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Abstract 

Tuberculosis (TB) is a global health problem, which is proving extremely difficult to control 

in the absence of an effective vaccine. Bacille Calmette-Guérin (BCG), the only vaccine 

currently licensed against TB, demonstrates variable efficacy in humans and cattle.  A 

greater understanding of what constitutes a protective host immune response is required 

in order to aid the development of improved vaccines. Tissue-resident memory T cells (TRM) 

are a recently-identified subset of T cells, which may represent an important aspect of 

protective immunity to TB. This thesis aims to characterise the role of lung TRM in BCG-

induced protection against TB. In a mouse model, intravascular staining allowed 

discrimination between lung-vascular and lung-parenchymal T cells. Experiments 

demonstrated that BCG vaccination induced a population of antigen-specific lung-

parenchymal CD4+ T cells, a putative tissue-resident population. This lung-parenchymal 

population was significantly increased in frequency following mucosal BCG vaccination, 

compared to systemic BCG vaccination. This correlated with enhanced protection against 

Mycobacterium tuberculosis (M.tb) infection in the lungs of mice receiving mucosal BCG, 

compared to those receiving systemic BCG. Mucosal BCG induced lung-parenchymal CD4+ T 

cells with enhanced proliferative capacity and a PD1+KLRG1- cell-surface phenotype, a 

memory-like phenotype associated with improved protection against M.tb infection. These 

cells may represent a BCG-induced lung TRM population responsible for the enhanced 

protection observed following mucosal BCG. Overall, this thesis highlights the potential of 

mucosal vaccination to elicit lung TRM and identifies this as a possible immunological 

mechanism underlying enhanced protection against M.tb infection. These cells may 

constitute an important target for future vaccination strategies. 
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1.1. Tuberculosis 

Tuberculosis (TB), resulting from infection with Mycobacterium tuberculosis (M.tb), was 

responsible for 1.8 million deaths in 2015, making it the leading cause of human mortality 

from an infectious disease worldwide1. M.tb is a highly successful pathogen which is 

estimated to infect one third of the world’s population and causes a devastating disease 

burden in endemic areas, largely located in tropical and sub-tropical regions of the globe2. 

However, disease is not limited to these areas and countries with high levels of immigration 

from endemic regions are also experiencing increased numbers of cases within this 

population3, meaning that TB remains truly a disease of global importance. 

The World Health Organisation (WHO) has developed the ‘End TB Strategy’, aiming to 

reduce TB incidence by 80% and deaths by 90% by 20304. However, efforts to control this 

ongoing pandemic have been hindered by the lack of an effective vaccine, discussed in 

greater detail later, and the emergence of drug-resistant TB. Multidrug-resistant TB (MDR-

TB) and the even more severe form, extensively drug-resistant TB (XDR-TB), present a 

major obstacle to effective care and prevention, as well as increasing the economic burden 

on both an individual and national level5. Another challenge facing the control effort is the 

increased risk of developing TB for people infected with human immunodeficiency virus 

(HIV). TB is the most common presenting illness of people with HIV and is the major cause 

of HIV-related deaths, even among those taking antiretroviral treatment6. This dual 

epidemic is of particular consequence for the developing world, especially Sub-Saharan 

Africa, which accounted for 75% of deaths from HIV-associated TB in 20157. 
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Mycobacterium bovis (M.bovis), another member of the M.tb complex, primarily causes TB 

disease in cattle, although it is a zoonotic pathogen and there are estimates that M.bovis 

may be responsible for up to 7% of human TB cases in endemic areas8, 9. Due to the genetic 

homology between M.tb and M.bovis, both humans and cattle stand to benefit from 

development of an improved vaccine10, 11. Bovine TB (bTB) results in substantial production 

losses for farmers and presents a serious global threat to health and socioeconomic 

development. The UK government alone has spent £500 million of taxpayers’ money in 

efforts to combat the disease over the last decade and this is estimated to rise to £1 billion 

over the next decade if no further action is taken12. Control of bTB is made much more 

difficult by the ability of M.bovis to infect wildlife species, forming a reservoir of disease 

which is extremely challenging to address. In the UK, this disease reservoir is primarily 

located within the European badger population, although brushtail possums in New 

Zealand and white-tailed deer in the USA present similar problems13. 

1.2. Vaccination against TB  

There are a number of important interventions being employed in the battle against TB in 

humans, including development of new drugs to treat infection14, 15, implementation of the 

directly observed treatment short course (DOTS) strategy16 and development of new 

diagnostic tests such as the Xpert MTB/RIF17. In cattle, attempts to control the disease have 

focussed on nationwide test and slaughter measures12. It is widely accepted that 

vaccination offers the most sustainable and cost-effective solution for long-term control of 

any infectious disease. The only vaccine currently available against TB is bacille Calmette-

Guérin (BCG), an attenuated strain of M. bovis developed through serial in vitro passage18, 
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19. It has been used as a vaccine in humans since 1921 and has now been administered to 

over 4 billion people worldwide20. However, clinical trials investigating the protective 

efficacy of BCG in humans have found that it ranges from 0% to 80% depending on the 

population studied, as summarised in a recent meta-analysis21. The most variable efficacy 

in humans is reported against pulmonary TB in adults, but BCG does provide some 

protection against severe disseminated forms of the disease in childhood22. Interestingly, 

within some populations, such as American Indians and Alaskan Natives, BCG has been 

shown to remain efficacious for a very long period of time, up to 50-60 years23.  Field trials 

of BCG in cattle have also demonstrated a large variability in protective efficacy (reviewed 

in24). 

Several theories have been proposed as explanations for this variability in efficacy, 

including vaccine-related factors such as BCG strain and viability, as well as recipient-

related factors such as nutrition, genetics, exposure to environmental non-tuberculous 

mycobacteria (NTM) and presence of co-infection with helminths25-28. The explanation best 

supported by the existing literature is that of previous exposure to NTM, which may result 

in pre-existing immunity to antigens that are common to NTM and M.tb21, 29-36. It is 

hypothesised that this may lead to ‘masking’, where previous sensitisation confers a level 

of protection against TB which masks the effect of BCG, or ‘blocking’, where the pre-

existing immune response prevents the host from generating an effective immune 

response against BCG35, 37, 38. 

TB was declared a global emergency by the WHO in the early 1990s and since this time 

significant focus has been placed on the development of improved vaccines. More than 12 

novel TB vaccine candidates have now been evaluated or are in the process of being 
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evaluated in human clinical trials, and new strategies are still under development at the 

pre-clinical stages26, 39, 40. There are generally three broad approaches which have been 

taken: improvement of BCG through the addition or over-expression of highly immunogenic 

M.tb antigens41, 42, attenuation of M.tb through gene deletions in pathways required for full 

virulence or survival43, 44 and finally the use of prime-boost strategies employing a 

subsequent immunisation to amplify an initial protective immune response45-50. Prime-

boost strategies have tended to focus on the use of BCG as the primary immunisation, 

given its proven efficacy against disease in childhood and the discovery that it may provide 

additional non-specific health benefits resulting in reduced childhood mortality51-54. 

Progress is severely hampered by the absence of reliable immunological correlates of 

protection and uncertainty surrounding the predictive value of animal models, 

necessitating empirical testing of vaccine candidates in lengthy and expensive efficacy 

trials55. 

An ideal vaccine candidate would be one capable of inducing sterile immunity, however 

opinion is divided as to whether or not this is achievable56-58. Most infected individuals 

remain healthy but also latently infected for the duration of their lives. Consequently, if 

new vaccines are to be developed with the goal of sterile eradication of M.tb, they must 

out-perform natural immunity in resistant individuals. Alternatively, vaccine development 

could target the 10% of latently-infected individuals at risk of disease reactivation and 

could function to induce an immune response in these susceptible individuals matching 

that of resistant individuals. Prevention of transmission through enforcement of latency can 

be seen as a more realistic approach.  However, in order to achieve this goal, a better 

understanding of the nature of protective immunity must remain a key focus. Selecting 
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appropriate target populations for new vaccines will also be critical. Creating an effective 

vaccine for infants is important considering the high burden of disease in this population. 

However, mass vaccination of adolescents and young adults will likely have the greatest 

impact on disease transmission, and may therefore be considered a more effective 

strategy59, 60. 

1.3. Pathogenesis 

Transmission of M.tb occurs via aerosol droplets containing bacteria which are inhaled and 

deposited in the distal alveoli of the lung57, 61. Members of the M.tb complex are 

intracellular bacteria, capable of infecting many different cell types including neutrophils62 

and dendritic cells (DCs)63, although alveolar macrophages are considered the primary 

target for M.tb upon entry into the lung64-67. Following phagocytosis, M.tb is able to persist 

in the macrophage through a number of immune evasion strategies involving manipulation 

of major histocompatibility complex (MHC) class II antigen processing and presentation 

pathways. These include transcriptional downregulation of MHC class II molecules, 

interference with intracellular trafficking of MHC class II molecules, disruption of dendritic 

cell maturation and inhibition of phagolysosomal fusion and phagosome acidification68-76. 

These mechanisms allow M.tb to generate an intracellular niche in which to survive and 

avoid the antibacterial effects mediated by antibodies65, 77.  

Alveolar macrophages are thought to be the initiators of granuloma formation in the lung, 

the hallmark of infection with M.tb78. These organised, dynamic structures contain 

lymphocytes, macrophages, epithelial cells and fibroblasts and are thought to be a means 

of initially controlling the infection through walling off the pathogen and limiting its spread 
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to other organs(reviewed in 79, 80). However, recent studies have provided evidence that 

granuloma formation may in fact favour bacterial growth, with infected macrophages able 

to leave the primary granuloma and establish secondary granulomas at other sites81, 82. The 

paradox of TB is that in spite of the concentration of host immune responses in 

granulomas, sterilising immunity often fails to develop and bacterial persistence can 

continue indefinitely in apparently immunocompetent people83-85. This latent infection 

presents a real challenge for TB control strategies, as such a large proportion of the 

population of the globe is latently infected that is it impossible to test and treat all these 

individuals2. A means of targeting treatment to those most likely to go on to develop active 

disease, estimated at between 5 and 10% of latently infected individuals, is currently being 

sought86, 87. 

