

the frequency and phenotype of CD1c autoreactive T cells in human TB patients. Furthermore, it is 

pertinent that we understand the immune response at the site of infection. While studies 
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revealed elevated numbers of CD1c+ DC in TB pleural effusions and increased CD1 expression in 

BAL fluid (139, 462), studies of CD1c and its autoreactive T cells within TB patient granulomas 

remained elusive due to the technical challenges of studying these cells. 

4.3.1 CD1c autoreactive T cells in the peripheral blood of TB patients 

Several studies have demonstrated high frequencies of autoreactive T cells in the peripheral blood 

of healthy human donors and neonates (268, 304, 316, 337). In addition, a recent study used 

mammalian derived CD1c-endo tetramers, which are loaded with self-lipids, revealing specific 

tetramer staining of large numbers of circulating CD1c autoreactive T cells in a small cohort of 

healthy donors (268). Furthermore, studies indicate that an increase in the frequency of 

autoreactive T cells is a feature of TB. An increase in autoreactive T cell frequencies have been 

demonstrated in the blood of TB patients (463) and also in the vitreous humour of patients with 

tuberculosis-associated uveitis, an autoimmune condition that has been shown to occur in 

individuals with TB (464). In addition, CD1c expressing DCs are also increased in TB patients (462), 

further suggesting an involvement for CD1c mediated responses in TB immunity. 

Human CD1 transgenic mice (hCD1Tg mice) generated by Felio et al demonstrated that a large 

proportion of CD1c-restricted T cell lines generated from M.tb infected hCD1Tg mice were 

autoreactive (331). While M.tb specific CD1c-restricted T cell lines were also derived and released 

cytokine in response to M.tb lipid antigens, the majority of T cell lines generated were 

autoreactive and were able to lyse CD1c expressing DC in the absence of exogenous microbial 

antigen (331). Interestingly, the authors found that the expansion of CD1c-restricted T cell 

responses was observed in hCD1Tg mice exposed to M.tb or BCG, but not in naïve mice, indicating 

that M.tb drove the in vivo expansion of CD1c-autoreactive T cells (331). This work further 

supports our hypothesis that CD1c autoreactive T cells may play an as of yet unknown functional 

role in the host pathogen interaction in human TB. As we have previously demonstrated that our 

CD1c-SL tetramers bind both CD1c autoreactive αβ and γδ T cells, we sought to investigate the 

frequency and phenotype of CD1c-restricted T cell subsets in the peripheral blood in a cohort of 

South African TB patients. 

4.3.1.1 Patient Cohort Demographics 

Cryopreserved PBMCS were obtained from fifteen patients with active TB that were enrolled onto 

an observational study at the Africa Health Research Institute, Durban, South Africa, between 

February and May 2014. All TB patients were diagnosed with pulmonary TB and were currently 

undergoing treatment as per national guidelines. One patient had been diagnosed with diabetes 

mellitus in 2011 but was not receiving ongoing treatment. One patient had previously completed 
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6 months of treatment with Rifafour for a previous TB infection, so was therefore removed from 

the data set. There were eight patients that were seropositive for HIV infection but only four of 

these were receiving anti-retroviral therapy. All patients receiving anti-retroviral medication were 

receiving the same three treatments: Efavirenz, Lamivudine and Tenofivir. Eighteen healthy 

controls were selected at random between September 2018 and February 2019, with PBMCs 

isolated and cryopreserved at the time of donation. All healthy controls were negative for active 

TB and HIV. There were no healthy controls that had received previous treatment for TB or had a 

diagnosis for diabetes mellitus or an autoimmune disease. Demographic and clinical characteristic 

information can be found in Table 7. 

Table 7: Demographics and clinical status of South African TB patients and controls 

Characteristic TB Patients (n = 15) Healthy Controls (n = 18) 
Male (%) 80% 55.56% 

Age (Mean ± 
S.D.) 

33.67 ± 7.24 28.11 ± 8.57 

Ethnicity Black African (100%) Black African (83.33%) 
White African (11.11%) 

Indian (5.56%) 
Pulmonary TB 

(%) 
100% 0% 

Currently on TB 
treatment (%) 

100% 0% 

HIV Status (%) Positive (53.33%) 
Negative (33.33%) 
Unknown (13.33%) 

0% 

Currently on 
anti-retroviral 

therapy (%) 

50% (of HIV+ patients) 
26.67% (Of total 

group) 

0% 

Smoker status Current (20%) 
Former (60%) 

Non-smoker (20%) 

Non-smoker (100%) 

 

4.3.1.2 Flow cytometry staining methodology 

In order to stain CD1c-restricted T cells in our patient cohort, we employed a similar staining and 

gating strategy to previously published reports (174, 267, 268). To reduce non-specific staining, 

we first blocked the PBMCs with 50% human serum and 0.5% BSA. Following washing, the cells 

were then incubated with 50nM Dasatinib to inhibit downregulation of the TCR upon 

engagement. To further reduce non-specific binding to our tetramers, we also included a doublet 

exclusion gate and a CD19 and CD14 exclusion gate in order to remove cell populations known to 

express the ILT4 receptor which have been reported to bind CD1c (450). The cells were then 

stained with two CD1c-SL tetramers conjugated to the fluorophores PE and BV421 before staining 
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with an antibody cocktail including anti-CD3, anti-αβTCR and anti-Vδ1. The gating strategy for this 

cohort can be viewed in Figure 51. 

 
Figure 51: Gating strategy of T cell subsets 

Representative flow cytometry dot plots depicting the gating strategy used to identify live CD3+ T 

cells within the lymphocyte gate. αβTCR+ T cells and Vδ1+ T cells within live CD3+ T cells are shown. 

Live CD3+ PE and BV421 conjugated CD1c-SL tetramer double positive T cells and their 

corresponding αβTCR+ and Vδ1+ T cells are also shown. 

 

4.3.1.3 T cell subsets 

Following analysis of the data, one donor from the healthy control group was a clear outlier. It 

was noted that cells from this donor were of poor viability and were thus removed from all 

subsequent analysis and data presentation. Although we observed non-significant trends towards 

a decreased frequency of total circulating T cells and αβTCR+ T cells in active TB patients, our 

results revealed a significant increase in the frequency of circulating Vδ1+ γδ T cells in active TB 

patients compared to healthy controls (p = 0.0277*) (Figure 52). Our analysis of CD1c tetramer+ 

populations revealed a non-significant trend towards an increased frequency of CD1c tetramer+ T 

cells in TB patients (Figure 53). Within the CD1c tetramer+ population, we observed a significantly 

greater frequency of αβTCR+ T cells in TB patients (p = 0.0254*) but also a significantly decreased 
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αβTCR- Vδ1- T cell subset (p = 0.0041**) compared to healthy controls. Furthermore, although not 

significant, we observed a trend for an increased CD1c tetramer+ Vδ1+ T cell subset in TB patients. 

Overall, these results suggest an increase in circulating Vδ1+ T cells and CD1c autoreactive T cells 

in human TB infection. 

 
Figure 52: Comparison of T cell subsets between healthy controls and active TB patients in the 

circulation 

Cumulative staining data showing frequency of a) CD3+ T cells, b) αβTCR+ T cells, c) Vδ1+ T cells 

and d) αβTCR-Vδ1- T cells in the Live CD19-CD14- and Live CD19-CD14- CD3+ population in healthy 

control and active TB patients. Statistical significance calculated using a Mann-Whitney test. 
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Figure 53: Comparison of CD1c tetramer+ T cell subsets between healthy controls and active TB 

patients in the circulation 

Cumulative staining data showing frequency of a) CD1c tetramer+ CD3+ T cells, b) CD1c tetramer+ 

αβTCR+ T cells, c) CD1c tetramer+ Vδ1+ T cells and d) CD1c tetramer+ αβTCR-Vδ1- T cells in the Live 

CD19-CD14- and Live CD19-CD14- CD3+ population in healthy controls and active TB patients. 

Statistical significance calculated using a Mann-Whitney test.  
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4.3.1.4 CD1c-restricted T cells in the context of HIV status 

Following the categorisation of the TB group by HIV status and the exclusion of two patients 

whose co-infection status was unknown, the T cell subsets were re-analysed. We categorised the 

TB group into those that were HIV+ and HIV- and analysed the overall T cell frequency between 

these groups. Our results did not reveal statistically significant differences in the total frequency 

of CD3+ T cells between each TB patient group and the healthy controls, although a trend towards 

a decreased CD3+ frequency in both HIV+ and HIV- groups is still observable. Within the CD3+ T cell 

population, there was a trend towards a decreased αβTCR- Vδ1- T cell subset in HIV+ TB patients 

compared to HIV- TB patients and healthy controls (Figure 54). For CD1c tetramer+ populations, 

we observed a trend towards increased CD1c tetramer+ T cells in the HIV+ TB patients. Of CD1c 

tetramer+ T cell population, TB patients of both HIV+ and HIV- status showed a trend towards an 

increased αβTCR+ T cell subset, but a decreased αβTCR- Vδ1- T cell subset, with a significant 

decrease of these cells in the HIV+ TB patients compared to healthy controls (p = 0.046*) (Figure 

55). Furthermore, we found no statistically significant correlations between the CD4 counts of the 

HIV+ TB patients and each of the T cell subsets. However, due to low sample numbers, there was 

limited power to detect differences.  
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Figure 54: Comparison of T cell subsets between healthy controls and active HIV+/- TB patients 

Cumulative staining data showing frequency of a) CD3+ T cells, b) αβTCR+ T cells, c) Vδ1+ T cells 

and D) αβTCR-Vδ1- T cells in the Live CD19-CD14- and Live CD19-CD14- CD3+ population in healthy 

control and active TB patients subdivided by HIV status. Statistical significance calculated using a 

Kruskal Wallis test. 
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Figure 55: Comparison of CD1c tetramer+ T cell subsets between healthy controls and active 

HIV+/- TB patients 

Cumulative staining data showing frequency of a) CD1c tetramer+ CD3+ T cells, b) CD1c tetramer+ 

αβTCR+ T cells, c) CD1c tetramer+ Vδ1+ T cells and d) CD1c tetramer+ αβTCR-Vδ1- T cells in the Live 

CD19-CD14- and Live CD19-CD14- CD3+ population in healthy controls and active TB patients 

subdivided by HIV status. Statistical significance calculated using a Kruskal Wallis test.  
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4.3.2 CD1c-restricted T cells in human tuberculosis lesions 

TB is primarily a disease of the lung, with hallmark granulomas comprising a range of different 

populations including T cells. Although CD1c+ DC are present in pleural effusions from TB patients 

(462), my work is the first to show CD1c expression in human lung granulomas, albeit with uneven 

distribution. It is not currently known whether CD1c restricted T cells are present within TB 

granulomas. Furthermore, Vδ1+ T cells are predominantly resident in tissues, not in the 

circulation, and localised clonal expansions of this subset within the TB lung have recently been 

identified (200). Critically, we wanted to expand our initial investigation of circulating CD1c 

responses in TB patients by staining lung biopsy samples with our CD1c-SL tetramers to identify 

the CD1c-restricted T cell subsets at the site of disease. 

4.3.2.1 Patient Cohort Demographics 

Cryopreserved PBMCs and lung samples were obtained from fourteen South African patients that 

had confirmed active TB or had previous episodes of active TB. Patient samples were collected by 

colleagues at the Africa Health Research Institute, Durban, South Africa in 2019 following lung 

resection procedures carried out for TB related lung damage. All active TB patients were currently 

receiving treatment with Rifafour, while the remaining patients in the TB group without current 

infection had previously been confirmed to have an episode of severe pulmonary TB necessitating 

surgery for lung sequelae. Nine patients in the TB group were seropositive for HIV, with seven of 

these confirmed to be receiving anti-retroviral medication. Eleven healthy control donors were 

selected who were also undergoing surgical lung resection as treatment for non-TB related issues, 

primarily lung cancer. These donors were confirmed to be negative for active, or previous active 

TB infection, but HIV status for this group was less well characterised than the TB group. Five of 

the eleven participants in this group had an unknown HIV status, with treatment status of the two 

seropositive donors also remaining unknown. It is not known whether any participants in this 

study had a diagnosis of diabetes mellitus or any other autoimmune disease. The demographic 

and clinical information for this cohort can be found in Table 8.
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Table 8: Demographics and clinical status of the TB group and healthy controls in the lung 

cohort 

Characteristic TB Group (n = 14) Healthy Controls (n = 11) 
Male (%) 56% 44% 

Age (Mean ± 
S.D.) 

39.54 ± 6.95 40.44 ± 15.12 

Ethnicity Black African 
(92.86%) 

Unknown (7.14%) 

Black African (63.34%) 
Indian (9.09%) 

Coloured (9.09%) 
Unknown (18.18%) 

Pulmonary TB 
(%) 

Active (42.86%) 
Previous (57.14%) 

Active (0%) 
Previous (0%) 

HIV Status (%) Positive (64.29%) 
Negative (28.57%) 
Unknown (7.14%) 

Positive (18.18%) 
Negative (36.36%) 
Unknown (45.45%) 

 

4.3.2.2 Staining Methodology 

In accordance with the previous cohort, PBMC and lung sample cells were blocked with 50% 

human serum and 0.5% BSA before incubating with 50nM Dasatinib. The cells were stained with 

two CD1c-SL tetramers and the same antibody panel as the previous cohort, with the addition of 

an anti-Vδ2 to further investigate the αβTCR- population. The addition of anti-CD69 and anti-

CD103 antibodies enabled the identification of tissue resident cells, while anti-PD1 was included 

to assess exhaustion/activation status. Anti-CD11b was included to exclude ILT4 expressing DC. 