A balance of pro-inflammatory and anti-inflammatory immune responses is thought to be 

critical for the control of bacterial proliferation within granulomas and for the resolution of 

these lesions over time. However, dysregulation in the immune response e.g. in the case of 

HIV infection, malnutrition or cancer leads to granuloma progression and active disease, 

with granuloma enlargement, loss of structural integrity and development of a necrotic, 

caseated centre. Collapse of the granuloma releases virulent bacilli into the tissue, resulting 

in formation of further granulomas88. In the lung, the granuloma may erode into the 

airways, facilitating subsequent spread of bacteria to other individuals when the host 

coughs80. It is the loss of lung functionality resulting from this pathological progression that 

eventually leads to death of the host in the most common form of TB disease, pulmonary 

TB.  Although pulmonary TB accounts for 70% of cases, M.tb can also cause extrapulmonary 
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disease through dissemination to other tissues including bone, lymph nodes and 

meninges89. 

1.4. Animals as experimental models  

Experimental animal models of TB are a vital part of research furthering our understanding 

of the disease. Human challenge studies with virulent M.tb strains are impossible given the 

unpredictable nature of disease development following M.tb infection and the lengthy and 

complex treatment period required. In order to overcome this barrier, utilisation of BCG as 

a substitute challenge organism in humans has been described, and has demonstrated the 

ability to detect differences in antimycobacterial immunity induced by vaccination90. 

However, in this model BCG is administered intradermally, rather than being inhaled as 

with natural M.tb infection, and this doesn’t allow for the study of local mucosal immunity 

in the lung. Field efficacy trials of new candidate vaccines relying on natural M.tb exposure 

require large numbers of volunteers and lengthy follow-up, which is both logistically 

challenging and extremely costly. In light of these challenges and the lack of correlates of 

protection for vaccine efficacy55, the use of animal models forms an important part of the 

vaccine development process91. 

Mouse models generally offer the best tools for studying the immune response to 

pathogens due to the wealth of genetics and reagents available. However, the commonly 

used strains of mice such as BALB/c and C57BL/6, do not replicate the pathology found in 

human disease. In contrast to human granulomas, the murine equivalent is poorly 

organised and lacks fibrosis, hypoxia and caseation92, 93. Additionally, the model lacks the 

range of latency to active disease observed in humans, as bacterial counts remain relatively 
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high but stable throughout the course of infection and all mice ultimately die from 

progressive disease86. In spite of this, low dose aerosol infection with M.tb in mice, guinea 

pigs, rabbits and non-human primates (NHPs) does exhibit a number of the important 

features of human disease, including induction of an antigen-specific CD4+ T cell response, 

initial suppression of bacterial accumulation in the lungs and persistent infection controlled 

immunologically for many months94-97. 

Use of inbred strains of mice with genetic deletions allowed identification of interferon-

gamma (IFN-γ), tumour necrosis factor-alpha (TNF-α) and interleukin-12 (IL-12) as critical 

factors for a protective immune response in mice98-100. These findings have subsequently 

been validated in human disease studies, demonstrating the similarities in host-protective 

factors between mice and humans101-104. The importance of CD4+ T cells in protection has 

also been proven in the mouse model as well as in human studies105-110. Certain strains of 

mice which are highly susceptible to M.tb infection exhibit lung pathology more closely 

resembling the pathology found in human disease and these represent a tool for 

investigating mechanisms of pathogenesis111-113. These models may reveal previously 

unknown factors important in the development of active disease. 

Alternative models of TB include the use of guinea pigs, NHPs and cattle. There are fewer 

reagents available for studies in these species and the costs involved in challenge studies in 

larger animals are greater than those for murine studies, so these species are used less 

commonly. However, they do have some advantages over the mouse model depending on 

the aspect of disease to be studied, as the pathology seen in these species more closely 

mirrors active human TB96, 97, 114-118. NHPs are also able to provide a model for latent 

infection96, 97. 
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Animal models of TB also allow application of techniques not possible in humans. Within 

the context of TB research, samples routinely collected from human clinical trial 

participants would usually be limited to peripheral blood and bronchoalveolar lavage (BAL) 

fluid, although it is also possible to perform lung biopsies, as has been done for the study of 

respiratory syncytial virus119. Use of a murine model allows the injection of an intravascular 

stain to identify populations of tissue-resident cells within the parenchyma of the lung120-

125, as well as adoptive transfer of cells from a donor mouse to a recipient mouse to 

determine protective capacity of different cell subsets120, 126, 127. Use of these techniques is 

providing valuable insight into local protective immune responses against M.tb infection, 

which may prove critical to the design of an effective new vaccine. 

1.5. Current understanding of cell-mediated immune 

response to tuberculosis  

The initial stages of M.tb infection involve innate immune responses, characterised by 

recruitment of inflammatory cells to the lung128. Here, antigen-presenting cells (APCs), such 

as dendritic cells (DCs), phagocytose the bacteria and its antigen before migrating to the 

lung-draining lymph nodes (LNs) to present antigen to naïve T cells129. These T cells become 

activated, proliferate and are able to differentiate into populations of effector cells with 

defined functions including the ability to produce cytokines129-132. Generation of these 

antigen-specific T cells marks the initiation of the adaptive immune response. 

Upon entry to the lung, M.tb is able to impair DC-mediated antigen presentation and the 

migration of DCs to the draining LNs, thereby limiting the development of an effective 
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adaptive immune response63, 129, 133-135. This mechanism of immune evasion enables the 

bacterial population to expand within the lung for up to 18-20 days before antigen-specific 

T cells accumulate in sufficient numbers to inhibit bacterial growth78, 129, 131, 136, 137. Griffiths 

et al. have demonstrated that delivery of activated M.tb antigen-primed DCs into the lungs 

of vaccinated mice, at the same time as exposure to M.tb, overcomes this delay138. This 

period presents an opportunity for vaccine strategies targeting the generation of local lung 

immune responses, to control the early phase of M.tb growth. It has previously been shown 

that in the mouse, parenteral immunisation allows M.tb to grow logarithmically in the lung 

for >10 days, while mucosal immunisation inhibits M.tb growth in the early phase after 

challenge139, 140. 

There is strong evidence that a T helper 1 (Th1) -polarised CD4+ T cell response plays a 

critical role in protection against M.tb. The requirement for CD4+ T cells was initially 

established through the use of knockout mice and adoptive transfer experiments105-107 and 

further substantiated by the observation that HIV-infected individuals, with reduced CD4+ T 

cell counts, are at increased risk of developing active TB108-110. A central role for IFN-γ was 

determined by the fact that mice lacking this cytokine are extremely susceptible to M.tb98, 

141. Genetic studies in humans confirmed a role for IFN-γ in people. It was identified that 

mutations in the IL-12-IFN-γ-signal transducer and activator of transcription 1 (STAT1) axis 

resulted in inherited susceptibility to disseminated infections caused by NTM and BCG102-

104, 142, 143. Additionally, Cheallaigh et al.144 recently reported that the common human Mal 

S180L polymorphism, which attenuates IFN-γ signalling, impairs responses to M.tb 

infection. IFN-γ is able to activate macrophages to kill intracellular bacteria through a 

number of downstream antimicrobial effector pathways. These include phagosomal 
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maturation and acidification, autophagy, inducible nitric oxide synthase (iNOS), vitamin D 

receptor signalling and IFN-γ-inducible GTPases145-150. Fletcher et al.151 have shown that in 

BCG-immunised infants, the presence of BCG-specific T cells secreting IFN-γ correlates with 

reduced risk of TB disease. Put together, these discoveries lead to the establishment of the 

‘central dogma’ of TB immunity, which is that production of IFN-γ by CD4+ T cells activates 

macrophages to kill intracellular M.tb.  

Despite widespread acceptance that CD4+ T cells and IFN-γ are key players in the immune 

response against M.tb, further discoveries and developments in our understanding of the 

complex nature of TB immunity has called the central dogma into question. For example, a 

number of studies in mice have shown that several knockout strains, including TNF-α, IL-1- 

and IL-6-knockout mice, die very quickly following M.tb challenge despite retaining 

production of IFN-γ100, 152-154. In humans, it has been reported that administration of anti-

TNF-α antibody for the treatment of Crohn’s disease and rheumatoid arthritis can lead to 

reactivation of latent TB101. Also important to note is the fact that the majority of 

individuals who develop active TB have no identifiable deficiencies in their T cell 

compartment and are perfectly capable of mounting an M.tb-specific IFN-γ response. This 

indicates that whilst CD4+ T cells and IFN-γ are certainly required for successful immunity 

against M.tb, they are not necessarily sufficient to prevent the development of active 

disease. 

Comparable conclusions can be reached from vaccination studies demonstrating that the 

frequency of M.tb- or M.bovis-specific Th1 cells in the blood and lymphoid organs of 

humans, mice and cattle does not correlate with protection155-158. Similarly, magnitude and 

frequency of vaccine-induced IFN-γ responses fail to predict immunity155, 156, 158-161. This lack 
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of a robust correlate of protection presents a major hurdle to the development of 

improved TB vaccines. 

In light of this, the field is now looking past the central dogma to identify other protective 

immunological functions. Potentially important mediators that activate macrophages and 

therefore may play a significant role include the cytokines TNF-α, IL-1β and granulocyte 

macrophage colony-stimulating factor (GM-CSF) as well as vitamins C and D100, 101, 152, 153, 162-

168. Other cell types with suggested roles in the adaptive immune response include CD8+ T 

cells and Th17 cells169-175. Sousa et al.176 used knockout mouse strains to demonstrate that 

mice lacking CD8+ T cells display increased susceptibility to M.tb infection. Importantly, 

unlike CD4+ T cells, CD8+ T cells have the ability to recognise non-phagocytic cells infected 

with M.tb such as epithelial cells, allowing them to conduct surveillance of a broader range 

of cell types177. In addition to production of Th1 cytokines, they are able to secrete granules 

containing cytotoxic molecules to lyse infected host cells and can induce apoptosis through 

ligation of Fas178, 179. Current evidence for Th17 cells supports a role in the early phase of 

protection against aerosol M.tb infection in mice135, 173, 174, although the precise 

mechanisms leading to their activation and differentiation remain unclear.  

The cells of the innate immune system, such as neutrophils, macrophages and natural killer 

(NK) cells are also hypothesised to play a key role. In fact, it may be the case that the 

functional limitations of an individual’s innate cells are one of the deciding factors in the 

outcome of a TB infection (reviewed in 64). Several genetic studies support the importance 

of T cell-independent intrinsic bactericidal activity of macrophages180-183 and NK cells may 

be responsible for non-specific production of IFN-γ in the early stages of infection, prior to 

the development of adaptive T cell immunity184-186.  
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Type I interferons (IFNs) have also been suggested to play a role in M.tb infection. Moreira-

Teixeira et al. used a mouse model to demonstrate that in the absence of IFN-γ, type I IFN 

suppressed alternative macrophage activation, resulting in macrophages retaining a more-

protective classically-activated phenotype187. It has been suggested that low levels of type I 

IFN may be required during the early stages of bacterial infection to initiate cell-mediated 

immune responses188. However, there is also in vivo evidence for exacerbation of disease 

by type I interferons. Mice lacking the receptor common to all type I IFNs, Ifnar1-/-, have 

reduced bacterial load and increased survival following M.tb infection188-190. Additionally, 

mice treated with anti-type I IFN antibody also demonstrated increased survival post-M.tb 

infection191. 

1.6. CD4+ T cell Memory 

Establishment of immunological memory, a hallmark of the adaptive immune response, is 

the underlying principle behind vaccination. Following an infection or immunisation, an 

adaptive effector response is generated and subsequently resolves, leaving behind it a pool 

of long-lived antigen-specific lymphocytes with specialised characteristics. When a memory 

lymphocyte recognises its cognate antigen, it is able to generate a quantitatively and 

qualitatively superior effector response compared to naïve lymphocytes. Memory 

responses also occur more rapidly than naïve responses, generally enabling efficient control 

of disease upon re-exposure to a pathogen192, 193.  

Despite evidence demonstrating a critical role for CD4+ T cells in protection against TB, far 

less is known about memory CD4+ T cells than is known about their CD8+ counterparts. In 

spite of the fact that CD4+ T cells outnumber CD8+ T cells in the body194, most of our 
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knowledge about T cell memory generation comes from acute viral models of infection 

where the CD4+ T cell response is generally much lower in magnitude195-197. This, combined 

with a relative lack of availability of effective MHC class II tetramers to detect antigen-

specific CD4+ T cells by flow cytometry198, has made them a more challenging population to 

study. Care must be taken when determining the relevance of studies of CD8+ T cells, as it is 

known that the requirements for memory development, as well as survival, differ between 

CD4+ and CD8+ T cells197. 

A specific characteristic of M.tb infection is its chronic nature, resulting in prolonged 

antigen exposure127. Immunisation with BCG mimics this situation due to the persistence of 

live BCG bacilli in the host199, 200. In both cases, this microenvironment of prolonged antigen 

exposure and chronic inflammation may lead to immune exhaustion, cell death and 

potentially the generation of dysfunctional or exhausted effector T cells instead of memory 

T cells201, 202. 

Several subsets of memory T cells have been proposed but it has proved difficult to 

characterise these precisely on the basis of either phenotype or cytokine profile, and we 

currently have a limited understanding of the specifics of their generation and 

maintenance.  

A seminal study conducted in 1999 by Sallusto et al. described two distinct memory T cell 

compartments, differing in effector function, proliferative capacity and anatomical 

location203. Central memory T cells (TCM) are predominantly located in the secondary 

lymphoid organs, express the cell-surface markers CCR7 and CD62L, produce IL-2 and 

proliferate extensively. Effector memory T cells (TEM) are able to recirculate through 
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peripheral tissues, lack CCR7 and CD62L expression and are capable of producing a range of 

effector cytokines.  

The relative importance of these two subsets of CD4+ memory T cells to protective 

immunity against TB has been investigated through adoptive transfer experiments in mice. 

Several studies have suggested that CD4+ TCM mediate enhanced protection against TB204-207 

and it has been hypothesised that the lack of protection afforded by BCG against adult 

pulmonary TB may be due to it inducing TEM rather than TCM
208. Interestingly, it has been 

shown that aerosol delivery of BCG to rhesus macaques resulted in expansion of the CD4+ 

TCM population in the peripheral blood209. This suggests that the route of antigen exposure, 

i.e. mucosal or systemic, may play a role in determining the development of different 

memory subsets. 

1.7. Tissue-resident memory T cells 

Recently, a new subset of memory T cells has been described, tissue-resident memory T 

cells (TRM). As the name implies, the defining feature of these TRM cells is their persistence 

in non-lymphoid tissues and lack of re-circulation through the body. They were first 

identified in the skin following infection with herpes simplex virus210 and have since been 

described in a number of other tissues including small intestinal mucosa, brain and lung120, 

211, 212. Development of an in vivo labelling technique to discriminate between cells present 

within the vasculature of an organ and those truly resident within the tissue has allowed 

definitive identification of these TRM cells120-125. Lung TRM may represent an important 

aspect of protective immunity to M.tb, as they have been shown to be present locally at 

the site of infection, have the ability to rapidly respond to pathogenic challenge in situ 
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independently of T cell recruitment from the blood and are able to coordinate recruitment 

of immune cells to tissue sites120, 123, 212-214. 

Teijaro et al. were able to demonstrate through the use of a mouse parabiosis model that 

CD4+ TRM are present in the murine lung following influenza infection120. These cells were 

shown to provide enhanced protection against influenza when compared to memory cells 

from the spleen, despite the ability of the splenic cells to migrate to the lung. This suggests 

that tissue localisation may be a critical factor for induction of protective immune 

responses against lung infections. More recently, additional work on the generation of CD4+ 

TRM following influenza infection found high expression levels of CD69 and CD11a within 

the TRM population, whilst imaging has revealed these virus-specific TRM cells are 

subsequently maintained in compartmentalised niches near the airways in the lungs of 

both mice and humans123. 

A seminal study by Sakai et al.126 was the first to use the intravascular staining method to 

identify a population of CD4+ T cells present within the lung-parenchyma post-M.tb 

infection. These cells were able to provide superior protection against M.tb challenge upon 

transfer to a lymphopoenic recipient, compared to CD4+ T cells transferred from the lung-

vasculature. Interestingly, this study found that the parenchymal CD4+ T cells produced less 

IFN-γ than those present in the vasculature of the lung, suggesting that the location of the 

cell, rather than the quantity of cytokine it produces, is the critical factor in generating a 

protective immune response. The study also found that TB-specific lung-parenchymal CD4+ 

T cells induced following M.tb infection were able to rapidly migrate back into the lung 

parenchyma upon adoptive transfer into infection-matched recipient mice, suggesting that 

these cells exhibit a tropism for lung tissue. 
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Maintenance of a lung-parenchymal CD4+ T cell population during chronic M.tb infection 

has since been demonstrated127. Additionally, in order to investigate the survival of this 

subset in the absence of ongoing antigenic stimulation, lung-parenchymal cells were 

removed and transferred into naïve recipient animals where they persisted for 28 days, the 

duration of the experiment127. 

Many studies have described a phenotype associated with lung-parenchymal CD4+ TRM, 

although there has yet to be definitive characterisation of a phenotype unique to this 

population. They have so far been identified as CXCR3hi126, CD69+ and CD11ahi123, PD1+127 

and CD103+215. Interestingly, the lung-vascular CD4+ T cell population has also been 

described as having a characteristic phenotype, with expression of CX3CR1 and KLRG1 

being reported on this subset126, 215.  

The possibility of exploiting development of lung TRM in the design of improved vaccines 

against TB is an exciting new prospect. The finding that BCG-immunised mice were 

protected against challenge with BCG despite administration of fingolimod, a molecule 

preventing lymphocyte egress from secondary lymphoid organs, implies that TRM present in 

the lung following vaccination are sufficient for protection216. However, few studies have 

investigated the induction of TRM following vaccination against TB, focussing instead on 

their induction following infection. A number of studies that have investigated lung TRM in 

the context of vaccination have neglected to utilise the intravascular staining technique to 

truly identify only lung-parenchymal cells207, 216, 217. This is critically important as it has been 

shown that even when utilising lung perfusion to ‘remove’ lung-vascular lymphocytes, the 

vast majority of CD8+ T cells isolated from the lungs of perfused mice were in fact stained 
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positively for intravascular antibody, indicating that they were actually present within the 

vasculature of the lungs122.  

So far, just one study has employed the use of the intravascular staining technique to 

investigate responses to a subunit vaccine against TB. Woodworth et al.218 found that 

immunised mice generated polyfunctional CD4+ T cells which preferentially localised to the 

parenchyma of M.tb-infected lungs upon adoptive transfer, and also expressed reduced 

levels of KLRG1 on their cell surface, a phenotype associated with tissue-residence and 

enhanced control of bacterial growth126, 207, 215. Vaccination also resulted in an enrichment 

of KLRG1- cells in the lung-vascular CD4+ population and the peripheral circulation, which 

the authors suggest represent a population of circulating CD4+ T cells able to selectively 

home to the lung. The vaccine conferred durable protection against M.tb infection, further 

highlighting the exciting potential role of this subset in protective immunity. 

It is important to understand the factors regulating the generation and maintenance of 

lung-parenchymal CD4+ T cells, if we are to consider novel vaccine strategies targeting their 

induction. A recent study by Moguche et al. found that during M.tb infection in mice, the 

lung-homing parenchymal population were dependent on Bcl6 and ICOS and were retained 

in the lung at least in part through CXCR5127. Sallin et al. report that T-bet supresses 

development of CD4+ T cells with a tissue-resident phenotype in the lungs of mice infected 

with M.tb, but together with IL-12 is essential for the generation of lung-vascular CD4+ 

KLRG1+ T cells which persist poorly and are not capable of controlling M.tb growth215. This 

may indicate that CD4+ T cells which are less polarised towards the Th1 lineage are better 

able to protect against M.tb infection. However, in the same study the authors also found 

that IFN-γ derived from Th1 cells inhibited the accumulation of the non-protective lung-
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vascular CD4+ T cell population, adding a further layer of contrasting complexity to our 

current understanding of these populations215. 

Determining the importance of TRM for protective immunity in humans is much more 

challenging. It has so far been shown that TRM are present in human lung and that this 

population is enriched for memory cells able to respond to a number of common 

respiratory pathogens, such as influenza virus219. Additionally, BAL samples taken from 

patients with latent M.tb infection have been found to contain antigen-specific memory T 

cells220. Using bronchoscopic challenge with purified protein derivative of M.tb (PPD-T), one 

group investigated the role of lung homing in M.tb-specific recall responses and 

demonstrated rapid mobilisation of CD4+ T cells into the airways of latently infected 

individuals, resulting in a significant increase in antigen-specific T cells221. These findings 

suggest that local mucosal immunity may play a crucial role in protective responses against 

M.tb infection in humans, although further work is needed to clarify the exact nature of 

their contribution. 