The gating strategy for this cohort can be viewed in Figure 56 and 57. 
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Figure 56: Gating strategy for T cell subsets in PBMC samples that were matched to lung 

samples 

Flow cytometry dot plots representative of the gating strategy used to identify T cell subsets in 

PBMC samples. Lymphocytes were initially gated on before excluding doublets and dead cells. 

CD19+, CD14+
 and CD11b+ cells were excluded whilst selecting for CD3+ T cells. Vδ1+, Vδ2+ or 

αβTCR+ T cells were then gated before identifying T cells that were double positive for CD1c-SL 

tetramers. Tissue residency and exhaustion/activation status was then analysed by expression of 

CD69/CD103 and PD1, respectively. 
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Figure 57: Gating strategy for T cell subsets in lung samples 

Flow cytometry dot plots representative of the gating strategy used to identify T cell subsets in 

Lung samples. Lymphocytes were initially gated on before excluding doublets and dead cells. 

CD19+, CD14+
 and CD11b+ cells were excluded whilst selecting for CD3+ T cells. Vδ1+, Vδ2+ or 

αβTCR+ T cells were then gated before identifying T cells that were double positive for CD1c-SL 

tetramers. Tissue residency and exhaustion/activation status was then analysed by expression of 

CD69/CD103 and PD1, respectively. 

 

4.3.2.3 T cell subsets in peripheral blood 

In contrast to the previous cohort, there was a trend towards a greater overall frequency of CD3+ 

T cells in the peripheral blood of TB patients compared to controls, but this was not significant. Of 

the CD3+ population, individual T cell subsets of αβTCR+, Vδ1+ and Vδ2+ γδ T cells were analysed. 

We found no differences between the T cell subsets in the peripheral blood of both TB patients 

and controls (Figure 58). Unlike the first cohort, not all individuals within the TB group were 

classified as having active disease but were included as they were undergoing surgical procedures 

for TB-mediated lung damage. Absence of active disease may therefore impact circulating T cell 

populations. 
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Figure 58: Comparison of circulating T cell subsets in TB patients and controls 

Cumulative flow cytometry staining data showing frequency of a) CD3+
 T cells in the Live, CD14-

CD19-CD11b- population, b) αβTCR+ T cells, c) Vδ1+ T cells and d) Vδ2+ T cells in the Live, CD19-

CD14-CD11b- CD3+ populations. Statistical significance calculated using a Mann-Whitney test. 

 

4.3.2.4 Expression of CD69+CD103+ by T cells 

Expression of both CD69 and CD103 by T cells has been reported to denote tissue residency with 

CD69 in particular distinguishing those from circulation (465, 466). We analysed the expression of 

CD69 and CD103 by each T cell subset and observed a significantly greater proportion of 

expression for both of these markers in lung samples compared to peripheral blood. This 

demonstrates that we have accurately defined lung cells in each sample despite potential blood 

contamination. While there were significantly greater frequencies of CD69+CD103+ Vδ2+ T cells in 

the lungs of control patients compared to peripheral blood, the difference was more pronounced 

in TB patients (Figure 59). 



Chapter 4 

147 

 
Figure 59: Comparison of CD69+CD103+ T cell subsets between PBMC and lung samples in TB 

patients and controls 

Cumulative flow cytometry staining data showing frequency of a) CD69+CD103+ αβTCR+ T cells, b) 

CD69+CD103+ Vδ1+ T cells and c) CD69+CD103+ Vδ2+ T cells in the live CD3+ population in the TB 

and control groups. Statistical significance calculated using a Mann-Whitney test. 

 

4.3.2.5 T cell subsets in the lung 

Within the lung, the frequency of overall CD3+ T cells was similar between TB patients and 

controls. Of CD3+ T cells, there was a trend towards an increased frequency of αβTCR+ T cells in TB 

patient lung samples compared to control lung. In contrast, there was a trend towards a lower 

frequency Vδ1+ γδ T cells in TB patient lung samples, but this was not quite significant. 

Frequencies of lung Vδ2+ γδ T cells was similar between TB patients and controls (Figure 60). 



Chapter 4 

148 

 
Figure 60: T cell subsets within the lungs of TB patients and controls 

Cumulative flow cytometry staining data showing frequency of a) CD3+ T cells, b) αβTCR+ T cells, c) 

Vδ1+ T cells and D) Vδ2+ T cells within the live CD19-CD14-CD11b- and live CD19-CD14-CD11b- CD3+ 

populations in the lungs of the TB and control groups. Statistical significance calculated using a 

Mann-Whitney test. 

 

4.3.2.6 T cell subsets in matched PBMC and lung samples 

Matched samples of PBMCs and lung cells from each donor that had both samples were analysed 

together. In the control group, the frequency of overall CD3+ T cells was not significantly different 

in the lung compared to matched PBMC samples, however lung cells of TB patients showed 

significantly less frequencies of CD3+ T cells compared to matched blood. Frequencies of αβTCR+ T 

cells were significantly lower in the lungs of both TB and control groups compared to their 
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matched PBMC samples. In contrast, differences in Vδ1+ γδ T cells between the lung and matching 

PBMC samples were surprisingly not consistent for either the TB group nor control group, despite 

this γδ T cell subset recognised as being predominantly tissue resident. There was a trend towards 

fewer Vδ2+ γδ T cells in the lungs of both groups, but this was not significant (Figure 61). While all 

other T cell subsets show a reduced frequency in the lung compared to peripheral blood, the Vδ1+ 

T cell population appears more donor dependent as frequencies of Vδ1+ T cells are not 

consistently greater in one compartment. 

 
Figure 61: Comparison of T cell subsets between matched PBMC and lung samples in TB patients 

and controls 

Cumulative flow cytometry staining data showing frequency of a) CD3+ T cells, b) αβTCR+ T cells, c) 

Vδ1+ T cells and D) Vδ2+ T cells within the live CD19-CD14-CD11b- and live CD19-CD14-CD11b- CD3+ 

populations of matched PBMC and lung samples in the TB and control groups. Statistical 

significance calculated using a Wilcoxon matched pairs signed rank test.  
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4.3.2.7 PD1 expression by T cell subsets 

Expression of PD1 is reported to be associated with activation and/or exhaustion status of T cells. 

Exposure to antigen leads to an increase in surface expression of PD1 which subsequently puts 

the ‘brakes’ on T cell activity to prevent excessive tissue damage (467).  We analysed the 

expression of PD1 on each of the T cell subsets in both lung and PBMC samples from each donor. 

Similar frequencies of PD1 expression by αβTCR+ T cells were observed to be similar in the lungs of 

TB patients compared to the controls, but when looking at matched lung and PBMC samples 

within the groups, the frequency of PD1+ αβTCR+ T cells was significantly greater in the lungs of 

the TB group compared to PBMCs (Figure 62). Of the Vδ1+ T cell subset, there was a trend toward 

a lower frequency of PD1 expression in the lung samples of the control group compared to 

PBMCs. This was in contrast to the TB group where a greater frequency of PD1+ Vδ1+ T cells were 

observed in TB lungs compared to PBMC samples. Furthermore, a significantly greater frequency 

of PD1 expression by Vδ1+ T cells was seen in the lungs of TB patients compared to those of the 

control group (Figure 63).  PD1 expression by Vδ2+ T cells was found to be significantly greater in 

the peripheral blood of both the control and TB groups compared to the lungs, but no difference 

in expression was seen in the lungs between the two groups (Figure 63). Therefore, the PD1 

expression by Vδ1+ T cells in the lungs suggests that they are activating in response to antigen 

during disease, suggesting a key role in the host-pathogen interaction. 
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Figure 62: Comparison of PD1 expression by T cell subsets in matched PBMC and lung samples 

Cumulative flow cytometry staining data showing frequency of a) PD1+ αβTCR+ T cells. b) PD1+ 

Vδ1+ T cells. c) PD1+ Vδ2+ T cell within the live CD19-CD14-CD11b- CD3+ populations of matched 

PBMC and lung samples in the TB and control groups. Statistical significance calculated using a 

Wilcoxon matched pairs signed rank test. 
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Figure 63: Comparison of PD1 expression by T cell subsets in the lungs of the TB and control 

groups 

Cumulative flow cytometry staining data showing frequency of a) PD1+ αβTCR+ T cells. b) PD1+ 

Vδ1+ T cells. c) PD1+ Vδ2+ T cell within the live CD19-CD14-CD11b- CD3+ populations of lung 

samples in the TB and control groups. Statistical significance calculated using a Mann-Whitney 

test. 

 

4.3.2.8 CD1c-SL Tetramer+ T cell subsets 

In contrast to the previous cohort, no differences in the frequency of CD1c tetramer+ CD3+, CD1c 

tetramer+ αβTCR+ or CD1c tetramer+ Vδ1+ γδ T cell subsets were found in the peripheral blood 

between the TB and control groups. This may be due to many of the TB group not currently 

having active TB disease, but were included in the group as they were undergoing surgical 

resection of the lung for TB related issues. Within the lung, there was a trend toward a greater 

frequency of CD1c tetramer+ CD3+ T cells in the TB group compared to the controls. While the 

CD1c tetramer+ αβTCR+ population was observed to be similar in the lungs of both the TB and 
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control groups, there was a significantly greater frequency of CD1c tetramer+ Vδ1+ T cells in TB 

lung samples compared to the controls (Figure 64). 

 
Figure 64: Comparison of CD1c tetramer+ T cell subsets in the lungs of the TB and control groups 

Cumulative flow cytometry staining data showing frequency of a) CD1c tetramer+ CD3+ T cells, b) 

CD1c tetramer+ αβTCR+ T cells and c) CD1c tetramer+ Vδ1+ T cells within the live CD19-CD14-

CD11b- and live CD19-CD14-CD11b- CD3+ populations of lungs samples in the TB and control 

groups. Statistical significance calculated using a Mann-Whitney test.  
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When comparing the lung to matched PBMC samples, there was significantly fewer CD1c 

tetramer+ CD3+, αβTCR+ and Vδ1+ T cells in the lungs of both TB and control donors, with the 

difference being more pronounced in the TB group (Figure 65). Due to low cell numbers, it was 

not possible to accurately study expression of PD1 by CD1c tetramer+ T cell subsets. 

 
Figure 65: Comparison of CD1c tetramer+ T cell subsets between matched PBMC and lung 

samples 

a) Frequency of CD1c tetramer+ T cells in the CD3+ population. b) Frequency of CD1c tetramer+ T 

cells in the αβTCR+ population. c) Frequency of CD1c tetramer+ T cells in the Vδ1+ population. 

Statistical significance calculated using a Wilcoxon matched pairs signed rank test. 
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4.4 Discussion 

4.4.1 Activation induced marker assay 

CD1c autoreactive T cells are abundant in the peripheral blood of healthy humans, particularly in 

the CD4+ and CD4-CD8- DN subsets (304). CD1c-restricted T cell lines have also been characterised 

in human CD1 transgenic (hCD1Tg) mice following challenge with Mycobacterium tuberculosis 

(331). Interestingly, of the derived CD1c-restricted T cell lines, the majority were found to be 

autoreactive and therefore not specific for mycobacterial lipid antigens (331). The functional 

response of CD1c autoreactive T cells has previously been investigated by Vincent et al (300). 

Unique CD1-restricted T cell clones, of αβTCR+ lineage, were derived from a microbial antigen 

stimulated T cell population and were revealed to respond to their cognate CD1 antigen 

presenting molecule in the absence of exogenous antigen (300). However, these T cell clones 

were also shown to have dual reactivity as a greater response was observed when the CD1-

restricted clones were exposed to microbial antigen. Furthermore, dual reactivity of γδ T cells has 

been reported by Roy et al (174) with data demonstrating that Vδ1+ T cells isolated by CD1c-PM 

tetramers were also reactive to self-lipids such as sulfatide and lysophospholipids. 

The use of tetramers to identify and isolate antigen-specific T cells has been gaining popularity in 

recent years and have been instrumental in the characterisation of many well-known CD1-

restricted T cell clones. However, tetramer staining is not without issues as they are known to 

have higher rates of dissociation and a lower binding avidity than antibodies (287). Furthermore, 

TCR downregulation upon cognate antigen engagement reduces availability for further staining. In 

addition, T cells reactive to self-lipids have been reported to bind with lower affinity than to 

microbial antigens (287, 300, 447). In order to further characterise CD1c-autoreactive T cells 

irrespective of αβ or γδ lineage, we aimed to employ a tetramer-independent assay to follow T 

cell proliferation by APC and to gain further insights into their phenotype such as co-receptor 

status and T-helper phenotype. We optimised a short term expansion method to specifically 

expand CD1c-restricted T cells in the absence of exogenous antigen and analysed the expression 

of activation markers. AIM assays have been used as an alternative to, or in combination with 

classical cytokine based methods to assess antigen-specific T cell responses. Traditional methods 

employed to analyse the T cell response include the ELISPOT assay and ICS, both are highly 

sensitive methods commonly used to ascertain the functional response. However, the cytokines 

to be assessed need to be pre-determined which introduces bias towards the T cell phenotype 

that can be analysed. Additional T cell information such as co-receptor usage is also unable to be 

elucidated from the ELISPOT assay, thus preventing the total antigen-specific T cell response being 

analysed accurately.  
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The AIM assay overcomes these issues by analysing the expression of activation markers that are 

induced following TCR engagement. Furthermore, activated cells can then be sorted for further 

investigation which is not possible following the fixation and permeabilisation steps carried out as 

part of the ICS assay. We therefore aimed to assess the activation and subsequent expansion of 

CD1c-restricted T cells following a short term culture and re-stimulation with CD1c expressing 

antigen presenting cells. Overall, greater levels of T cell expansion, as measured by diminishing 

CTV signal, were observed in cultures that included APCs. Differences in levels of T cell expansion 

between those cultured with THP1-CD1c and THP1-KO were recognisable at day 16 of culture 

following overnight re-stimulation. Significant increases at day 16 in the expression of activation 

markers CD69+CD137+ and CD25+CD137+ were seen in T cells re-stimulated with THP1-CD1c 

compared to THP1-KO, indicating a CD1c-specific response. It has been reported that enrichment 

of antigen-specific T cells occurs following at least 12 days of culture with cognate antigen (337, 

338), corroborating our data which showed a significant difference in levels of activation markers 

in the presence of CD1c at day 16 but not day 8. 