1.8. Aims of this thesis 

The overall aim of this project was to identify and characterise lung CD4+ TRM, induced by 

BCG immunisation, in a BALB/c mouse model of vaccine-induced immunity against M.tb 

infection. The specific objectives included: 

1. Utilisation of intravascular staining to identify CD4+ TRM in the lungs of immunised 

mice 



21 

 

2. Phenotypic and functional characterisation of CD4+ TRM, with the goal of identifying 

features uniquely associated with this population 

3. Investigation of the effect of different routes of delivery of BCG on development of 

the CD4+ TRM population 

4. Determination of the role of CD4+ TRM in vaccine-induced protection against M.tb 

infection 
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Chapter 2.  

Materials and Methods 
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2.1. Animals 

2.1.1. Ethics 

All animal work was undertaken in accordance with the UK Animal (Scientific Procedures) 

Act 1986, under the appropriate Project and Personal licences. 

2.1.2. Mice 

Female specific-pathogen-free (SPF) BALB/c mice were supplied by Charles River UK Ltd or 

Harlan UK Ltd and used at eight weeks of age unless otherwise specified. For some 

experiments, female BALB/c mice from a congenic colony maintained at the Animal and 

Plant Health Agency, Weybridge, were used in order to allow flow cytometric 

discrimination of their T cells by expression of CD90.1 surface marker rather than the usual 

CD90.2 marker expressed by BALB/c. Animals were housed in appropriate biological 

containment. 

2.1.3. Immunisation 

Mice were immunised with the human vaccine strain M.bovis BCG Danish 1331 prepared as 

per manufacturer’s instructions (Statens Serum Institut, Denmark) or grown to mid-log 

phase in Middlebrook 7H9 broth (Appendix – Reagent details) and subsequently frozen at -

80°C. BCG was grown by Dr Carmen Garcia-Pelayo at the Animal and Plant Health Agency. A 

single dose of 2x105 colony forming units (CFU) of BCG in 50µl inoculum was administered 

by intradermal injection in either the tail base or the ear, or by the intranasal route. For 
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intranasal immunisation, mice were anaesthetised with inhaled isofluorane (Sigma) and 

50ul total inoculum was delivered to both nares. Control mice were immunised with 50µl 

Hanks’ Balanced Salt Solution (HBSS) (Gibco) via the intradermal route. 

2.1.4. Intravascular stain 

An injection of 100µl of PE-conjugated anti-CD45 monoclonal antibody (eBioscience) at 

0.75µg/ml or FITC-conjugated anti-CD4 monoclonal antibody (Biolegend) at 6µg/ml in HBSS 

was given via the lateral tail vein one minute prior to euthanasia, unless otherwise stated, 

to allow flow-cytometric discrimination between lung-vascular cells (accessible to the stain) 

and lung-parenchymal cells (inaccessible to the stain). Mice were warmed in a heat box 

prior to injection to aid visualisation of the vein. 

2.1.5. Tissue collection 

At various time points post-immunisation, mice were euthanased and the lungs and spleens 

were harvested into complete medium (Appendix – Reagent details) on ice and 

homogenised. Peripheral blood was collected from some animals and mixed with 10µl of 

Heparin Sodium (1000 I.U./ml Wockhardt, UK). Bronchoalveolar lavage (BAL) cells were 

isolated from some animals prior to removal of lungs. This was performed through in situ 

catherisation of the trachea and flushing of the airways twice with individual volumes of 

0.5ml phosphate buffered saline (PBS) (Sigma), which were subsequently pooled. Prior to 

removal, lungs from some animals underwent perfusion via the injection of 10ml HBSS into 

the right ventricle of the heart. 
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2.1.6. M.tb challenge 

Mice were challenged using a Biaera AeroMP®-controlled nebuliser (Biaera technologies; 

Hagerstown, USA) contained in a Biosafety level 3 TCOL isolator (Total Containment Oxford 

Ltd). Animals were loaded in nose-only restrainers and exposed to aerosolised M.tb Erdman 

K01 (TMC107) (BEI resources; Manassas USA), prepared at 1x106 CFU/ml in the nebuliser.  

The programme was run for 10 minutes followed by a 5 minute purge, airflow 12 L/min, 

and pressure 20 psig. Mice were infected with 50-100 CFU, verified 24 hours after challenge 

in two mice per experiment. 

2.1.7. Adoptive transfer 

Lung and spleen cells previously harvested from donor mice and sorted using fluorescence 

activated cell sorting (FACS) as described below were transferred in 100µl PBS by 

intravenous injection into the lateral tail vein of recipient mice. Mice were warmed in a 

heat box prior to injection to aid visualisation of the vein. Number of cells transferred was 

variable and is stated for each experiment. 

2.2. Colony forming unit (CFU) determination 

To determine vaccine-induced protection, mice were euthanased four weeks post-

challenge with M.tb. Lungs and spleens were harvested into 1ml PBS in CK28-R tubes 

containing 2.8mm ceramic beads (Stretton Scientific) and homogenised twice for 

20s/5500rpm using a Precellys 24 (Stretton Scientific). Homogenates were serially diluted in 
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PBS, plated in duplicate on Modified 7H11 agar plates (Appendix – Reagent details) and 

incubated for four weeks at 37°C before counting colonies. 

2.3. Immunological assays 

2.3.1. Cell isolations  

Spleen cells were isolated by passage through a 40µm cell strainer into complete medium 

(Appendix – Reagent details). Cells were washed (300g/8min/4°C), counted using a CASY® 

TT Cell Counter (Roche Innovatis AG) and then re-suspended at 10x106/ml in complete 

medium for assays. 

Lung cells were isolated either through manual mincing with fine scissors or mechanically 

through use of a GentleMACS™ tissue dissociator and C tubes, using Lung_02 machine pre-

setting (Miltenyi Biotech). Cells were re-suspended into 25ml digestion medium (Appendix 

– Reagent details) and agitated at 37°C for 1 hour. Suspensions were passed through a 

100µm cell strainer, washed (300g/8min/4°C), passed through a 40µm cell strainer, washed 

(300g/8min/4°C), counted in Trypan Blue (Sigma) using a haemocytometer and re-

suspended at 5x106/ml in complete medium for assays. For samples undergoing 

fluorescence-activated cell sorting (FACS), the addition of 5ml of 1X red blood cell (RBC) 

lysis buffer (eBioscience) for 5 minutes was performed in between washes. 

Peripheral blood cells were isolated through incubation for 10 minutes at room 

temperature with MACS rinsing buffer (Miltenyi Biotech) and anti-Ter119-biotin 

(eBioscience) at 6.7µg/ml, followed by addition of EasySep™ mouse streptavidin 

RapidSpheres™ (STEMCELL Technologies Inc.) at 174µl/ml and placement on EasySep™ 
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magnet for 5 minutes. Supernatants were poured off, cells washed (300g/8min/4°C), 

counted using a CASY® TT Cell Counter  and re-suspended at 2x106/ml in complete medium 

for assays. 

BAL cells were washed (300g/5min/4°C), counted using a CASY® TT Cell Counter and re-

suspended in 200µl complete medium for assays. 

2.3.2. Antigen stimulations 

Purified Protein Derivative of M.tb (PPD-T) (Statens Serum Institut, Denmark) was used for 

the majority of antigen stimulations, at a final concentration of 10µg/ml. For selected 

experiments, where stated, cells were cultured with Rv0288 (TB10.4) peptide 4 = TB10.419-

34: AGYAGTLQSLGAEIAV (CD8+) and peptide 13 = TB10.473-88: SSTHEANTMAMMARDT (CD4
+
) 

antigens to stimulate both CD4
+
 and CD8

+
 responses, each at a final concentration of 

2µg/ml for all assays. 

2.3.3. Flow cytometry – surface staining and intracellular cytokine 

staining (ICS) 

Cells isolated from spleen, lungs, BAL or peripheral blood were cultured with antigen, 

1µg/ml anti-CD28 (BD Biosciences, UK) and 10µg/ml Brefeldin A (Sigma) for 16 hours, 

unless otherwise stated, at 37°C/5% CO2. Cells were washed (300g/5min/4°C) in flow wash 

buffer (Appendix – Reagent details) and surface stained with fluorochrome-labelled 

monoclonal antibodies (Appendix – Flow cytometry antibodies) for 15min/4°C in the dark. 

Cells were then washed, fixed for 1hr/4°C with Cytofix™ (BD Biosciences), permeabilised for 
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1hr/4°C with Cytoperm™ (BD Biosciences) and stained intracellularly for 20 min/4°C with 

antibodies listed in Appendix – Flow cytometry antibodies. Cells were washed again and 

analysed using an LSRFortessa™ analyser with FACSDiva™ software (BD Biosciences). Final 

analysis was performed using FlowJo® software (Tree Star Inc.) on a minimum of 100,000 

live lymphocytes (50,000 for BAL and peripheral blood). 

2.3.4. Fluorescence-activated cell sorting (FACS) 

Cells from spleen and lung were isolated and stained as described above for flow cytometry 

surface staining without the initial antigen stimulation step. Cells were sorted using either a 

MoFlo® or MoFlo® Astrios™ (both Beckman Coulter) with Summit software (Cytomation, 

Inc.) into complete medium supplemented with 40% FBS (Appendix – Reagent details), 

washed (300g/8min) and resuspended either in PBS for transfer into recipient mice or in 

complete medium (Appendix – Reagent details) for antigen-stimulation assays. Cell sorting 

was performed by Dr Daryan Kaveh and Dr Andrew Worth. 

2.3.5. Tetramer staining 

Cells isolated from the lungs were stained for 45min/37°C/5% CO2 in complete medium 

with a major histocompatibility complex (MHC) class II-peptide tetramer complex loaded 

with Rv0288 (TB10.4) peptide 13 (amino acids 73-88: SSTHEANTMAMMARDT) labelled with 

APC. Tetramer was provided by NIH MHC Tetramer Core Facility, USA. After staining, cells 

were washed (300g/8min) before surface staining with antibodies as described above for 

flow cytometry. 
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2.3.6. EdU incorporation assay 

To identify antigen-stimulated proliferation by EdU incorporation, cells isolated from spleen 

and lungs were cultured with and without antigen (TB10.4 peptides or PPD-T) with the 

addition of 1µg/ml anti-CD28 for three days at 37°C/5% CO2. EdU (Click-iT® Plus EdU Flow 

Cytometry Assay Kit, Invitrogen) was added at 0.125µl/ml for the final 24 hours and cell 

surface staining was performed for flow cytometric analysis as described above. Following 

surface staining, cells were fixed for 1hr/4°C with Cytofix™ before washing 

(300g/5min/4°C), resuspending in EdU kit perm buffer and incubating for 20min/4°C. Click-

iT® reaction buffer cocktail was prepared as per manufacturer’s instructions through 

addition of picoylazide AF647, copper protectant and reaction buffer additive to PBS. Cells 

were resuspended in reaction buffer cocktail and incubated for 30min/room temperature 

in the dark before washing twice in EdU kit perm buffer (300g/5min/4°C) and resuspending 

in flow wash buffer (Appendix – Reagent details) for analysis. 

2.3.7. Ki67 expression 

Purified CD4+ T cell populations obtained from spleen and lung through FACS were 

stimulated with antigen as described above for the EdU incorporation assay in co-culture 

with adherent spleen-derived antigen presenting cells (APCs) from a naïve congenic BALB/c 

mouse. These cells were excluded from final flow cytometric analysis through expression of 

CD90.1 cell-surface marker. Following three days of culture at 37°C/5% CO2, cell-surface 

staining was performed as described above for flow cytometry. Following surface staining, 

cells were washed twice in flow wash buffer (300g/5min/4°C), supernatant was discarded 

and 3ml cold 70% ethanol was added to the cell pellet while vortexing. Cells were 
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incubated for 1hr/-20°C before washing three times in flow wash buffer (300g/5min/4°C) 

and resuspending in 100µl flow wash buffer. PE-conjugated anti-Ki67 monoclonal antibody 

(Appendix – flow cytometry antibodies) was added and cells were incubated for 

30min/room temperature in the dark. Cells were washed twice in flow wash buffer 

(300g/5min/4°C) before analysis. 

2.4. Histology 

After removal from the mouse, lungs were placed in fixative (10% neutral buffered 

formalin) for 7 days before embedding in paraffin wax. Sections were cut and stained with 

haematoxylin and eosin (H&E) for histological examination by light microscopy and digital 

image acquisition (Lucia; Laboratory Imaging Ltd, Prague, Cz). Histology was performed by 

the pathology department at the Animal and Plant Health Agency. 

2.5. Statistical analysis 

All data were analysed using GraphPad Prism 6 statistical package (GraphPad, USA). The 

statistical test used is described for each figure. When comparing two groups, an unpaired 

Student’s two-tailed t-test was performed. With three or more treatment groups the data 

were analysed by one-way ANOVA with appropriate multiple comparisons test as stated. 

Where two independent variables were compared, data were analysed by two-way ANOVA 

with appropriate multiple comparisons test as stated. Mycobacterial counts were log10 

transformed before the statistical analysis. For all data, * represents ρ ≤ 0.05, ** represents 

ρ ≤ 0.01, *** represents ρ ≤ 0.001 and **** represents ρ ≤ 0.0001. 
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Chapter 3.  

Optimisation of the 
intravascular staining 

technique and other assays 
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3.1. Introduction 

The ability to clearly discriminate between lung-vascular and lung-parenchymal populations 

is critical to the separate analysis of these two compartments. Identifying T cells present 

within the lung tissue is necessary in order to define them as TRM, a subset of T cells which 

may play an important role in protection against M.tb infection. Anderson et al. recently 

published a protocol for intravascular staining, allowing the definitive identification of these 

two populations through intravenous injection of fluorescently-labelled monoclonal 

antibody (mAb)121. The antibody circulates throughout the bloodstream, labelling cells 

present within the blood vessels, including those that are within the organ tissue itself, but 

the antibody does not exit the vasculature. This allows the subsequent flow cytometric 

identification of two populations of cells present within organs; one population labelled 

fluorescently, indicating that those cells were present in the vasculature of the organ, and 

one population of unlabelled cells that were inaccessible to the vascular stain, indicating 

that they were present within the parenchyma of the organ. 

This technique has now been used by several groups to identify tissue-resident T cells in the 

lung120-122, 124, 126, 127, 215, 218, 222, 223. In order to maximise discrimination between populations 

and achieve high reproducibility between experiments, it is critical to ensure that all 

elements of the technique are optimised to reduce staining variability. In order to achieve 

this, experiments were conducted to titrate the concentration of antibody injected and the 

injection-euthanasia interval, as well as trialling different methods of tissue 

homogenisation.  
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Perfusion of the lungs prior to their removal is a method commonly employed to remove 

blood from the vasculature of the lungs. This is performed with the intention of eliminating 

the lung-vascular cell populations prior to analysis, in order to ensure that only lung-

parenchymal cells are being studied. However, perfusion has been shown to disrupt tissue 

architecture through loss of inducible bronchus-associated lymphoid tissue (iBALT) and 

alveolar tissue aggregates121. Therefore, experiments described within this chapter were 

performed in order to determine whether perfusion was necessary to achieve good 

intravascular stain definition. 

Identification of antigen-specific T cells is possible through two methods: antigenic 

stimulation followed by intra-cellular cytokine staining (ICS) to identify cells producing 

cytokine in response to cognate antigen, or use of a major histocompatibility complex 

(MHC)-peptide tetramer complex loaded with cognate antigen which binds to the T cell 

receptor (TCR) of cells specific to that antigen. In order to optimise detection of antigen-

specific T cells, experiments were conducted in order to quantify background cytokine 

production from unstimulated cells, optimise antigen-stimulation length, compare different 

antigens used for stimulation and assess whether tetramer staining was a viable method 

for detection of antigen-specific T cells. 

In summary, the aim of this chapter was to optimise techniques and assays that would be 

used throughout the remainder of the project, ensuring that subsequent experiments 

would result in high quality, reproducible data. 
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3.2. Results 

3.2.1. Optimisation of intravascular staining technique 

Experiments were conducted to optimise the intravascular staining technique and 

maximise discrimination between intravascular stain-positive lung-vascular cells, and 

intravascular stain-negative lung-parenchymal cells (a putative tissue-resident population) 

when analysed by flow cytometry (Appendix – Flow cytometry gating strategy).  

3.2.1.1. Manual vs mechanical lung tissue homogenisation 

Comparison between manual and mechanical (GentleMACS™) homogenisation revealed no 

significant difference between the total numbers of lymphocytes extracted from the lungs 

of naïve BALB/c mice (Figure 3.1). Therefore GentleMACS™ homogenisation was adopted 

for all further studies to ensure consistency of processing between samples. 
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Figure 3.1 - Total number of lymphocytes isolated from murine lungs following manual or 

GentleMACS™ mechanical homogenisation. Naïve BALB/c mice were euthanased and 

lungs were harvested before undergoing manual or mechanical tissue homogenisation. 

Cells isolated from lungs homogenised by each method were counted manually using a 

haemocytometer. Bars represent mean values (n=6) and error bars show SEM. Unpaired t-

test, comparing methods. 
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3.2.1.2. Titration of time to euthanasia and antibody concentration 

Different lengths of time between intravascular injection of PE-conjugated anti-CD45 

antibody and euthanasia were compared. One minute, 2 minutes and 3 minutes were 

tested and 1 minute was selected in order to achieve optimal discrimination by flow 

cytometry (Figure 3.2). Concentration of antibody injected was also titrated for each 

antibody used for intravascular staining. Representative plots are shown for FITC-

conjugated anti-CD4 mAB, which allowed selection of 6μg/ml as the optimal concentration 

for this antibody (Figure 3.3). 
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Figure 3.2 - Titration of time between intravenous injection and euthanasia. BALB/c mice 

were immunised intradermally with BCG and 6 weeks later were euthanased at different 

time points: 1 minute, 2 minutes and 3 minutes, following intravenous injection of anti-

CD45 mAb to identify populations of lung-parenchymal and lung-vascular CD4+ T cells. 

Representative plots are shown for 3 mice at each timepoint. Plots are pre-gated on CD4+ T 

cells. 
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Figure 3.3 - Titration of intravascular stain concentration. Naïve BALB/c mice were 

euthanased following intravenous injection of different concentrations of anti-CD4 mAb to 

identify populations of lung-parenchymal and lung-vascular CD4+ T cells. Representative 

plots are shown for 3 mice at each concentration. Plots are pre-gated on CD4+ T cells. 
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3.2.2. Effect of pulmonary perfusion 

Perfusion of the lungs prior to removal from the mouse is a method commonly employed 

to remove blood from the lungs, but it has been shown to disrupt tissue architecture121. To 

assess whether or not it was necessary to perfuse lungs in order to achieve good 

intravascular stain discrimination, a comparison was made between perfusing and not-

perfusing. Groups of 12 mice were vaccinated intradermally with BCG or placebo and lungs 

harvested 6 weeks later, following intravascular staining. Six mice per group underwent 

perfusion and 6 did not. To identify antigen-specific cells through intra-cellular cytokine 

staining (ICS), the isolated cells were stimulated with TB10.4 peptides and analysed by flow 

cytometry (Appendix – Flow cytometry panel 1 & Flow cytometry gating strategy). 

3.2.2.1. Effect of perfusion on total number of lymphocytes extracted from the lung 

Comparison between perfusion and non-perfusion revealed no significant difference 

between the total numbers of lymphocytes extracted from the lung (Figure 3.4a).  

3.2.2.2. Effect of perfusion on frequency of lung-vascular and lung-parenchymal CD4+ and 

CD8+ T cells 

There was no significant difference in frequency of lung-vascular or lung-parenchymal CD4+ 

or CD8+ T cells isolated from perfused or non-perfused lungs (Figure 3.4b). For 

representative flow cytometry plots see Figure 8.2a. 
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3.2.2.3. Effect of perfusion on frequency of lung-vascular and lung-parenchymal cytokine-

producing CD4+ and CD8+ T cells  

In BCG-vaccinated mice, non-perfused lungs showed a significantly higher frequency of 

TB10.4 peptide-specific CD4+ T cells producing IFN-γ, IL-2 or TNF-α, or any combination of 

these (cytokine+) in the lung-vascular compartment compared with perfused lungs (Figure 

3.4c). For representative flow cytometry plots see Figure 8.2b. BCG failed to induce a 

significant antigen-specific CD8+ T cell response in either perfused or non-perfused lungs. 
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Figure 3.4 - Effect of perfusion on lung compartments. BALB/c mice received intradermal 

BCG or placebo immunisation and were euthanased 6 weeks later. Intravascular staining 

followed by ICS was used to identify populations of lung-parenchymal and lung-vascular 

TB10.4 peptide-specific CD4+ and CD8+ T cells. Equal numbers of mice per group had lungs 

perfused, or not perfused, prior to removal. Cells were analysed by flow cytometry. (a) 

Total number of lymphocytes isolated from murine lung following perfusion or non-

perfusion. Cells were counted manually using a haemocytometer. (b) Relative proportions 

of lung-vascular and lung-parenchymal CD4+ or CD8+ T cells as a % of total CD4+ or CD8+ T 

cells isolated from the lung. (c) Frequency of BCG-induced TB10.4 peptide-specific CD4+ or 

CD8+ T cells producing IFNγ, IL-2 or TNF-α (cytokine+) as a % of total CD4+ or CD8+ T cells in 

the lung-vascular and lung-parenchymal compartments. Statistical comparison is shown 

between BCG and control and between perfusion and non-perfusion for the same 

compartment.  For all graphs, bars represent mean values (n=6) and error bars show SEM.  