To further characterise the phenotype of the responding T cells, we also stained for CD4 and CD8 

co-receptors. The frequency of CD4+ T cells increased for each donor over the time course when 

cultured with CD1c expressing cells, but as this was not seen in the WT APC co-culture or T cell 

only culture, this may suggest that the expansion of this subset was antigen specific. In contrast, 

the frequency of CD8+ T cells remained relatively stable over the time course, with greater 

average frequencies being recorded in the T cell only condition. Interestingly, on day 16 when 

greater levels of expansion were observed, DN T cells were the predominant subset when 

expanded and stimulated with THP1-CD1c. This supports De Lalla et al’s findings of a large 

frequency of CD1c autoreactive T cells being of the DN T cell subset (304). Expression of activation 

markers for each of the three T cell subsets peaked at day 16, with slightly greater frequencies of 

CD69+CD137+ and CD25+CD137+ DN T cells being observed compared to activation marker positive 

CD4+ and CD8+ T cells. The role of co-receptors in thymic selection and functional differentiation 

has been characterised for MHC-restricted T cells, in addition to facilitating antigen recognition by 

the TCR (468). However, the functional role for CD4 and CD8 co-receptor involvement in CD1 lipid 

mediated recognition by T cells is not well described. James et al sought to define differences in 

recognition of CD1b presenting mycobacterial lipids by T cells expressing either the CD4 or CD8 

co-receptor (456). They discovered that while both CD4+ and CD8+ T cells stained with CD1b-SGL 

tetramers, CD4+ T cells bound the tetramers with higher affinity than both CD8+ and DN T cells 

and ex vivo data suggested that lipid-specific CD4+ T cells may have greater functional avidity 

(456). Previous studies have also shown that CD4 expression is associated with increased 

activation and TCR signalling of iNKT cells (469) and T cells recognising CD1b presenting GMM did 
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so with higher affinity when the CD4 co-receptor was expressed in contrast to CD8+ or DN T cell 

clones (293). Investigations carried out by Guo et al to characterise CD1c autoreactive T cells 

revealed that stimulation by CD1c expressed on K562 APCs, in the absence of exogenous antigen, 

consistently activated a population of CD4+ T cells (337). These T cells were of αβ lineage and 

preferentially expressed TRBV4-1 TCRs. In contrast, Vincent et al derived all CD8+ autoreactive 

CD1-restricted T cell clones from T cells that had been previously stimulated with microbial 

antigen (300). Unlike the CD4+ T cell clones previously described which had a conserved TRBV4-1 

sequence, these CD8+ αβ T cell clones were unique with diverse CDR3 regions (300). Combined 

with our results showing a larger frequency of activated DN T cells in response to CD1c, we can 

reason that the CD1c autoreactive T cell response is not restricted to a particular co-receptor 

subset. 

The AIM assay is particularly useful for identifying these diverse populations of CD1-restricted T 

cells, as multiple phenotypic and functional markers can be analysed simultaneously. 

Furthermore, the cytokine profile of antigen-specific T cells responding to stimulus has been 

shown by numerous groups to be diverse, something that may not be accurately assessed by 

traditional methods (293, 300, 314, 470). Affinity for antigen has been reported to be associated 

with cytokine profile, with high affinity CD1-restricted CD4+ T cells expressing Th1 cytokines and 

low affinity T cells expressing Th1 and Th17 cytokines (293). Additionally, although CD1-restricted 

CD8+ T cell clones were cytolytic and predominantly expressed IFNγ, they were also found to 

produce Th2 cytokines IL-13 and IL-5 in large quantities (300). This demonstrates that although 

traditional cytokine based assays are advantageous for quantifying this functional response, they 

are more valuable when paired with methods such as the AIM assay which take a wider approach 

to the total population of antigen-specific T cells which may otherwise be underappreciated. In 

order to further characterise the responding T cells in our experiment, it would be pertinent to 

better understand these populations at the clonal level to interrogate phenotype and function 

including their T-helper cytokine profile. Our data suggests that this short term expansion method 

successfully expands CD1c specific T cells and will be used to derive clonal populations for further 

study. 

We further subdivided our donors into those that were M.tb exposed or unexposed to assess 

whether prior exposure had an effect on the CD1c autoreactive T cell population. It has previously 

been demonstrated that CD1 tetramers loaded with mycobacterial lipids PM or GMM are able to 

detect mycobacteria-specific T cells at similar levels in donors with active or latent TB infection, 

but not in healthy controls (264, 292). Furthermore, studies have shown that T cells exposed to 

MPD proliferated in a CD1c-dependent manner in donors with LTBI to a significantly greater 

degree than uninfected control donors (313). However, the effects of M.tb infection on activation 
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and proliferation of CD1c autoreactive T cells is yet to be investigated. In this experiment, we 

observed greater levels of activation, as measured by CD69 and CD137 expression, in CD4+, CD8+ 

and DN T cell subsets of healthy M.tb unexposed donors when stimulated with CD1c compared to 

donors with prior M.tb exposure. This suggests that there may be a larger frequency of CD1c 

autoreactive T cells in the peripheral blood of those unexposed to M.tb, however, confirmation of 

this finding requires the study of a larger cohort. 

In agreement with previous work, our results confirm the presence of circulating CD1c 

autoreactive T cells in healthy humans. The optimised methodology described here for short term 

expansion can now be employed to investigate T cell function. Future work will aim to enrich 

CD1c autoreactive T cells from M.tb exposed and unexposed donors with a view to clone T cells in 

order to investigate their autoreactive recognition mechanisms, functional prolife and overall 

phenotype as well as their role in the host pathogen interaction in TB using advanced M.tb cell 

culture models. 

4.4.2 Immunohistochemistry staining for CD1c and γδ T cells in human TB granulomas 

The cell envelope of M.tb has a characteristically high lipid content, with lipids comprising 40% of 

the total cell envelope weight (471). The ability of CD1 molecules to present lipids to T cells 

suggests that CD1-restricted T cells specific for M.tb lipids could be involved in the host immune 

response to M.tb infection. Of the four antigen presenting molecules of the CD1 family, CD1c 

surveys the full endocytic system and therefore has access to a broad range of lipids (317). 

Additionally, CD1c, which is highly expressed on activated B cells and the majority of DC subsets 

(472, 473), has been reported to present mycobacteria-derived lipids and subsequently activate 

CD1c-restricted T cells (174, 248). In vitro studies have reported that cellular M.tb infection is 

associated with the development of group 1 CD1- myeloid precursors into competent APCs 

expressing CD1 proteins (339), further indicating a role for CD1 in the host response to infection. 

Our group has previously demonstrated the expression of CD1b both within granulomas and 

adjacent to the caseous core (275), however there is yet no direct evidence of CD1c expression at 

the site of M.tb immunopathology. We therefore sought to investigate the expression of CD1c 

within TB lesions by using immunohistochemistry techniques to stain M.tb infected lung tissue 

from TB patients. In contrast to what has been demonstrated for CD1b, the majority of CD1c 

expression in TB lung tissue was observed to be more remote from the caseous core, with the 

majority of expression found within B cell follicles and areas of inflammatory tissue away from the 

centre of infection. Interestingly, expression of CD1c appeared low in comparison to the degree of 

inflammation within each tissue section. Low levels of CD1c expression were observed in a small 
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number of granulomas, but these were infrequent and not found within each patient tissue 

section.  

Our findings appear to be contrary to other studies which have indicated that CD1c expression is 

induced or unaffected by M.tb infection (339, 474). However, there are also reports which have 

suggested that M.tb infection in fact downregulates expression of CD1c. Previous studies have 

demonstrated that while M.tb infected monocytes are still capable of differentiating into DC, 

CD1c expression appears to be absent (63, 458, 459). Further investigations into these reports 

have revealed that suppressed CD1c expression is associated with the upregulation of microRNA-

381-3P by DC in TB patients (460). Additionally, BCG infection of DC also induced upregulation of 

microRNA-381-3P and the subsequent suppression of CD1c (460). However, Inhibition of 

microRNA-381-3P upregulation consequently prevented the suppression of CD1c and T cell 

responses against BCG were then promoted (460). These data suggest that the observed lack of 

CD1c immunohistochemistry staining within TB granulomas may be due to M.tb induced 

downregulation of expression by the cells directly adjacent to the area of infection, potentially as 

part of its immune evasion strategy. Higher levels of CD1c expression observed away from the 

focus of infection may indicate areas of a more intact immune response with T cells recognising 

CD1c presented lipids. 

In addition to CD1c, we sought to investigate the presence of γδ T cells within the site of M.tb 

infection. Studies have reported that γδ T cells secreting Th1 cytokines, such as TNFα and IFNγ, 

accumulate in early mycobacterial lesions (475). M.tb infected macrophages secrete MCP-1 and 

IL-8 which has been shown to induce chemotaxis of γδ T cells; the infected macrophages are then 

subsequently eliminated by the γδ T cells in vitro (475, 476). Furthermore, as γδ T cells recognising 

mycobacterial lipids presented by CD1c have been characterised it is therefore plausible that 

CD1c-restricted γδ T cells may respond to M.tb at the site of infection within the lungs. We 

utilised immunohistochemistry staining of lung sections taken from TB patients to visualise γδ T 

cells at the site of infection. We observed scanty expression of γδ T cells in inflammatory tissues 

surrounding areas of caseous necrosis, but clusters of γδ T cells were only detected in a minority 

of granulomas but were not observed in every TB patient. It has been recently reported that 

individuals with active TB have localised clonal expansions of Vδ1+ γδ T cells in the lungs, a feature 

which is not observed in healthy control subjects (200). In addition to this, NHP studies have 

demonstrated that while Vγ2Vδ2 T cells are almost undetectable in the lung tissue of uninfected 

macaques, increased numbers of Vγ2Vδ2 are observed in the lungs of M.tb infected macaques 

and are present within granulomas in the case of severe disease (477). Further to these 

conclusions, both of these studies describe how γδ T cell repertoires are highly heterogeneous 

between granulomas both within one individual, and between individuals (200, 477). These 
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results are in support of our data, as we did not observe staining of γδ T cells in control lungs, but 

within the TB lung we confirmed localisation in some granulomas but noted that areas of 

expression were not homogeneous within one patient or between patients.  

Granulomas formed in response to M.tb infection are known to be of heterogeneous composition 

and different types are often found within one individual (200, 478, 479). NHP models of M.tb 

immunopathology have demonstrated that systemic T cell responses differ from those at the site 

of infection (479). Additionally, while only a small proportion of localised T cells are reported to 

secrete cytokines, they still demonstrate the ability to control infection (479). Taken together, it is 

likely that the outcome to M.tb infection is dependent upon the granuloma local environment and 

while small numbers of γδ T cells may be present, they may contribute to anti-M.tb immunity. The 

lack of expression of CD1c within the focus of infection and a tendency for γδ T cells to also reside 

away from this area may suggest that M.tb suppression of CD1c may contribute to a reduction of 

recruitment and activation of γδ T cells and therefore greater immunopathology. 

4.4.3 CD1c-restricted T cells in M.tb infected humans 

4.4.3.1 CD1c-restricted T cells in the peripheral blood of Tuberculosis patients 

Mycobacteria-specific lipids such as MA and PM are known to be presented by CD1 molecules, 

and have been demonstrated to induce expansion of lipid-specific T cells both in vivo and in vitro 

(307, 429, 431). It has recently been reported by Liu et al that there is an increase in DC 

expressing CD1c in both the peripheral blood and pleural effusions of TB patients (312) which 

raises the question as to whether there is also a simultaneous increase in CD1c-restricted T cells. 

CD1c is known to present lipid antigens to TCRs of both αβ and γδ lineage, with reports of these T 

cells recognising either self-phospholipids or mycobacteria-specific lipids (174, 268, 436). 

However, the effect of M.tb infection on the frequency and subset distribution of CD1c 

autoreactive T cells compared to healthy individuals has not been extensively studied. We 

therefore set out to characterise the CD1c autoreactive T cell subset distribution in South African 

TB patients using CD1c tetramers.  