* ρ ≤ 0.05, **** ρ ≤ 0.0001, two-way ANOVA with Sidak’s post-test. 
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3.2.3. Comparison between unstimulated and TB10.4 peptide-

stimulated CD4+ T cells 

In order to establish whether unstimulated control samples were required in experiments 

involving ICS, it was necessary to identify whether there was any non-specific cytokine-

production from unstimulated T cells. A comparison was made between cytokine-

production from CD4+ T cells incubated overnight with TB10.4 peptides and those 

incubated overnight in the absence of peptides. Groups of 6 mice were vaccinated 

intradermally with BCG or placebo and lungs and spleen harvested 6 weeks later, following 

intravascular staining. Lymphocytes from each compartment were either stimulated or left 

unstimulated before ICS to identify CD4+ T cells producing IFN-γ, TNF-α, IL-2 or any 

combination of these (cytokine+) (Appendix – Flow cytometry panel 1). 

3.2.3.1. Cytokine production by TB10.4 peptide-stimulated and unstimulated CD4+ T cells 

There were significant populations of cytokine+ CD4+ T cells present in both lung 

compartments and the spleen of BCG-immunised mice following overnight peptide-

stimulation (Figure 3.5). In the absence of peptide-stimulation, there were no significantly 

detectable populations of cytokine+ CD4+ T cells present in the lung or spleen of BCG-

immunised mice. For representative flow cytometry plots see Figure 8.3. Having established 

that there was no significant detectable non-specific cytokine production from 

unstimulated CD4+ T cells it was decided that inclusion of unstimulated samples was 

unnecessary for future experiments. 
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Figure 3.5 - Cytokine production by TB10.4 peptide-stimulated and unstimulated CD4+ T 

cells. BALB/c mice received BCG or placebo immunisation and 6 weeks later, intravascular 

staining following by ICS was used to identify populations of lung-parenchymal and lung-

vascular TB10.4 peptide-specific CD4+ T cells. Cells from the lung and spleen were either 

stimulated by TB10.4 peptides in overnight culture or left unstimulated during overnight 

culture. Bars represent mean values (n=6) and error bars show SEM. **** ρ ≤ 0.0001, two-

way ANOVA with Sidak’s post-test, comparing BCG and control. 
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3.2.4. Comparison between TB10.4 peptide-stimulation and purified 

protein derivative of TB (PPD-T) protein-stimulation 

In the existing literature, TB10.4 peptides and PPD-T protein are both used as antigenic 

stimuli to induce cytokine-production by T cells199, 224-227. In order to establish whether 

there were any differences in phenotype or function of cells recovered from the same 

animals following stimulation with either antigen, a comparison was made between the 

two. Groups of 6 mice were vaccinated intradermally with BCG or placebo and lungs and 

spleen harvested 6 weeks later, following intravascular staining. Lymphocytes from each 

compartment were either stimulated overnight with TB10.4 peptides 4 and 13 (see 

materials and methods for further details) or PPD-T protein before ICS to identify cytokine+ 

CD4+ T cells (Appendix – Flow cytometry panel 1). 

3.2.4.1. Cytokine production by TB10.4 peptide-stimulated and PPD-T-stimulated CD4+ T 

cells 

Both TB10.4 peptide- and PPD-T-stimulation resulted in significant populations of cytokine+ 

CD4+ T cells in both lung compartments and the spleen of BCG-vaccinated mice compared 

to control (Figure 3.6a). In the lung-vascular compartment, there was a significantly greater 

frequency of cytokine+ CD4+ T cells when cells were stimulated with TB10.4 peptides 

compared to PPD-T. In all other compartments, the frequency of cytokine+ CD4+ T cells was 

not significantly different comparing stimulation-types. For representative flow cytometry 

plots see Figure 8.4a&b. 
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3.2.4.2. Cell-surface immunophenotyping of BCG-induced TB10.4 peptide-specific and 

PPD-T-specific CD4+ T cells 

Following both TB10.4 peptide- and PPD-T-stimulation, cytokine+ CD4+ T cells in both lung 

compartments and the spleen all displayed a CD44hiCD62LloCD27- phenotype (Figure 3.6b). 

For representative flow cytometry plots see Figure 8.4c. In the lung-vascular compartment 

and the spleen, TB10.4 peptide-stimulation resulted in a greater frequency of cytokine+ 

CD4+ T cells with a CD44hiCD62LloCD27- phenotype compared to PPD-T-stimulation (Figure 

3.6c). 

3.2.4.3. Functionality of BCG-induced TB10.4 peptide-specific and PPD-T-specific CD4+ T 

cells 

Boolean gating analysis was used to identify populations of TB10.4 peptide-specific or PPD-

T-specific CD4+ T cells producing IFN-γ, IL-2, TNF-α or any combination of the three. In both 

lung compartments and spleen of BCG-vaccinated mice, stimulation with TB10.4 peptides 

resulted in a greater frequency of IFNγ+IL-2+TNF-α+ CD4+ T cells compared to stimulation 

with PPD-T (Figure 3.6d). In the lung-vascular compartment, stimulation with TB10.4 

peptides resulted in a greater frequency of BCG-induced IFNγ+IL-2-TNF-α+ CD4+ T cells 

compared to PPD-T stimulation. Only PPD-T-stimulation resulted in significant populations 

of IFNγ-IL-2+TNF-α+ CD4+ T cells in the lung-parenchyma and IFNγ-IL-2-TNF-α+ CD4+ T cells in 

the spleen, comparing vaccinated animals with control. 
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Figure 3.6 - Comparison between TB10.4 peptide-stimulation and PPD-T protein-

stimulation. BALB/c mice received intradermal BCG or placebo immunisation and 6 weeks 
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later, intravascular staining was used to identify populations of lung-parenchymal and  

lung-vascular T cells. Cells from the lung and spleen were either stimulated by TB10.4 

peptides or PPD-T in overnight culture. ICS was used to identify populations of TB10.4 

peptide-specific or PPD-T-specific CD4+ T cells producing IFNy, IL-2 or TNF-α (cytokine+). (a) 

Frequency of cytokine+ peptide- or PPD-T-specific CD4+ T cells as a % of total CD4+ T cells in 

compartment. Statistical comparison is between BCG with control and peptide with PPD-T 

stimulation in each compartment. (b) Frequency of cytokine+ peptide- or PPD-T-specific 

CD4+ CD44hi T cells in all compartments displaying combinations of CD62L and CD27 cell 

surface markers as a % of total CD4+ T cells in that compartment. Statistical comparison is 

between BCG and control for each compartment. (c) Frequency of BCG-induced cytokine+ 

peptide- or PPD-T-specific CD4+ CD44hi T cells in all compartments displaying combinations 

of CD62L and CD27 cell surface markers as a % of total CD4+ T cells in that compartment. 

Statistical comparison is between peptide and PPD-T stimulation in each compartment. (d) 

Frequencies of BCG-induced peptide- or PPD-T-specific CD4+ T cells in all compartments 

producing IFN-γ, IL-2 or TNF-α plus combinations of all three as a % of the total CD4+ T cells 

in the same compartment. Statistical comparison is between BCG with control and peptide 

with PPD-T stimulation. For all graphs, bars represent mean values (n=6) and error bars 

show SEM. * ρ ≤ 0.05, ** ρ ≤ 0.01, *** ρ ≤ 0.001, **** ρ ≤ 0.0001, two-way ANOVA with 

Sidak’s post-test. 
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3.2.5. Comparison between different antigen-stimulation lengths 

In order to establish the optimal length of time for which cells should be stimulated with 

cognate antigen, a comparison was made between stimulation for 6 hours and overnight 

stimulation. Groups of 6 mice were vaccinated intradermally with BCG or placebo and lungs 

and spleen harvested 6 weeks later, following intravascular staining. It was not possible to 

obtain a sufficient number of lung lymphocytes to allow a comparison between 6 hour and 

overnight stimulation with both antigens. Therefore, lymphocytes from both lung 

compartments were either stimulated for 6 hours or overnight with TB10.4 peptides 4 and 

13 whilst lymphocytes from the spleen were stimulated for 6 hours or overnight with 

TB10.4 peptides or PPD-T protein, before ICS to identify cytokine+ CD4+ T cells (Appendix – 

Flow cytometry panel 1).  

 

3.2.5.1. Cytokine-production by lung CD4+ T cells following different antigen-stimulation 

lengths 

There was no significant difference in the frequency of BCG-induced cytokine+ CD4+ T cells, 

in both lung compartments, following 6 hour or overnight stimulation with TB10.4 peptides 

(Figure 3.7a). 
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3.2.5.2. Cytokine-production by spleen CD4+ T cells following different antigen-

stimulation lengths 

There was a significantly higher frequency of BCG-induced cytokine+ CD4+ T cells in the 

spleen following overnight stimulation with PPD-T compared to 6 hour stimulation with 

PPD-T (Figure 3.7b). There was no significant difference in the frequency of BCG-induced 

cytokine+ CD4+ T cells in the spleen following 6 hour or overnight stimulation with TB10.4 

peptides. 

3.2.5.3. Cell-surface immunophenotyping of BCG-induced antigen-specific lung CD4+ T 

cells following different antigen-stimulation lengths 

Following TB10.4 peptide-stimulation for 6 hours or overnight, cytokine+ CD4+ T cells in 

both lung compartments all displayed a CD44hiCD62LloCD27- phenotype (Figure 3.7c). There 

was no difference in frequency of CD44hiCD62LloCD27- CD4+ T cells when comparing 

stimulation lengths within the same compartment. 