We observed a trend towards an increased frequency of CD3+ T cells bound to CD1c tetramers in 

the TB group compared to the healthy controls. However, the TB group frequencies of CD1c 

tetramer+ T cells appeared to be on a spectrum, with some demonstrating much higher 

frequencies than others. This may be due to individual differences and the clinical status of each 

patient, such as HIV status or stage of TB disease which was unknown. However, when the TB 

group was divided into those that were HIV+ or HIV-, we observed a trend towards an increased 

frequency of CD1c-restricted T cells in HIV+ TB patients compared to HIV- patients and the healthy 
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controls. There are few reports on the CD1c-restricted T cell population in HIV infection, but a 

downregulation of CD1c expression by HIV infected cells has been described (480). The 

modulation of CD1c expression was observed alongside a concurrent reduction in CD1c-restricted 

T cell stimulation (480).  

However, conflicting results from this same study describe a limitation of CD1c downregulation in 

accordance with HIV induced upregulation of cholesterol synthesis (480, 481). The increased 

cholesterol production was also shown to induce IFNγ in CD1c-restricted T cells (480). Cholesterol 

plays a crucial role in successful HIV infection. Cholesterol is involved in maintaining the function 

of plasma membrane lipid rafts which facilitates entry of the virion and viral budding, and 

depletion of cholesterol is linked to a reduction in HIV virion production (480, 482, 483). In 

addition to this, cholesterol is also a key component in the survival and persistence of M.tb 

infection. Cholesterol has been reported as both a requirement of M.tb entry into macrophages 

as well as being used as an important source of carbon to facilitate growth and persistence (484-

486). It has been demonstrated in mice that high levels of cholesterol are associated with higher 

rates of M.tb growth and tissue destruction in the lung (487, 488). Cholesterol is also 

demonstrated to accumulate in human granulomas, where a large population of T cells are also 

known to congregate (485). It is therefore possible that coinfection with both HIV and TB may 

lead to increased levels of cholesterol over those with a singular infection, leading to a greater 

frequency of CD1c-restricted T cells, either from increased expression of CD1c on macrophages or 

the presentation of cholesterol/cholesteryl esters to T cells. This is further evidenced by reports 

demonstrating that not only do cholesteryl esters stabilise CD1c, but that they are also presented 

and recognised by CD1c autoreactive T cells (265).  

Investigating circulating T cell subsets of the South African cohort revealed a significantly 

increased population of Vδ1+ T cells in the TB patients, as well as a trend towards an increased 

population of Vδ1+ T cells that were CD1c-reactive. Again, a spread of frequencies within the TB 

group was observed, in both the CD1c-reactive Vδ1+ subset, and the Vδ1+ T cell population as a 

whole. Separating the TB patients by HIV status did not reveal any substantial differences in Vδ1+ 

T cells frequencies between HIV seropositivity and seronegativity of the TB patients or to the 

healthy controls. The subset known to be most notably affected by M.tb infection is Vδ2+ T cells, 

but one study has reported an increase in Vδ1+ T cells in TB patients presenting with anergy to the 

tuberculin skin test (173, 489, 490). This is in contrast to our results which demonstrate an 

increase in Vδ1+ T cells in TB patients with a demonstrable reaction to tuberculin.  

Vδ1+ T cells are known to be predominantly tissue resident cells; this may suggest that higher 

frequencies seen within these data could be due to extravasation of these T cells from the lung 
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into the peripheral blood. It is possible that severity of TB disease for each patient, which was 

unknown, may have influenced the spread of Vδ1+ T cell frequencies of the TB group. It was 

expected that HIV seropositivity would have influenced a higher Vδ1+ frequency as it has been 

demonstrated by Carvalho and colleagues that HIV+ TB patients had higher levels of Vδ1+ T cells in 

the peripheral blood than healthy controls (491). However, in our study, Vδ1+ T cell frequencies 

did not appear to be affected by HIV status. This is in contrast to our findings as we did not see an 

observable difference in Vδ1+ T cells levels between HIV+ TB patients, HIV- TB patients and healthy 

controls. As previously discussed, greater levels of CD1c tetramer staining seen in HIV+ patients 

and the TB group as a whole may be due to greater lipid accumulation, leading to an expansion of 

CD1c-restricted T cells. Vδ1+ T cells have also been demonstrated to recognise mycobacterial 

lipids presented by CD1c (174), which could lead to an expansion of CD1c-restricted lipid reactive 

T cells in the TB patients. However, there are also reports that γδ T cells may respond to CD1 

molecules that are absent of pathogenic lipid and instead react to self-lipids presented by CD1c 

(174, 179). Furthermore, data by Roy et al indicates that Vδ1 TCR binding may be mainly directed 

towards the CD1c molecule itself (174). 

Taken together with the knowledge that Vδ1+ T cells can bind CD1c loaded with mycobacterial 

PM, predominantly CD1c-centric TCR binding may explain why TB patients in our study had an 

increased level of binding to our CD1c tetramers that were not loaded with any specific lipid.  

However, binding to our spacer lipid loaded CD1c tetramers is indicative of autoreactive T cells 

which may be driving TB-related autoreactivity. This is also supported by our observation of a 

significantly increased population of αβTCR+ T cells in the TB group binding the CD1c-SL tetramers, 

regardless of HIV status.  Vincent and colleagues demonstrated that CD1-restricted T cells that 

had dual reactivity to self-lipids and mycobacteria-specific lipids were composed of an αβ TCR, 

were CD8+ and had cytotoxic function (300). As HIV infection predominantly affects the CD4+ T cell 

population, we can assume that elevated CD1c-restricted αβTCR+ T cell populations seen in both 

the HIV+ and HIV- TB patients were CD8+ or DN and were reacting to the CD1c molecule itself as 

the protein was not refolded in the presence of mycobacterial lipid. Autoreactivity has been 

suggested as a mechanism of M.tb associated pathology as autoimmune-associated antibodies 

have been detected in a large percentage of TB patients, as well as the occurrence of autoimmune 

phenome such as erythema nodosum and uveitis (457). Additionally, granulomas are commonly 

seen in the autoimmune disease sarcoidosis, and are almost indistinguishable from those seen in 

TB patients, despite the absence of M.tb (457). Interestingly, an expansion of Vδ1+ T cells has 

been found in the lungs of patients with pulmonary sarcoidosis, suggesting these cells are also 

involved in the tissue destruction seen in autoimmune disease (210). To further investigate this 

potential CD1c-restricted autoreactive T cell hypothesis, we would need to expand this study to 
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analyse the CD1c-restricted T cell subsets in the lung lesions of TB patients using our CD1c-SL 

tetramers.  

Finally, an unexpected finding emerged from this data: there was a significantly reduced 

frequency of T cells in the TB group that were neither TCRαβ+ nor Vδ1+. A large spectrum in 

frequencies of this particular subset was also noted for the healthy controls. This may be due to 

individual differences in immune system composition or underlying morbidities, as it is not known 

whether the healthy controls were indeed completely healthy. No tests were conducted to 

investigate LTBI, presence of CMV or other diseases and infections which may have had an effect 

on frequencies of this subset of T cells for particular individuals in the healthy control group. 

However, even though flow cytometric analysis determined these cells were neither TCRαβ+ nor 

Vδ1+, we do not know the exact phenotype of this population of T cells. It is possible that these T 

cells may have also carried the TCRδ chain, but it is currently only the Vδ1+ T cell subset that is 

known to recognise CD1c. As this TCRαβ- Vδ1- subset of the healthy controls was significantly 

greater than TB patients within the CD1c tetramer+ population, it suggests that there may be 

another TCRδ subset which recognise CD1c and are diminished in TB disease. There are only three 

true Vδ genes in humans: Vδ1, Vδ2 and Vδ3. Although Vδ genes 4-8 exist, they are formed from 

the inclusion of Vα genes in Vδ rearrangement and therefore can be distinguished as Vδ or Vα 

(184). The available literature has thus far determined that Vδ2 cells recognise phosphoantigens 

in the presence of butyrophilin 3.1 but independently of CD1, and Vδ3 cells recognise CD1d but 

not the group 1 molecules (184, 206, 492), however specific evidence against these cells binding 

to CD1c is lacking. In addition, there has as of yet been no investigation into whether T cells with 

Vδ4-8 chains are able to recognise CD1 molecules or whether they are bound by anti-TCRαβ 

antibodies as their rearrangement includes Vα genes. As this finding of decreased CD1c tetramer+ 

TCRαβ- Vδ1- T cells was also found in TB patients with or without HIV coinfection, we can conclude 

that this result was not a result of HIV coinfection but was driven by TB. To investigate the identity 

of this population, staining with antibodies for other TCRδ chains could be included as well as 

antibodies for Ig-like transcript 4 (ILT4). ILT4 is the only other molecule, besides the TCR, which is 

known to bind CD1c (450). Although ILT4 is expressed primarily by APCs, blocking this molecule or 

positive antibody staining would reveal whether it has contributed to the CD1c tetramer+ TCRαβ- 

Vδ1- T cell frequencies observed here. 

Although useful information has been garnered from this study, we could expand upon this data 

in a variety of aspects. Before testing a greater number of patients to improve and reliably 

identify statistical significance of the T cell subset frequencies, we need to confirm the specificity 

of our CD1c tetramers. The addition of a third tetramer that is either irrelevant or composed of 

another CD1 molecule could be included. Negative staining of the double CD1c tetramer+ cells 



Chapter 4 

164 

with this third tetramer would provide more confidence that these cells are CD1c specific. 

Additionally, T cells binding the CD1c tetramers could also be tested for IFNγ release, a measure 

of T cell activation through binding its cognate antigen (236, 493). Further investigations could 

also include CD1c tetramers refolded in the presence of mycobacteria specific lipids such as PM, 

and lipids shared by both the bacterium and the host such as PG. This would allow us to 

investigate the presence of lipid specific T cells in both healthy controls and TB patients and 

whether T cells with dual reactivity to shared lipids are associated with pathology. However, our 

key goal includes utilisation of our CD1c tetramer in lung lesion samples from TB patients. The 

collection of data including increased CD1c expression in TB patient pleural effusions (462), 

accumulation of lipids in TB-associated granulomas (485), and an expansion of the tissue resident 

Vδ1+ T cells in lung granulomas of pulmonary sarcoidosis patients (210) leads us to hypothesise 

that there may be an increase of CD1c-restricted Vδ1+ T cells in the lungs of TB patients. Evidence 

of this, along with the knowledge of whether these T cells prevent or exacerbate damage, would 

allow us to design agents to augment the response. 

4.4.3.2 CD1c-restricted T cells in tuberculosis lung lesions 

TB is primarily a disease of the lung, with hallmark granulomas being formed by an array of cells 

including T cells, B cells and fibroblasts surrounding infected macrophages to prevent the spread 

of the pathogen (2, 15). It is therefore logical to study the immune response to M.tb infection at 

the site of disease in addition to immunological markers in the periphery. It has been reported 

that CD1-restricted T cells, MAIT and γδ T cells may be involved in the early stages of the response 

to M.tb infection (494) with IL-17 producing γδ T cells being reported as an essential player in the 

formation and maturation of granulomas (197, 198). CD1c has been shown to present a variety of 

lipids, including mycobacterial PM, cholesteryl esters and phospholipids obtained from the host 

and/or pathogen (264-266). In addition to a TB-specific increase in pleural CD1c+ DC (462), this 

suggests that CD1c-restricted T cells are involved in the host response to TB. T cells restricted to 

CD1b and CD1d have been demonstrated in the lungs during TB infection (200), but as of yet, 

CD1c-restricted T cells have not been described in this context. 

As CD1c-restricted T cells can be of either αβ or γδ lineage, we aimed to investigate the frequency 

and phenotype of CD1c-autoreactive T cell subsets within the lungs and matched blood samples 

of TB patients. To further expand upon the data obtained from our previous South African cohort, 

we analysed the T cell subsets within the PBMC samples from both the TB and healthy control 

groups. Compared to the previous cohort, we found that circulating frequencies of each T cell 

subset were similar between the TB and control groups. The variation in peripheral blood T cell 

subsets may be explained by differences in the TB group included within this second cohort. The 
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TB group in the previous study was comprised of donors that were confirmed to be suffering with 

active TB disease, while in this second cohort, we aimed to include PBMCs that were from donors 

that had matching lung samples. Lung samples were acquired from patients that were undergoing 

surgical lung resection associated with TB related issues and were not necessarily suffering from 

active disease at that time, therefore several of the patients had previously treated TB, not active 

disease. We demonstrated in our previous work that HIV status of the donors did not affect the 

spread of the data, so we can assume in this cohort that similar frequencies of T cell subsets may 

have been affected by lack of TB disease and not HIV coinfection.  

In this second cohort, we also investigated frequencies of Vδ2+ T cells in the peripheral blood and 

observed similar circulating frequencies between the TB group and controls. This is in contrast to 

published data reporting a reduction in circulating Vδ2+ T cells in active TB patients (200, 201). 

However, as the TB group in our study comprised those with past active TB and not necessarily 

current active TB, this may have contributed to the similar frequencies seen to the control group. 

Data from both humans and NHP studies have demonstrated an elevation in the circulating Vδ2+ T 

cell subset in BCG vaccinated individuals or those who are household contacts of active TB 

patients (203-206). South Africa has one of the highest incidence rates of TB worldwide and BCG 

vaccination is routinely given (1, 495, 496), so it is not unreasonable to assume that donors in the 

TB or control group may have been exposed to TB through household contacts or vaccination and 

therefore may have an elevated frequency of Vδ2+ to a comparable level. 

Within the lungs, while we observed a trend for reduced Vδ1+ T cells in the TB group, there was a 

significantly increased frequency of CD1c tetramer+ Vδ1+ T cells in the lungs of the TB group 

compared to controls. Ogongo and colleagues had previously demonstrated that CD1b- and CD1d-

restricted T cells are present in the lungs of TB infected patients, but our work demonstrates that 

frequencies of CD1c-restricted T cells are also elevated (200). Data from this group further probes 

the Vδ1+ T cell population in the lungs, reporting that the repertoire of δ chain bearing T cells in 

TB patients were dominated by the Vδ1+ subtype with a significantly higher degree of localised 

clonal expansions (200). They also found that clonality of Vδ1+ T cells was greater in the lungs 

than in peripheral blood samples, and only 7% of the lung clonotypes were found in the blood 

(200). These non-overlapping populations of γδ T cells may suggest that antigen-specific T cells in 

the context of TB may be localised to the lung. A reduction of Vδ2+ T cells has been reported in 

the peripheral blood of active TB patients and it has been suggested that these cells may have 

been recruited to the lung (200, 201). However, in support of our observations, Ogongo and 

colleagues also found similar frequencies of Vδ2+ T cells in the lungs of both TB patients and 

controls, indicating that any loss of Vδ2+ T cells from the blood was not associated with lung 

recruitment (200). 
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To assess tissue residency of the T cell subsets, we also analysed expression of CD69 and CD103. It 

has been reported that TB-specific T cells that are resident in the lung could have protective 

activity (200). In contrast to our expectations, we observed a trend for a decreased CD69+CD103+ 

Vδ1+ T cell subset in the lungs of TB patients but an increase in tissue resident Vδ2+ T cells 

compared to controls. In contrast to our findings, a reduction in tissue resident Vδ2+ T cells, 

specifically the Vγ9Vδ2 subset, has been reported in the BAL fluid of TB patients, coupled with an 

impaired response to antigen stimulation (497). However in support of our data, a specific clonal 

expansion of Vδ2+ T cells has been reported in the lungs of TB patients which may explain the 

increase we observed in the lungs of TB patients (200).  

Unfortunately, due to low frequencies, we were unable to accurately assess frequencies of CD69 

and CD103 expression by CD1c tetramer+ populations. Studies involving adoptive transfer of CD1-

restricted αβ and γδ T cells in transgenic mice and NHPs, respectively, have revealed migration of 

these cells back to the lungs and attenuation of M.tb infection, demonstrating a protective 

function of these lung-resident CD1-restricted T cells (148, 209). Although we were unable to 

properly assess function of lung resident CD1c-restricted T cell subsets in our cohort, these 

studies suggest a similar role for CD1c-restricted T cells in human TB. 

The work by Ogongo et al suggests that expansion of antigen-specific T cells in the lung at the site 

of disease gives rise to the observed populations of clonally expanded T cells (200). While we 

were able to elucidate frequencies of CD1c-restricted T cell populations, we also aimed to assess 

activation phenotype of these cells through expression of PD1. PD1 is expressed by cells in 

response to persistent antigen-induced activation and acts as a suppressor to the adaptive 

immune response (498). We observed significantly greater frequencies of PD1+ Vδ1+ T cells in the 

lungs of the TB group compared to the controls, indicating that these cells are likely to have been 

responding to antigen. Negash et al has previously demonstrated a significant increase in the 

frequency of peripheral blood Vδ1+ T cells expressing PD1 and the activation marker CD38 in TB 

patients compared to healthy controls (212), with the expression of PD1 demonstrated in the 

lungs of active TB patients by various groups (499, 500). Immunohistochemical staining has 

revealed expression of PD1 within human TB granulomas (499, 500), but is absent at sites of 

immunopathology such as caseating necrosis (500).  

Expression of PD1 by T cells has been revealed as being an important component in controlling 

the immune response and preventing excessive immunopathology. Reports have emerged of 

patients developing TB following treatment for cancer with PD1 checkpoint inhibitors (501-504). 

The binding of PD1 to its ligand PD-L1  expressed by T cells, B cells and antigen presenting cells, 

triggers the PD1 expressing cell to ignore TCR mediated signalling and therefore the adaptive 
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immune response is inhibited (505). This mechanism prevents an excessive immune response and 

promotes self-tolerance and thus avoids autoimmunity. PD1 checkpoint inhibitors prevent the 

binding of PD-L1 to PD1, thus removing the brakes of the previously controlled T cell response to 

their cognate antigen (498). In the context of cancer, checkpoint inhibitors allow for the 

destruction of the tumour by activated and unsuppressed T cells. However, it has been shown 

that in the context of TB, expression of PD1 is critical for control of the disease. PD1-/- mice have 

been observed to be highly susceptible to TB and succumb to the disease faster than mice with 

intact PD1 expression (79, 506). Findings from Tezera et al also demonstrate that PD1 is necessary 

for regulation of the immune response to TB, with inhibition of PD1 expression leading to an 

increase in M.tb growth through excessive cytokine secretion (500). Their group also found that 

PD1 expression by CD4+ and CD8+ T cells was increased in the lungs when compared to matched 

blood samples (500). This supports our observation of significantly increased frequencies of PD1 

expressing αβ T cells in the lungs of TB patients compared to matched blood samples, a finding 

which was not seen in the control group. We also observed increased PD1 expression by Vδ1+ T 

cells in the lungs of TB patients compared to matched blood. In contrast, there was a decrease in 

PD1+ Vδ1+ T cells in lung samples of the control group compared to their matched blood, 

suggesting less activation of these cells within the healthy lung. In addition to our other findings, 

this further supports the hypothesis that Vδ1+ T cells play a protective function in the response to 

TB. 

Whilst acquiring peripheral blood and lung samples by flow cytometry, we sorted single CD1c 

tetramer+ and CD1c tetramer- and Vδ1+ T cells from both the TB and control groups into PCR 

plates. We intended to employ the same method of separating and amplifying the γ and δ TCR 

chains that we previously used to sequence γδTCRs from our γδ enriched T cell lines. However, 

following sorting and storage of the sorted cells, we were then unable to undertake the RT-PCR 

required before shipping the cDNA back to the UK from Durban, South Africa due to the COVID-19 

pandemic. Viability of cells following long term storage at -80°C is poor, thus when the sorted 

samples were subjected to RT-PCR following 9 months of storage, no bands were visible on an 

agarose electrophoresis gel. Successful separation, amplification and sequencing of CD1c 

tetramer+/- Vδ1+ T cells from both peripheral blood and lung samples would have revealed more 

information on whether TCR chain usage differed between CD1c-restricted Vδ1+ T cells, and 

whether CD1c-restricted clonotypes differed between the lung and blood. However, despite 

unsuccessfully identifying specific CD1c-restricted TCR chain usage, we did observe significantly 

increased frequencies of PD1 expression by Vδ1+ T cells in the lungs of the TB group, indicating an 

antigen specific response. In addition to this, we also observed a significant increase in CD1c 

tetramer+ Vδ1+ T cell population in the lungs of the TB group, indicating that this subset may be 
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specifically expanded in response to M.tb infection. To further investigate the CD1c autoreactive 

immune response in TB, it would be pertinent to identify specific CD1c-restricted TCRs in the lung 

and peripheral blood of active TB patients and interrogate their response to lipid antigens shared 

between the host and pathogen such as PG and PI. 
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Chapter 5 CD1-restricted T cells in the macaque model 

The impact of M.tb on the profile and function of responding T cells from the point of initial 

infection and the subsequent course of disease is almost impossible to monitor accurately in 

humans. The physiology and immunology of the macaque is nearly identical to that of humans 

and with high levels of conservation in the genes encoding the CD1 proteins, making them an 

ideal model in which to investigate the CD1-restricted immune response to M.tb infection. In 

human TB patients, decreased levels of CD1d-restricted iNKT cells have been observed, but with 

an increased population in those with latent infection (169, 507), suggesting a role for these cells 

in immune defence. iNKT cells have been demonstrated in a variety of macaque species and have 

been shown to produce IFNγ in response to stimulation (31, 508). However, the frequency and 

function of these cells has not been closely studied from pre-infection and through the course of 

subsequent active and latent disease following M.tb challenge. While the association between 

macaque iNKTs and outcome of M.tb infection is starting to be explored, the role of CD1c-

restricted T cells in the macaque model is even less well understood. Two studies have touched 

upon the recognition of macaque CD1c by T cells (377, 378), but as of yet the frequency and 

function of these T cells in disease remains largely unexplored. Furthermore, while CD1d 

tetramers have been validated as a useful tool in identifying and isolating CD1d-restricted T cells 

in the macaque, there is as of yet just one recent report of the use of macaque CD1c tetramers 

(376). This study built upon work by Morita and colleagues by using GMM pulsed macaque CD1c 

tetramer to isolate and investigate cross-species reactivity of macaque CD1c-restricted T cells 

(376, 378). However, as the function and phenotype of CD1 autoreactive T cells in humans are 

beginning to be unravelled, the presence of these T cells in the macaque remain completely 

unknown. 

5.1 Macaque CD1d-restricted T cells 

5.1.1 Ex vivo iNKT staining 

We have previously shown that iNKT cells in macaque can be specifically stained with human 

CD1d-α-GalCer tetramers (31). Furthermore, iNKT phenotypes are seemingly associated with 

outcome as we have shown previously that there is a trend between an increased CD8+ iNKT 

subset and reduced total lung pathology following M.tb challenge (31). To further investigate 

whether iNKT numbers and function changed with time during M.tb infection, blood samples 

were collected from three Rhesus macaques from the day of infection and every 2 weeks 

following until necropsy. Uninfected samples from the day of challenge were used to study the 
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change in iNKTs from pre- to post-infection, and to determine whether sample fixation would 

affect CD1d tetramer staining efficiency. We found that fixation of the PBMCs in 2% 

paraformaldehyde for 15 minutes following antibody staining did not significantly alter iNKT 

staining for any of the animals. The gating strategy can be viewed in Figure 66. 

 
Figure 66: Gating strategy for macaque iNKTs 

Flow cytometry dot plots depicting the gating strategy using FlowJo VX for CD1d-α-GalCer+ Vα24+ 

iNKTs. a) Lymphocytes, b) Single cells, c) Live CD3+ lymphocytes and d) CD1d-α-GalCer+ Vα24+ 

iNKTs. 

 

The frequency of iNKTs, as a percentage of live CD3+ lymphocytes, was found to remain relatively 

stable for all animals up to 4 weeks post M.tb challenge but with small, inconsistent increases and 

decreases for each animal (Figure 67). Results from week 6 post challenge were removed as 

staining at this time point appeared to be ineffective. We observed an increase in iNKT 

frequencies for each animal at weeks 7 and 8 when necropsies were carried out. Animal 27W had 

the greatest frequency of iNKTs at necropsy with 0.13% whereas animal 56W had the lowest 
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frequency of just 0.00516%. These animals also had the largest (27W) and smallest (56W) iNKT 

frequency before M.tb challenge of 0.00348% and 0%, respectively. 

 
Figure 67: Time course of macaque ex vivo iNKT frequency 

Graph demonstrating the frequency of CD1d-α−GalCer+ Vα24+ iNKTs for each animal from the 

beginning to the end of the study. 

 

5.1.2 Expansion of iNKTs 

To investigate iNKT function, we employed α−GalCer mediated expansion of iNKTs to measure 

iNKT proliferative responses. α-GalCer, originally isolated from a marine sponge, is a potent iNKT 

agonist (509), inducing activation and proliferation (510, 511) Therefore, α-GalCer is commonly 

used to measure iNKT proliferative response in challenge models (512). To this end, PBMCs 

isolated from each macaque were cultured with vehicle control or with α−GalCer for 14 days 

before measuring iNKT expansion by CD1d tetramer staining. Expansion of iNKTs mediated by α-

GalCer was assessed by comparing the numbers of expanded CD1d-α-GalCer+ Vα24+ T cells after 

two weeks in culture to iNKT numbers ex vivo as a functional measure of iNKT proliferative 

response. For all samples, excluding animal 27W at week 4, expansion of iNKTs was observed 

after 2 weeks in culture from the ex vivo frequency determined on the day of blood collection. 

The fold expansion of iNKTs from animal 27W declined each week, suggesting the iNKT population 

is becoming defective with the progression of TB. Animals 56W and 65W however, had a decrease 

in iNKT fold expansion at week 2 before proliferation recuperated at week 4 (Figure 68). 
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Figure 68: In vitro antigen induced iNKT expansion in macaques 

Graph representing the fold expansion of iNKTs at each time point. Peripheral blood derived T 

cells were stimulated with the strong iNKT agonist α-GalCer. Data showing fold expansion (ratio of 

in vitro grown iNKT/ex vivo frequency) of iNKT cells in response to α-GalCer. 

 

5.1.3 Lung biopsy iNKTs 

The iNKT population in different lung lobes was assessed to observe any trends between iNKT 

numbers and disease status as determined by PHE pathology and bacteriology assessments. 