3.2.5.4. Cell-surface immunophenotyping of BCG-induced antigen-specific spleen CD4+ T 

cells following different antigen-stimulation lengths 

Stimulation with PPD-T overnight resulted in a greater frequency of CD44hiCD62LloCD27- 

CD4+ T cells when compared to stimulation with PPD-T for 6 hours (Figure 3.7d). Frequency 

of CD44hiCD62LloCD27- CD4+ T cells did not differ following stimulation with TB10.4 peptides 

for either 6 hours or overnight.  
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3.2.5.5. Functionality of BCG-induced antigen-specific spleen CD4+ T cells following 

different antigen-stimulation lengths 

Boolean gating analysis was used to identify populations of TB10.4 peptide-specific or PPD-

T-specific CD4+ T cells producing IFN-γ, IL-2, TNF-α or any combination of the three. 

Stimulation with PPD-T overnight resulted in significantly higher frequencies of IFNγ+IL-

2+TNF-α+ and IFNγ+IL-2-TNF-α+ CD4+ T cells compared to stimulation for 6 hours (Figure 

3.7e). Stimulation with TB10.4 peptides for either 6 hours or overnight resulted in no 

significant differences in frequency of any of the populations of cytokine+ CD4+ T cells. 
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Figure 3.7 - Comparison of stimulation lengths. BALB/c mice received BCG or placebo 

immunisation and 6 weeks later, intravascular staining was used to identify populations of 

lung-parenchymal and lung-vascular T cells. Cells from the lung were stimulated by TB10.4 

peptides in 6 hour or overnight culture. Cells from the spleen were stimulated by TB10.4 

peptides or PPD-T in 6 hour or overnight culture. ICS was used to identify populations of 

TB10.4 peptide-specific or PPD-T-specific CD4+ T cells producing IFNy, IL-2 or TNF-α 

(cytokine+). (a) Frequency of lung cytokine+ peptide-specific CD4+ T cells as a % of total CD4+ 

T cells in compartment, following 6 hour and overnight peptide culture . (b) Frequency of 

spleen cytokine+ peptide- or PPD-T-specific CD4+ T cells as a % of total CD4+ T cells in the 

spleen, following 6 hour and overnight culture. Statistical comparison is between  peptide 

and PPD-T stimulation and stimulation length. (c) Frequency of cytokine+ peptide-specific 



56 

 

CD4+ CD44hi T cells in the lung displaying combinations of CD62L and CD27 cell surface 

markers as a % of total CD4+ T cells in that compartment, following 6 hour and overnight 

peptide culture. Statistical comparison is between BCG with control and stimulation length 

within compartment. (d) Frequency of cytokine+ peptide- or PPD-T-specific CD4+ CD44hi T 

cells in the spleen displaying combinations of CD62L and CD27 cell surface markers as a % 

of total CD4+ T cells in the spleen, following TB10.4 peptide-stimulation or PPD-T-

stimulation for 6 hours or overnight. Statistical comparison is between BCG with control. (e) 

Frequency of BCG-induced cytokine+ peptide- or PPD-T-specific CD4+ CD44hi T cells in the 

spleen displaying combinations of CD62L and CD27 cell surface markers as a % of total CD4+ 

T cells in the spleen, following 6 hour and overnight culture. Statistical comparison is 

between stimulation type and length. (e) Frequencies of BCG-induced peptide- or PPD-T-

specific CD4+ T cells in the spleen producing IFN-γ, IL-2 or TNF-α plus combinations of all 

three as a % of the total CD4+ T cells in the spleen, following 6 hour and overnight culture. 

Statistical comparison is between stimulation type and length. For all graphs, bars 

represent mean values (n=6) and error bars show SEM. * ρ ≤ 0.05, ** ρ ≤ 0.01, *** ρ ≤ 

0.001, **** ρ ≤ 0.0001, two-way ANOVA with Sidak’s post-test. 
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3.2.6. Identification of antigen-specific CD4+ T cells through tetramer 

staining 

Identification of antigen-specific T cells through ICS requires fixation and permeabilisation 

steps which kill the cells and make further analysis impossible. Use of a tetramer allows for 

identification without damage to the cells, which opens up further experimental 

possibilities. A comparison was made between ICS using TB10.4 peptide-stimulation, and 

use of tetramer staining with the same specificity, as techniques for identification of 

antigen-specific CD4+ T cells. Groups of 6 mice were vaccinated intradermally with BCG or 

placebo and lungs and spleen harvested 6 weeks later, following intravascular staining. 

Lymphocytes from each compartment were either stimulated overnight with TB10.4 

peptide 13 before ICS to identify cytokine+ CD4+ T cells, or stained with a MHC class II-

peptide tetramer complex loaded with TB10.4 peptide 13 to identify tetramer+ CD4+ T cells 

(Appendix – Flow cytometry panel 1 and tetramer panel). 

3.2.6.1. Identification of antigen-specific CD4+ T cells through tetramer staining or ICS 

Tetramer staining identified a significant population of antigen-specific CD4+ T cells in the 

lung-vascular compartment but not the lung-parenchyma or spleen of BCG-vaccinated mice 

compared to controls (Figure 3.8a). ICS identified significant populations of antigen-specific 

CD4+ T cells in both lung compartments and the spleen of BCG-vaccinated mice compared 

to controls (Figure 3.8b). 
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3.2.6.2. Frequency of antigen-specific CD4+ T cells identified by ICS or tetramer staining 

In both lung compartments, ICS identified a significantly higher frequency of antigen-

specific CD4+ T cells compared to tetramer staining (Figure 3.8c). In the spleen there was no 

difference in the frequency of antigen-specific CD4+ T cells identified by either method. This 

indicates that ICS on peptide-stimulated cells provides greater sensitivity for detection of 

antigen-specific CD4+ T cells in the lungs. 



59 

 



60 

 

 

Figure 3.8 - Tetramer staining following TB10.4 peptide-stimulation. BALB/c mice received 

BCG or placebo immunisation and 6 weeks later, intravascular staining was used to identify 

populations of lung-parenchymal and lung-vascular T cells. Cells from the lung and spleen 

were stimulated by TB10.4 peptide 13 in overnight culture. ICS was used to identify 

populations of TB10.4 peptide-specific CD4+ T cells producing IFNy, IL-2 or TNF-α 

(cytokine+). MHC class II tetramer was used to identify TB10.4 peptide 13-specific CD4+ T 

cells. (a) Frequency of tetramer+ TB10.4 peptide-specific CD4+ T cells in lung and spleen as a 

% of total CD4+ T cells in compartment. Statistical comparison is between BCG and control. 

(b) Frequency of cytokine+ TB10.4 peptide-specific CD4+ T cells in lung and spleen identified 

by ICS as a % of total CD4+ T cells in compartment. Statistical comparison is between BCG 
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and control. (c) Frequency of tetramer+ and cytokine+ TB10.4 peptide-specific CD4+ T cells in 

lung and spleen as a % of total CD4+ T cells in compartment. Statistical comparison is 

between tetramer+ and cytokine+ for the same compartment. For all graphs, bars represent 

mean values (n=6) and error bars show SEM. * ρ ≤ 0.05, ** ρ ≤ 0.01, *** ρ ≤ 0.001, **** ρ ≤ 

0.0001, two-way ANOVA with Sidak’s post-test. 
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3.3. Discussion 

The purpose of the experiments described in this chapter was to optimise the techniques 

and assays underpinning the study of lung TRM, with the goal of establishing robust 

protocols to take forward for the remainder of the project. Of critical importance to this 

was refining the intravascular staining technique, in order to allow for clear differentiation 

between lung-vascular and lung-parenchymal populations. 

Utilisation of the intravascular staining technique introduced a requirement for fast 

processing of organs upon removal from the animal, in order to ensure that any excess 

antibody was swiftly diluted and rinsed away121. Mechanical homogenisation using the 

GentleMACSTM machine was shown to have no detrimental effect on live lymphocyte yield 

from the lungs when compared to manual homogenisation with scissors. Therefore, 

mechanical homogenisation was adopted for all further studies to ensure swift and 

consistent processing. Each antibody used intravascularly was titrated to identify optimal 

antibody concentration, and different intervals of time between injection of the antibody 

and euthanasia were also compared to ensure that discrimination between populations 

was as clear as possible. 

Studying cell populations in the context of anatomical location requires minimal disruption 

to the tissue architecture. Perfusion of the lungs prior to harvest, a method of removing 

blood, has been shown to result in a marked reduction in the abundance of iBALT and 

alveolar tissue aggregates, as well as decreased cell recovery121. By design, perfusion also 

results in loss of the blood within the lungs. This was previously necessary in order to 
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ensure that only lung-parenchymal cells were being harvested and analysed. However, with 

the introduction of intravascular staining, it is now possible to study the cells within this 

vascular compartment separately from those in the parenchyma, and it has been 

demonstrated that these vascular cells in the lungs and other tissues may play critical roles 

in protective immune responses126, 228-231. In addition, it has been demonstrated that 

perfusion itself is imperfect, failing to remove all vascular cells from the lung122.  

Data presented in this chapter demonstrate no effect on total lymphocyte yield or on the 

frequency of CD4+ or CD8+ T cells recovered from either lung compartment when not 

perfusing. In fact, not perfusing increased frequencies of BCG-induced TB10.4 peptide-

specific CD4+ T cells producing IFN-γ, IL-2 or TNF-α in the lung-vascular compartment, 

suggesting selective removal by perfusion. As these cells are of potential significance, 

perfusion was not performed for future experiments, allowing a more complete analysis of 

this compartment. 

Whilst BCG induced a significant antigen-specific CD4+ T cell response in both 

compartments of the lung, compared to naïve animals, it failed to induce a significant 

antigen-specific CD8+ T cell response. BCG and M.tb preferentially reside in phagosomes 

within APCs. This dictates trafficking of their antigen through the MHC class II pathway, 

resulting in preferential stimulation of CD4+ T cells232-234. Nevertheless, BCG immunisation 

of BALB/c mice has been shown previously to induce CD8+ T cells specific to TB10.4235. 

However, these cells were detected by their cytolytic ability rather than through cytokine-

production. This implies that detection of antigen-specific CD8+ T cells following BCG 

vaccination may require the use of additional assays detecting other effector molecules 

specific for cytotoxic T lymphocyte effector functionality. BCG has also been reported to 



64 

 

induce weak antigen-specific CD8+ T cell responses in humans42, 236. In fact, one strategy for 

the improvement of protective efficacy afforded by BCG has involved engineering 

recombinant BCG strains to result in greater CD8+ T cell stimulation42. As CD4+ T cells are 

the primary cells implicated in a protective immune response against M.tb, future 

experiments within this thesis focus solely on induction and detection of antigen-specific 

CD4+ T cells. 