Processed biopsy samples were stained with CD1d tetramers and fixed in 2% paraformaldehyde 

before flow cytometry analysis. Frequencies of iNKTs were representative of the percentage from 

live CD3+ lymphocytes acquired from each processed lung sample (Figure 69). For animals 56W 

and 65W, the greatest iNKT frequencies were observed in the right upper lung lobes, but in 

contrast the lowest frequency of iNKTs for animal 27W was observed in this lobe. Animal 65W 

had the greatest total frequency of iNKTs in the lungs whereas animal 56W had the lowest total 

frequency.  There was little consistency observed in the frequency of iNKTs stained in each lung 

lobe between each animal. 
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Figure 69: iNKT cells in macaque lung lobe biopsies 

Lung biopsy samples of seven lobes were processed and stained with anti-Vα24 and CD1d-α-

GalCer tetramers to quantify tissue iNKT cell frequencies. Graph depicting the CD1d-α−GalCer+ 

Vα24+ iNKT frequencies of lung lobe biopsies from each macaque after necropsy at weeks 7/8 

post M.tb challenge. 

 

Lung biopsy samples were also sent for bacteriological and pathological analysis carried out at 

PHE, Porton Down (details of scoring system in Table 5). Total pathology of the lungs was greatest 

for animal 56W with a score of 11 (Figure 70). The upper left lobe and lower right lobe of this 

animal were the greatest affected, both having a pathology score of 3. Animal 27W had the 

lowest total pathology score of 5, but the greatest affected lobes in this animal were right middle 

and right upper lobes which both had a score of 2. For all animals, the total pathology score of the 

right lobes was greater than that of the left, but there were no trends for either the upper or 

lower lobes having more severe pathology in any animal. 

Bacteriology analysis was carried out on three different biopsy samples: a randomised punch 

biopsy sample (as previously described by Luciw et al (427)), standard tissue samples containing 

lesion, and standard tissue samples without lesion (Figure 70). Of the randomised punch biopsy 

samples, animal 27W had the highest total CFU when all lobes were combined, and animal 65W 

had the lowest total CFU. There were no consistencies between the animals in which lobe had the 

greatest CFU/tissue in the randomised punch biopsy samples. Both animals 27W and 56W had the 

lowest CFU/tissue in the right accessory lobe, but this sample was not available for analysis from 

animal 65W which had the lowest CFU in the left middle lobe. When looking at the standard lung 
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tissue samples, all animals predictably had higher CFU counts for samples containing lesion 

compared to samples without lesion from the same lobe. 56W had the greatest CFU count when 

all lobe samples, with and without lesion, were combined, whereas 65W again had the lowest 

total CFU count. There were no consistencies between the animals as to which lobe had the 

greatest CFU count when using the standard tissue sampling method. Both 27W and 56W had the 

lowest CFU counts in the right lower lobe with lesions but this was the only similarity. 

 
Figure 70: Pathological and bacteriological results of lung lobe samples 

Graphs representing the pathological and bacteriological data for different lung lobe biopsies 

from each animal. a) Pathology scores using the PHE scoring system for lung lobes biopsy samples. 

b) CFU/tissue results for lung tissue biopsies. c) CFU/tissue results for lung tissue samples with 

lesions present. d) CFU/tissue results for lung tissue samples without lesions. Samples of the left 

mid lobe for 56W and right accessory lobe for 65W were not available for bacteriology analysis.  
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5.2 Macaque CD1c-restricted T cells 

5.2.1 Cross-reactivity of human CD1c tetramers 

Unlike other animal models, the macaque has retained the full set of CD1 molecules with only 

slight sequence alterations from that of human CD1 genes. It has previously been demonstrated 

that macaque CD1b presenting GMM can be recognised in vitro by human CD1b-restricted GEM T 

cells (377). However, in the macaque it has been found that both CD1b and CD1c-restricted T cells 

recognise mycobacterial derived GMM (376, 378). The combination of antibody blocking 

experiments, IFNγ ELISPOT assay and tetramer studies have demonstrated that GMM specific T 

cells exist in BCG vaccinated macaques and activation is dependent upon the presence of lipid in 

addition to CD1b or CD1c. Despite this, there has as of yet been no evidence of CD1c autoreactive 

T cells in the macaque.  

As human CD1d-αGalCer tetramers have been validated for the detection of iNKT cells in 

macaque (31, 513, 514), we investigated the potential for species cross-reactivity of human CD1c 

tetramers refolded in the absence of exogenous antigen on PBMCs from a variety of species of 

macaque. Cryopreserved PBMCs from 12 TB-naïve Rhesus and Cynomolgus macaques were either 

single stained with CD1c-SL tetramers composed of Streptavidin-PE or Streptavidin-APC, or were 

stained with both tetramers. The frequency of either single or double CD1c tetramer+ staining 

cells as a percentage of CD3+ cells was compared to that of PBMCs stained with negative control 

tetramers. Despite 79% of the tested macaque samples staining positively with CD1c tetramer, 

there was no significant difference between PBMCs stained with CD1c tetramers and those 

stained with negative control tetramers (Figure 71). The lowest frequency of CD1c tetramer 

staining of CD3+ T cells was found when two CD1c-SL tetramers (CD1c-SL PE and CD1c-SL APC) 

were used simultaneously. In comparison, the greatest levels of staining were observed when 

CD1c-SL PE was used as a single stain which may indicate greater levels of background staining 

with this tetramer (Figure 72). Due to the negligible difference in staining, it is difficult to conclude 

whether the human CD1c protein is truly cross-reactive with each species of macaque. 
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Figure 71: CD1c-SL tetramer staining of macaque PBMCs 

Cryopreserved macaque PBMCs were resuscitated and stained with human CD1c-SL tetramers 

conjugated to Streptavidin-PE or Streptavidin-APC to identify species cross-reactive CD1c-

restricted T cells. Representative flow cytometry dot plots show tetramer staining of macaque 

PBMCs with a) Streptavidin (PE) only, b) CD1c-SL (PE), c) CD1c-SL (APC) and d) CD1c-SL (PE) and 

CD1c-SL (APC). 
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Figure 72: Double streptavidin and CD1c-SL tetramer staining of macaque PBMCs 

Representative flow cytometry dot plots demonstrating double staining of four macaque PBMC 

samples with a) Streptavidin (PE) and Streptavidin (APC) or b) CD1c-SL (PE) and CD1c-SL (APC). 

Positive staining with both Streptavidin reagents or both CD1c-SL tetramers can be viewed in Q2. 

 

5.2.2 Macaque CD1c tetramers 

In order to validate the use of CD1c tetramers as tools for the detection and isolation of macaque 

CD1c-restricted T cells, it would be pertinent to refold and tetramerise macaque CD1c protein to 

compare to that of human CD1c. Validation of this tetramer would be of significant value for 

tracking CD1c-restricted T cells over the TB disease course and enable the investigation of the role 

of host- or mycobacteria derived lipids. Furthermore, the use of CD1c tetramers refolded in the 

absence of exogenous lipid would allow for the investigation of CD1c autoreactive T cells in the 

macaque. CD1c-restricted T cells have been demonstrated in the macaque but only those specific 

for CD1c-presented GMM have been demonstrated (376, 378). As of yet, there have been no 

reports of CD1c autoreactive T cells in the macaque, therefore we aimed to develop tools and 

assays to investigate the presence of these cells. 
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The protein sequence of human CD1c has been aligned and compared with that of both the 

Rhesus and Cynomolgus macaque. While the protein sequence of the α1-α2 domains of the 

human and Cynomolgus macaque CD1c is the same in length, there are variations in 18 amino 

acids. In comparison, the α1-α2 protein sequence of the Rhesus macaque is shorter than both the 

human and Cynomolgus macaque by 2 amino acids, and has variations in 21 amino acids (Figure 

73). Due to the greater differences in CD1c sequence between the Rhesus macaque and human, 

the macaque CD1c plasmid was designed from the Cynomolgus macaque α1-α2 protein sequence. 

 
Figure 73: Polypeptide sequence of human and macaque CD1c 

Aligned CD1c polypeptide sequence from Cynomolgus macaque (Cyno), human, and Rhesus 

macaque (Rhesus). Dark highlighting indicates an amino acid residue deletion and light shading 

indicates residue alterations in the macaque sequence from that of the human CD1c protein.  
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Following synthesis of the extracellular mCD1c sequence and cloning into the pMK-RQ holding 

vector by GeneArt, we removed the mCD1c sequence from this vector by restriction digest and 

ligated it to our pET23d expression vector (Figure 74). 

 

Figure 74: Vector map of mCD1c 

A visual representation of the synthesised mCD1c insert cloned into the expression vector 

pET23d. 

 

The mCD1c protein was expressed as inclusion bodies and then subsequently refolded with 

human β2m and purified by FPLC. The resulting, purified monomer was run on SDS-PAGE and the 

protein was visualised at the expected molecular weight. Following tetramerisation with 

Streptavidin-PE, the mCD1c tetramer was used to stain the human CD1c-restricted TCR, NM4 

expressed by J.RT3-T3.5 Jurkat cells. When compared to the TCR negative J.RT3-T3.5 parental line, 

no positive staining with the mCD1c tetramer was observed (Figure 75). This may be due to the 

NM4 TCR being of human origin and may only recognise the corresponding human CD1c protein. 
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Figure 75: mCD1c-SL tetramer staining of a human CD1c-restricted TCR 

Flow cytometry dot plots depicting mD1c-SL tetramer and anti-CD3 staining of the parental J.RT3-

T3.5 TCR negative Jurkat T cell line (left) and J.RT3-T3.5 Jurkat T cells expressing the human CD1c 

autoreactive TCR, NM4 (right). 

 

To further investigate this protein, the mCD1c tetramer was used to stain PBMCs from three 

Rhesus macaques (8X, 20X, 37X) and three Cynomolgus macaques (M651BE, M139FE, M7012ED). 

Staining was also performed with human CD1c tetramers and a Streptavidin-PE only negative 

control. Out of the six animals used, only Cynomolgus macaque M139FE showed obvious positive 

staining with the mCD1c tetramer. The remaining animals had little to no staining with the mCD1c 

tetramer and no distinct populations of cells were visible with the human CD1c tetramer (Figure 

76). 

TCR negative NM4 

CD3 

m
CD

1c
-S

L 
Te

tr
am

er
 



Chapter 5 

181 

 
Figure 76: mCD1c-SL tetramer staining of macaque PBMCs 

Representative flow cytometry dot plots demonstrating staining of one Cynomolgus macaque 

(M139FE) and one Rhesus macaque (20X) with human and macaque CD1c-SL tetramers. 

Streptavidin-PE alone was also used to stain PBMCs as a negative control for tetramer staining. 

 

5.2.3 Expansion of Macaque CD1c-restricted T cells 

To investigate CD1c autoreactive T cells in macaques and whether they are cross-reactive to the 

human CD1c protein, we employed the AIM assay described previously to analyse activation and 

expansion of this T cell population in a tetramer-independent way. CD3+ T cells were isolated from 

three Rhesus macaques (20X, 37X and 58Y) and cultured with parental WT THP1 cells (THP1-KO) 

or THP1-CD1c. As in the AIM assay described previously, no exogenous antigen was added in 

order to stimulate expansion of macaque CD1c autoreactive T cells. In contrast to the previous 

human AIM assay, macaque cells were only cultured for a total of 9 days. On day 8, the T cells 

were stimulated with irradiated THP1-CD1c or THP1-KO cells and were analysed the following day 

by flow cytometry for their expression of activation markers CD25 and CD137. Proliferative 

response of T cells was indicated by diminishing signal of CTV. Of the three macaques, only one 

animal demonstrated a greater frequency of proliferated T cells (CTV- CD3+ cells) in the THP1-

CD1c stimulated cultures compared to those stimulated with THP1-KO. Increased frequencies of 

proliferated T cells in the THP1-KO stimulated cultures for the remaining animals seemingly 

suggests that the presence of APCs may drive T cell proliferation. Antigen specific responses 



Chapter 5 

182 

within the short term cultures were assessed by comparing frequency of T cells double positive 

for activation markers CD25 and CD137 following overnight stimulation with THP1-CD1c or THP1-

KO. Our data revealed that T cells from all animals demonstrated greater frequencies of 

CD25+CD137+ cells in the CTV- gate compared to the CTV+ gate, indicating that the proliferated T 

cells are indeed activated (Figure 77). 

 

Figure 77: Expansion of CD1c autoreactive macaque T cells in the absence of exogenous antigen 

Representative flow cytometry dot plots of purified macaque T cells expanded in the presence of 

THP1 cells. T cell activation markers CD25 and CD137 were analysed following overnight 

stimulation with THP1-KO or THP1-CD1c in the absence of exogenous lipid antigen.  
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Two macaques had greater frequencies of CD25+CD137+ T cells in the CTV- gate following 

stimulation with THP1-CD1c compared to stimulation with THP1-KO, seemingly suggesting an 

antigen specific response. However, populations of CD25+CD137+ T cells from all cultures were 

low in number and not well defined. It has since been observed in our AIM assay involving human 

T cells that cultures for longer periods of time are associated with greater levels of proliferation 

and antigen-specific activation of T cells. As the proliferation of macaque T cells following 8 days 

of culture did not appear to be as substantial as expected, it may indicate that a longer duration 

of culture is required in order to observe CD1c mediated activation and proliferation of CD1c 

autoreactive T cells. 

5.3 Discussion 

5.3.1 CD1d-restricted iNKTs 

iNKTs are thought to have a crucial role in the immune response to pathogens; secreting cytokines 

such as IFNγ that contribute to host defence. The population of iNKTs has been reported to be 

decreased in patients with active TB (169-171), but higher frequencies have shown to be 

associated with decreased pathology in macaque studies (31). The anti-mycobacterial function of 

iNKTs has been indicated as depending upon expression of CD1d, with CD1d-knockout mice 

succumbing to mycobacterial infection faster than those with CD1d intact (149, 150). The aim of 

this investigation was to track ex vivo CD1d restricted iNKT numbers in Rhesus macaques over the 

course of M.tb infection, from pre-exposure to 7-8 weeks post challenge. Fold expansion of iNKTs 

as a function of α-GalCer stimulus at each time point was also examined, as well as the iNKT 

frequency in various lung lobe biopsies. This investigation builds upon previous work carried out 

by this group which discovered trends for an increased CD8+ iNKT population with improved 

clinical outcomes in both the Chinese Cynomolgus macaque and the Indian Rhesus macaque (31). 

The data in this study demonstrated low numbers of iNKTs staining positively with the CD1d-

α−GalCer tetramer at pre-infection through the course of infection until the week of necropsy 

where counts increased for all animals. Despite subtle changes throughout the time course, the 

iNKT count at the beginning and end of the study appeared to be linked. For example, animals 

with the highest frequency of iNKTs at the beginning of the time course were observed to have 

the lowest iNKT frequencies at the final time point, and vice versa. 

Data generated previously from this group demonstrated a large variance in α−GalCer mediated 

iNKT expansion between both individuals and species, ranging between <10 and >1000 fold 

difference in expansion (31).  Expansion of iNKTs was observed for each animal at each time 

point, with the exception of 27W which demonstrated a lack of expansion at week 4 post M.tb 
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challenge. Between weeks 2 and 4, there was a CO2 supply failure to the incubators containing the 

iNKT cells in culture. Furthermore, contamination of the cultures was observed at week 6. Due to 

these factors, we were unable to assess iNKT fold expansion between weeks 2 and 6. Repetition 

of the experiment using cryopreserved samples from each time point would be possible, although 

cryopreservation and thawing is known to reduce PBMC viability and functionality (515). The 

effects of α−GalCer are important to investigate as mice treated with α−GalCer have 

demonstrated CD1d specific activation of iNKTs with decreased tissue damage and an increase in 

protection from TB (512). Animals 56W and 65W demonstrated the greatest expansion of iNKTs 

at all time points, with both animals showing a similar pattern of reduced expansion at week 2 

before an increase in fold expansion at week 4. Perhaps coincidentally, these animals had lower 

total bacterial burden in their randomised lung punch biopsy samples. In contrast, 27W 

demonstrated diminishing iNKT fold expansion each week but demonstrated the highest total CFU 

in the lungs. The defective iNKT population of this animal may have contributed to an inability to 

control the bacterial burden within the lungs.  

Lung biopsies taken at necropsy from each of the animals allowed for the investigation of iNKT 

numbers in different lobes which could be analysed alongside pathological and bacteriological 

data. This novel investigation aimed to examine whether iNKT levels in both the peripheral blood 

and different lung lobes could be an indicator of disease severity and outcome. Peripheral blood 

iNKT levels have been found to be lower in patients with active TB (171), and in macaques, 

increased levels of CD8+ iNKTs are associated with better outcomes (31). During active TB disease, 

it has been suggested that iNKT cells home to areas of infection within the lung (170), but as of 

yet the iNKT population in different lung lobes has not been investigated. Although small animal 

numbers in this experiment made it challenging to find consistencies within such a small group, 

the animal with the lowest level of total lung and peripheral blood iNKTs (animal 56W) also 

demonstrated the highest total pathology score. Additionally, this animal also had the greatest 

bacterial load in the lung when the CFU/tissue counts for each lung lobe with lesions were 

combined. In contrast, a high level of iNKTs in the right lower lobe of animal 27W was also found 

alongside high CFU/tissue in the biopsy of the same lung lobe. This was also true for the left upper 

lobe of animal 65W.  

The concurrent findings of higher quantities of iNKTs and high pathology scores but with low 

bacteriology may indicate that the larger amount of iNKTs are causing destruction to the tissue in 

particular segments of the lung. The worsened pathology but lower bacteriology may be due to 

iNKTs homing to the site of infection (170) and attempting to eradicate the pathogen, with tissue 

destruction being a by-product of bacterial killing. It has been demonstrated that Jα18 knockout 

mice lacking iNKTs have higher bacterial burden in the lungs when infected with Streptococcus 
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pneumoniae or Chlamydophila pneumoniae (516, 517). Bacterial clearance is thought to occur 

from an increased iNKT-mediated Th1 response as transfer of iNKTs from wild type mice lead to a 

reduction in bacterial load (516). This effect has also been shown for mice challenged with M.tb as 

adoptive transfer of iNKTs into Jα18 deficient mice reveals a reduction in bacterial numbers 

within the lungs (150). However, although an association has been indicated between iNKTs and 

bacterial burden in the lungs, there is as of yet no published data linking to lung pathology.  

As only three animals were used in this study, statistical analysis could not be accurately carried 

out, and as individual variations are more pronounced in such a small population size it is not 

possible to draw trends or associations from the data.  To improve upon this data, more animals 

would need to be included in future studies to be able to make associations between data sets. 

Furthermore, increasing the staining panel would be beneficial to elucidate activation status of 

the iNKTs as well as co-receptor surface expression. 

5.3.2 CD1c-restricted T cells 

CD1c-restricted T cells have been demonstrated as highly prominent in the peripheral blood of 

humans, with up to 7% of self-reactive CD4+ T cells estimated to be reactive to CD1c (304). The 

ability of T cells to recognise CD1c presenting mycobacterial lipids such as PM suggests that these 

cells may have a key role in the immune response to TB. Due to the similarities in physiology and 

immunology to that of humans, the macaque model is ideal for studying the changes in immune 

cells over time in response to mycobacterial challenge. While the macaque model has already 

been utilised to uncover more information about the role of iNKTs in TB infection, there has been 

little research into the frequency and function of the CD1c-restricted T cell population in the 

context of M.tb infection. Both human and macaque CD1d tetramers have already been used 

successfully to stain macaque CD1d-restricted T cells (31, 518), but use of CD1c tetramers are 

scarce with only one study describing the use of a macaque specific tetramer (376).  

We set out to test our human CD1c-SL tetramers in the macaque and to investigate cross-

reactivity between species. In the majority of macaque samples tested, positive staining with the 

CD1c-SL tetramer was observed after subtracting background from the negative control tetramer. 

As background staining for some animals was very high, a second CD1c-SL tetramer was used to 

increase our confidence in specific binding of the tetramers to CD1c-restricted T cells. For the 

samples stained with two tetramers, there was a substantial amount of single staining with the 

CD1c-SL PE tetramer but not the CD1c-SL APC tetramer which indicated non-specific binding. The 

validation of an assay requires the assessment of various parameters, including accuracy, 

specificity, repeatability, intermediate precision, limit of detection and quantification, linearity 

and range (493, 519). As the CD1c-SL tetramer was only tested on 10 Cynomolgus and 2 Rhesus 
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macaques, we cannot accurately assess any of these validation parameters. To continue to 

validate the use of human CD1c tetramers, a greater number of samples from both the 

Cynomolgus and Rhesus macaque species would first need to be tested, acquiring at least 1x106 

cells during flow cytometric analysis. CD1c tetramer staining of samples from the same animals 

should also be repeated using both the same and new batches of tetramer to assess repeatability. 

The specificity and sensitivity of the CD1c tetramers for macaque CD1c-restricted T cells could be 

investigated by serially diluting macaque PBMCs with a CD1c-specific T cell line and quantifying 

levels of positive staining compared to that of a negative control tetramer. To assess the accuracy 

of tetramer staining, we would need to compare the data to the true value which would have 

been determined from a gold standard reference assay (519). However, as there is no standard 

reference assay to assess the true value of the frequency of CD1c-restricted T cells so we will not 

be able to evaluate this parameter (493, 520).  

We also wish to test tetramers comprised of the macaque CD1c protein and compare this to 

staining levels seen from the human CD1c tetramers to assess trans-species cross-reactivity. 

Currently, there are only a few reports into cross-reaction of CD1c between humans and 

macaque. One study identified that although human anti-CD1c monoclonal antibodies bind 

Rhesus macaque CD1c, the human CD1c-restricted T cell line CD8-1 that recognises MPM in the 

context of human CD1c does not show reactivity to CD1c of Rhesus macaque origin (377). 

However, a recently published study detailed the one-sided cross-reactivity of human T cells to 

macaque CD1b- and CD1c-GMM tetramers, but macaque T cells failed to stain with human CD1b- 

and CD1c-GMM tetramers (376). 

Our alignment of the human and Rhesus macaque CD1c amino acid sequence shows a high 

degree of conservation, in agreement with the 90.4% homology demonstrated by Morita et al 

(377). This may suggest that the lack of reactivity of the human T cell line to macaque CD1c may 

either be due to differences in amino acid sequences occurring in a crucial area for TCR binding, or 

the macaque protein has an altered antigen presenting function. The small differences in amino 

acid sequence may have a large contribution to antigen presenting capabilities, as in the macaque 

it has been found that CD1c can successfully present GMM to GMM specific human T cells, 

whereas in the human only CD1b is known to be able to present this lipid (378). The α1 and α2 

helices of CD1 proteins make up the antigen presenting domain and many solved TCR footprints 

map to this area of human CD1 molecules (165, 263, 267). Differences in the amino acid sequence 

between human and macaque CD1c are mainly found within the α1 and α2 helices; as this area is 

commonly reported to be involved in the TCR binding footprint, any differences in the CD1c 

molecule may prevent cross-species recognition of CD1c by macaque T cells. Furthermore, the 

only report of T cells recognising macaque CD1c is in the context of a lipid (GMM) (378).  



Chapter 5 

187 

As our CD1c tetramers were refolded in the absence of any specific lipid, it may be that CD1c-

restricted T cells in the macaque are lipid specific and are unable to recognise human CD1c 

refolded with spacer lipids. To investigate both of these suggestions, we would need to test 

macaque CD1c refolded with and without specific lipids and compare the tetramer staining 

profiles to that of human CD1c tetramers on a large number of macaque PBMC samples. 

Furthermore, to confirm specificity of both human and macaque CD1c tetramers, we would need 

to use tetramer guided sorting of CD1c-restricted T cells from the macaque with the aim of 

cloning the TCRs. These TCRs would then be expressed on Jurkat cells to confirm binding and 

specificity to the CD1c tetramers. Following the successful validation of CD1c tetramers in the 

macaque, we can then go on to investigate the frequency and function of CD1c-restricted T cells 

in response to BCG vaccination and over the course of M.tb infection. 

5.3.3 Macaque CD1c tetramers 

Until recently, there had been no reports of macaque CD1c tetramers or their use in identifying 

macaque CD1c-restricted T cells. Layton and colleagues have recently published reports of 

macaque CD1c-GMM tetramers detecting GMM specific, CD1c-restricted T cells in Rhesus 

macaques that have been BCG vaccinated (376). However, we aimed to investigate the presence 

of CD1c autoreactive T cells in the macaque by constructing and refolding our own macaque CD1c 

tetramers. The CD1 locus is highly conserved between humans and macaques (376) and our 

alignment analysis showed that the Cynomolgus macaque CD1c sequence was more similar than 

that of the Rhesus macaque to the human protein. The extracellular portion of the Cynomolgus 

macaque CD1c protein (mCD1c) was synthesised by Geneart and we subsequently cloned this into 

our expression vector. We refolded mCD1c with human β2m in the absence of exogenous lipid in 

order to mirror production of our human CD1c-SL tetramer which has been used successfully to 

isolate CD1c autoreactive T cells from human donors (265).  

In contrast to our human CD1c-SL tetramer which consistently stains our isolated and cloned CD1c 

autoreactive TCR, NM4, the mCD1c-SL tetramer did not show any staining of this TCR expressed 

by Jurkat T cells. As we were confident that the protein had stably refolded, as demonstrated by 

SDS-PAGE gels, lack of staining may indicate a lack of species cross-reactivity of this TCR. This is in 

contrast to the macaque CD1c tetramer used by Layton et al, which demonstrated staining of 

human CD1c-restricted T cell lines (376). However, in this study the GMM-specific CD1c-restricted 

human T cell lines did not recognise human CD1c tetramers in the absence of loaded GMM, 

indicating that the presence of GMM is a requirement for binding to CD1c and the protein itself 

may be of secondary importance (376). 



Chapter 5 

188 

We also aimed to investigate whether our mCD1c-SL tetramers could be used to identify CD1c 

autoreactive T cells in macaques. We stained PBMCs from three Rhesus and three Cynomolgus 

macaques with our mCD1c-SL tetramer and compared this to staining with our human CD1c-SL 

tetramer. Out of the six, no animals were observed to have convincing staining with the human 

CD1c-SL tetramer and only one animal was observed to have clear staining with the mCD1c-SL 

tetramer. This may further demonstrate species specificity, as the animal with positive staining 

was a Cynomolgus macaque and our mCD1c-SL tetramer comprises the Cynomolgus CD1c 

sequence. However, this hypothesis needs to be further tested to confirm this level of extreme 

species specificity.  

The observation of staining with our mCD1c-SL tetramer in the Cynomolgus macaque indicates 

that CD1c autoreactive T cells may be present in the peripheral blood of naïve macaques. In the 

Layton study, macaque CD1c tetramers without the addition of exogenous lipid were also 

employed (referred to as mock tetramers). Although isolated human and macaque CD1c-GMM 

specific T cells were not reactive to mock CD1c tetramers, initial staining of PBMC samples did 

reveal a small frequency of cells binding to the macaque CD1c tetramers in the absence of GMM 

(376). This population of mock CD1c tetramer+ cells was more pronounced in the human PBMC 

sample, but still observable in that of the macaque, further suggesting the existence of CD1c 

autoreactive T cells in the macaque. It is possible that any CD1c autoreactive T cells may not be as 

visible using tetramer staining as it has been reported that in humans, T cells reactive to self-

antigen bind with lower affinity than to microbial antigen (287, 300, 447).  

Layton et al also investigated recognition in a tetramer-independent assay and reported that 

while CD1c-GMM specific macaque T cells did not recognise the human CD1c-GMM tetramer, 

these T cells did show some level of activation following culture with GMM and the APC line K562 

expressing human CD1c molecule (376). This suggests that although recognition was not 

observable through tetramer staining, release of IFNγ may be a more sensitive measure of 

recognition for low affinity binding. Overall, to further validate our mCD1c-SL tetramers and 

investigate the presence of CD1c autoreactive T cells in macaques, we need to assess the 

responses on a greater range of macaques and include tetramer-independent studies to better 

detect low affinity CD1c-restricted T cells. 

5.3.4 Expansion of macaque CD1c-restricted T cells 

In order to assess the recognition of CD1c by autoreactive T cells in the macaque, we employed a 

short term culture assay to activate and expand these cells. CD3+ T cells were isolated from three 

Rhesus macaques and cultured in the absence of exogenous antigen for 8 days with a human 
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myelomonocytic leukaemia cell line (THP1) with or without expression of human CD1c. At day 8 

the T cells were re-stimulated with THP1 cells before analysing the cells the following day for 

activation and expansion. Of the three animals tested, only one was observed to have a greater 

frequency of expanded T cells following culture with THP1-CD1c compared to the parental CD1c- 

THP1 line, but two out of three animals had greater expression of both activation markers CD25 

and CD137 following culture with THP1-CD1c. However, both findings were minimal and it cannot 

be concluded that expansion or activation of T cells was specific to the presence of CD1c. 

More information could have been garnered from this experiment if it were employed on a larger 

number of samples and if the conditions had been optimised to the level of the AIM assay 

discussed in Chapter 2. The human AIM assay was carried out at a much more recent time point 

than the macaque assay, thus specific details of the experiment which were found to be 

advantageous for antigen-specific proliferation were not included when attempting to assess 

CD1c autoreactive T cells in the macaque. For example, it has been reported that longer periods 

of culture for at least 12 days in the presence of antigen leads to greater expansion of antigen 

specific T cells (337, 338). This suggests that we may not have observed convincing levels of 

expanded T cells in the macaque study as they were in culture with antigen for just 8 days. 

Furthermore, addition of IL-2 was not included in this experiment, despite being commonly used 

in short-term expansion cultures to promote survival and expansion (337, 338).  

Another issue with this experiment was the lack of appropriate conditions to accurately assess 

activation of T cells by CD1c. While CD1c-mediated expansion is analysed by comparing T cell 

frequency following culture with THP1 with or without expression of CD1c, to properly assess 

activation we should have included a condition where THP1-CD1c expanded T cells were re-

stimulated with the CD1c- parental line. This would have allowed us to assess whether activation 

markers were upregulated specifically by further stimulation, as currently the only T cells that 

were re-stimulated with the CD1c- THP1 line were those that were originally expanded with this 

line.  

To further investigate specific recognition of CD1c it would have been pertinent to include 

antibodies for CD69 as this is a marker of early activation (433, 434). It may have been the case 

that CD1c-restricted T cells in Rhesus macaques are unable to recognise the human CD1c protein, 

or are unable to bind in the absence of exogenous antigen. Data from Layton et al suggests that 

during NHP evolution, the genes encoding group 1 CD1 protein have undergone diversifying 

selection which may alter their ability to present antigen to T cells (376). However, in contrast to 

our findings, Layton and colleagues did observe some activation of sorted macaque CD1c-

restricted T cells by human CD1c expressed by K562 cells (376). Morita and colleagues also 
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observed activation of the human CD1b-restricted TCR LDN5 in the presence of T2 cells expressing 

human or macaque CD1b (377). However, no activation of human CD1a- or CD1c-restricted TCRs 

were observed with cognate macaque CD1 proteins. While some level of cross-species activation 

has been reported, a broader approach may be required to identify CD1c autoreactive T cells in 

the macaque. This may involve the use of lipid pulsed tetramers alongside those without 

exogenous antigen, short term expansion protocols with a greater range of parameters to be 

assessed, and cytokine assays to more closely monitor T cell response to CD1c. 
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Chapter 6 Future work and concluding remarks 

6.1 Future work 

6.1.1 Investigating the molecular basis underpinning TCR recognition of CD1c-lipid 

complexes 

Mutational studies of CD1c interacting with a CD1c autoreactive αβTCR produced contradictory 

results and it was unclear whether the mutations generated, including those at the F’ roof, had an 

effect on recognition by the TCR. To further probe the mechanisms of CD1c recognition, 

additional residues surrounding and distal to the F’ roof would need to be mutated in order to 

gain insights into the binding footprint of this particular TCR. In addition to tetramer studies and 

SPR, mutant CD1c recognition by the TCR can also be assessed through activation assays that offer 

greater sensitivity to low affinity interactions when compared to tetramer staining. This would 

also provide further information on the interaction between the TCR and CD1c loaded with 

specific lipids. As we have revealed that the NM4 TCR promiscuously recognises an array of host 

derived lipids, it would be pertinent to observe whether mycobacteria derived lipids are also 

recognised. More importantly, co-crystallisation of CD1c with this TCR would provide unequivocal 

information on the binding footprint between the two molecules and how loaded lipids augment 

this interaction.  

CD1c autoreactive γδ T cells were identified and isolated from the peripheral blood of healthy 

human donors. Our initial investigations into cloned γδTCRs confirmed recognition of CD1c loaded 

with endogenous lipids, but further characterisation is required to understand the mechanisms of 

interaction. Similar methods should be employed to investigate these CD1c autoreactive γδTCRs 

as for the αβTCR, NM4, to assess important CD1c residues involved in the TCR binding footprint 

and whether specific lipids inhibit the interaction. This would include mutational analyses, lipid 

loaded CD1c tetramer studies and activation assays. Further to this, primary T cells can be 

transduced with these CD1c autoreactive γδTCRs and incorporated into the 3D cell culture model 

to investigate function in the context of the immune response to TB. These studies together 

would provide an insight into the mechanisms involved in T cell autoreactivity to CD1c and how 

these cells are involved in the immune response to TB. This improved understanding would then 

inform the development of future therapeutics harnessing unconventional CD1c-restricted T cells. 
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6.1.2 CD1c autoreactive T cells in healthy and M.tb infected patients 

Autoreactive T cells have been suggested to be involved in the immune response to TB, but as of 

yet little is understood about these populations and their role in disease. Our results corroborate 

previous reports that CD1c autoreactive T cells are abundant in the periphery of healthy 

individuals. To further characterise the purpose of these T cells in the absence of disease, short-

term expansion cultures should be applied to a much larger cohort of healthy donors. The analysis 

of activation induced marker expression in response to CD1c stimulation can be coupled with 

tetramer studies to specifically evaluate expansion of CD1c-restricted T cells. Luminex assays 

could also be employed to evaluate the cytokine profile of CD1c stimulated cells, providing 

information on the role of CD1c autoreactive T cells within the healthy individual. The functional 

phenotype of these CD1c autoreactive T cells could then be compared to individuals with known 

LTBI or active TB to assess whether these populations are modulated in response to infection.  

Our studies of South African TB patients indicate that CD1c autoreactive T cell populations are 

amplified in comparison to uninfected individuals. It would therefore be pertinent to further our 

understanding of the specific populations that expand in response to M.tb infection in order to 

develop more targeted therapeutics. Comparable to our tetramer-guided isolation of CD1c 

autoreactive γδ T cells from healthy individuals, CD1c autoreactive populations could also be 

sorted and sequenced from both the periphery and site of disease in the lung. TCR sequencing 

would provide information on whether there are clonal expansions of CD1c autoreactive T cells at 

the site of disease and if these differ from circulating T cells. These data could also be compared 

to that of healthy individuals to assess whether specific populations of CD1c autoreactive T cells 

are shared between healthy individuals and TB patients. The functional role of these T cells would 

then require investigation. Assessment of their cytokine profile in response to stimulation would 

provide information on the function of these T cells, but also their use within the 3D cell culture 

model would demonstrate their relevance in the context of M.tb infection. This would benefit our 

understanding of whether CD1c autoreactive T cells are indeed involved in the immune response 

to TB and whether they have a protective or deleterious role.  

6.1.3 CD1-restricted T cells in the macaque model 

The macaque model of M.tb infection allows the immune response to be precisely followed from 

pre-infection to necropsy, enabling the assessment of immune correlates in therapeutic 

development. Our group observed fluctuations in iNKT frequency and proliferative ability 

following M.tb challenge. However, to acquire a greater understanding of how this population is 

impacted by infection, a larger cohort of animals over a longer time course is required for a more 
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in-depth study of iNKT function in disease. As different species of macaque display varying levels 

of susceptibility or resistance to infection, it would be advantageous to analyse frequency, 

phenotype and functional parameters across species of both Rhesus and Cynomolgus macaques. 

The effect of additional conditions such as vaccination and anti-TB treatment on iNKT function can 

also be evaluated and correlated with infection outcomes for each animal. This would further 

inform our understanding of the iNKT response to infection and if these cells are a potential target 

for future vaccines or diagnostic indicators. 

For the first time we have demonstrated the generation of Cynomolgus macaque CD1c tetramers 

which could be invaluable in evaluating the CD1c-restricted T cell response in M.tb challenge 

studies. However, further validation of this tool is required in order for it to be confidently used 

for quantitative studies. This would require testing on a much larger cohort of macaque samples 

from a variety of species. Loading of these macaque CD1c tetramers with specific lipids would also 

demonstrate whether a lipid is a requirement for recognition by macaque T cells. It has so far not 

been confirmed whether macaques indeed harbour CD1c autoreactive T cells, thus loading 

tetramers with specific lipids may allow for the isolation of CD1c-restricted T cell clones which 

could then be further functionally characterised. Following confirmation of the aptitude of 

macaque CD1c tetramers to identify CD1c-restricted T cells in the macaque, this tool could then 

be used in longitudinal studies to investigate the functional role of these cells in response to M.tb 

challenge, vaccination and novel therapeutics. 

6.2 Conclusions 

Unconventional T cells have been an understudied facet of human immunity, but a critical role for 

these populations in response to M.tb infection is beginning to be appreciated. Before these T 

cells can be utilised for the development of future anti-TB therapeutics, we must develop a 

greater understanding of their mechanistic interactions with their cognate ligands. Using 

molecular techniques and tetramer studies, we revealed that isolated CD1c autoreactive αβ and 

γδ T cells promiscuously recognise CD1c presenting an array of host-derived lipids. Furthermore, 

we have demonstrated that CD1c autoreactive T cells are elevated within the circulating αβ T cell 

subset and lung resident Vδ1+ T cell subset of TB patients compared to healthy individuals. 

Additionally, elevated PD1 expression by lung resident Vδ1+ T cells of TB patients suggest 

activation in response to antigen. Our results therefore indicate a role for CD1c autoreactive T 

cells in the immune response to M.tb infection and perhaps the exacerbation of tissue destruction 

following recognition of both host and pathogen derived lipids. 
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We also utilised the macaque model of TB to investigate iNKT frequency and function within the 

peripheral blood and lung lobe biopsies following M.tb challenge. We revealed in a small cohort 

of Rhesus macaques the acute impact of M.tb infection on the proliferative function of iNKT cells. 

We also laid out the potential of correlating iNKT frequency and proliferative response with 

bacteriology and pathology scores from individual lung lobes following necropsy. In addition, we 

demonstrated the generation of a novel Cynomolgus macaque CD1c tetramer with a preliminary 

investigation into the functional ability to identify CD1c-restricted T cells in a small set of macaque 

PBMC samples. The success of constructing this macaque CD1c tetramer paves the way for future 

validation and use in longitudinal challenge studies, with implications for the development of 

unconventional T cell based therapeutics. 

The immune response to M.tb is a complex process involving the interplay between many facets 

of both innate and adaptive immunity. While knockout models have been invaluable in 

demonstrating the absolute requirement of an intact immune response for the control of 

infection, it remains unclear what is involved in maintaining the balance between pathogen 

elimination and destruction of host tissue. The development of new preventative therapeutics 

must take into account the wider interactions between various components of the immune 

system and provide protection for the global population. Lipid-based vaccines may address this 

requirement due to the non-polymorphic nature of their cognate antigen presenting molecules. It 

is however imperative that new lipid-based vaccines stimulate a targeted anti-M.tb response and 

do not initiate autoreactive responses which may occur from the recognition of shared lipids. 

Further understanding is therefore required of TCR mediated recognition of CD1 molecules 

presenting host and pathogen derived lipids, in addition to how M.tb infection modulates lipid-

specific autoreactive T cell responses. 
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