The number of lymphocytes available to analyse through flow cytometry is limited by the 

number recovered from each organ. In particular, lymphocyte yield from the lung, usually 

~3x106, limits the number of samples able to be analysed through ICS, with each sample 

comprising 1x106 lymphocytes. Identification of antigen-specific T cells through ICS involves 

stimulation with cognate antigen and identification of cytokine production through flow 

cytometry. In order to maximise the number of samples available for analysis, it was 

important to establish whether or not unstimulated control samples were required. If 

unstimulated cells produced cytokine, they would need to be included in order to subtract 

this non-specific production from true antigen-specific production. Data presented here 

show that unstimulated cells do not produce significant levels of non-specific cytokine, 

allowing future experiments to be conducted without the inclusion of unstimulated control 

samples. 

Published studies use both TB10.4 peptides and PPD-T protein as antigens to stimulate 

cytokine-production from CD4+ T cells199, 224-227. TB10.4 is an immunodominant antigen 

conserved in BCG and M.tb and therefore use of these peptides allows tracking of defined 

clonal T cell responses to both vaccination and challenge237, 238. PPD-T is a preparation of 

purified M.tb proteins, also known as tuberculin, and is the reagent used for tuberculin skin 
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testing to identify individuals infected with M.tb239. Data included in this chapter 

demonstrates that both antigens were capable of stimulating comparable antigen-specific 

responses in cells isolated from BCG-immunised mice, with cytokine-production detected 

from significant populations of CD4+ T cells in both lung compartments and the spleen, all 

sharing a CD44hiCD62LloCD27- cell-surface phenotype. These phenotypic markers were 

selected as they have been described previously in the context of BCG-induced antigen-

specific CD4+ T cells225. Their importance is discussed in greater detail in chapter 4, in the 

context of their evaluation in a larger study. In addition to comparisons between antigens, 

length of stimulation was also optimised. It was determined that in order to achieve the 

highest frequencies of cytokine+ CD4+ T cells when using PPD-T, overnight stimulation 

rather than 6 hour stimulation was required. This difference may be explained by the fact 

that T cells are able to present peptide antigen to other T cells without the involvement of 

professional APCs240-242, whereas protein antigen requires uptake and processing by APCs 

before it can be presented to T cells243, 244. Therefore, with peptide stimulation, a shorter 

stimulation length is required, compared to PPD-T-stimulation, to measure a similar 

frequency of cytokine+ CD4+ T cells. Stimulation length had no impact on cell-surface 

immunophenotyping. These experiments provided evidence that use of either TB10.4 

peptide- or PPD-T-stimulation was acceptable in order to identify antigen-specific CD4+ T 

cells and that overnight stimulation was optimal in order to identify the highest frequencies 

of antigen-specific cells. 

Identification of antigen-specific T cells through ICS involves fixation and permeabilisation 

of the cells, killing them in the process. Identification through a MHC-peptide tetramer 

complex has the advantage of not damaging the cells, so that they may be used in 
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subsequent assays or even adoptively transferred into other animals. However, use of MHC 

class II tetramers can be challenging as they have been shown to have lower sensitivity of 

detection compared to their MHC class I counterparts, due in part to their inferior binding 

characteristics198, 245. In this chapter, a MHC class II-peptide tetramer complex loaded with 

TB10.4 peptide failed to identify a significant population of antigen-specific CD4+ T cells in 

either the lung-parenchyma or the spleen, compared to naïve animals. ICS performed 

alongside, following peptide-stimulation with the same TB10.4 peptide included in the 

tetramer complex, did identify significant populations of cytokine+ CD4+ T cells in these 

tissue compartments. This was at least partly due to the higher levels of background 

staining present within the tetramer-stained control samples. Within the lung-vascular 

compartment, both tetramer staining and ICS identified significant populations of antigen-

specific CD4+ T cells; however, the frequency of antigen-specific cells detected was 

significantly greater using ICS. Therefore, ICS was adopted as the method of detection of 

antigen-specific CD4+ T cells for subsequent experiments. 

In conclusion, results presented in this chapter allowed for significant optimisation of the 

intravascular staining technique, maximising discrimination between lung-vascular and 

lung-parenchymal populations for all future experiments. Additionally, comparison of 

different conditions for identification of antigen-specific CD4+ T cells has resulted in 

establishment of standard protocols to be utilised throughout the remainder of the project. 
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4.1. Introduction 

Several studies have investigated CD4+ TRM within the context of a respiratory viral 

infection120, 123, 219, 246-249 and a smaller number within the context of M.tb infection126, 127, 

215, 250, but there are no data published on their induction following BCG vaccination 

utilising the intravascular staining technique. One study, involving the administration of 

fingolimod to BCG-immunised mice to prevent lymphocyte egress from secondary 

lymphoid organs, suggests that BCG-induced protection depends on lymphocyte migration 

to the lungs and retention of lung memory CD4+ T cells216. However, this study did not 

analyse lung-vascular and lung-parenchymal cells separately, so it remains unclear exactly 

which cells were responsible for providing protection. 

The phenotype of CD4+ T cells induced by BCG vaccination has been described by several 

studies199, 205, 225, but it is not known whether or not these phenotypic descriptions apply to 

CD4+ T cells present in the parenchyma or the vasculature of the lung as the studies do not 

separately identify these two populations. It is important to establish whether BCG-induced 

lung-parenchymal cells exhibit a unique phenotype, identifying them as tissue-resident 

cells. It is also important to establish whether the phenotype of these cells can provide any 

information about their memory capacity, as they have been suggested to potentially play 

an important role in vaccine-mediated protection against M.tb infection218. 

The aim of this chapter was to utilise the intravascular staining technique to investigate the 

development of CD4+ TRM in the lungs of mice over the course of 12 months following intra-

dermal BCG immunisation. This included phenotypic and functional characterisation of 
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these cells as well as comparison between CD4+ TRM and CD4+ T cells located in the lung-

vasculature, spleen and peripheral blood of the immunised mice, with the goal of 

identifying unique features of CD4+ TRM. 
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4.2. Results 

4.2.1. Development of a putative tissue-resident lung-parenchymal 

CD4+ T cell population following intradermal BCG vaccination 

To investigate the development of a population of lung-parenchymal CD4+ T cells following 

BCG immunisation, groups of 6 mice were vaccinated intradermally with BCG or placebo. 

Lungs, spleen and peripheral blood were harvested 1, 3, 5, 6, 12, 26 and 52 weeks later, 

following intravascular staining. To identify antigen-specific CD4+ T cells within these 

organs, isolated cells were stimulated with TB10.4 peptides 4 and 13 (see materials and 

methods for details) and analysed by flow cytometry (Appendix – Flow cytometry panels 1 

and 2). ICS was used to identify TB10.4 peptide-specific CD4+ T cells producing IFN-γ, IL-2, 

TNF-α or any combination of these (cytokine+ CD4+ T cells) (Appendix – Flow cytometry 

gating strategy). 

4.2.1.1. Frequency of CD4+ T cells in the lung-vascular compartment is greater than in the 

lung-parenchymal compartment post-BCG or placebo immunisation 

For the first 12 weeks post-BCG or placebo immunisation, the frequency of CD4+ T cells in 

the lung-vascular and lung-parenchymal compartments as a percentage of the total CD4+ T 

cells isolated from the lung did not alter significantly (Figure 4.1a). During this time, the 

frequency of CD4+ T cells in the lung-vascular compartment was approximately 9-fold 

greater than in the lung-parenchymal compartment. At 26 and 52 weeks post-BCG or 

placebo immunisation, the frequency of lung-parenchymal CD4+ T cells was significantly 
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greater when compared with all previous time points for both immunised and control mice, 

and the frequency of lung-vascular CD4+ T cells was significantly lower when compared with 

all previous time points for both immunised and control mice. The frequency of CD4+ T cells 

in both compartments did not alter significantly between 26 and 52 weeks post-

immunisation, for both immunised and control mice. At all time points investigated, the 

frequency of lung-vascular CD4+ T cells was significantly greater than lung-parenchymal 

CD4+ T cells in both BCG-vaccinated and control animals, and there was no significant 

difference in frequency of CD4+ T cells in either compartment comparing BCG with control 

at each time point. The actual number of CD4+ T cells in the lung-parenchymal 

compartment did not alter significantly between any of the time points measured post-BCG 

or placebo immunisation (Figure 4.1b). There were significantly fewer CD4+ T cells in the 

lung-vascular compartment at week 26 compared to weeks 1 and 6 in both BCG and 

placebo-immunised mice. The number of lung-vascular CD4+ T cells was significantly greater 

than the number of lung-parenchymal CD4+ T cells at all time points. 
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Figure 4.1 - Analysis of CD4+ T cells in lung-vascular and lung-parenchymal compartments. 

BALB/c mice received BCG or placebo immunisation and at various time points post-

immunisation, intravascular staining was used to identify populations of lung-parenchymal 

and lung-vascular CD4+ T cells. Cells were analysed by flow cytometry. (a) Frequency of 

lung-vascular and lung-parenchymal CD4+ T cells is shown as a % of total CD4+ T cells 

isolated from the lung. (b) Number of CD4+ T cells in the lung-parenchymal and lung-

vascular compartments. For both graphs, points represent mean values (n=6) and error 

bars show SEM. Two-way ANOVA with Sidak’s post-test, comparing each time point within 

the same compartment (shown on graph, * ρ ≤ 0.05, ** ρ ≤ 0.01, *** ρ ≤ 0.001), BCG with 
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control and lung-parenchymal with lung-vascular (not shown on graph, for all time points 

frequency of lung-vascular CD4+ T cells exceeded lung-parenchymal CD4+ T cells in both 

BCG-immunised and control mice by **** p ≤ 0.0001). 
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4.2.1.2. BCG vaccination induces cytokine+ CD4+ T cells in lung, spleen and peripheral 

blood 

BCG vaccination induced significant populations of cytokine+ CD4+ T cells in the lung, spleen 

and peripheral blood (Figure 4.2a). Cytokine+ CD4+ T cells were identified from week 3 post-

BCG vaccination in the lung-vascular compartment and from 5 weeks post-BCG vaccination 

in the lung-parenchymal compartment, spleen and peripheral blood. 

4.2.1.3. BCG induces the highest frequencies of cytokine+ CD4+ T cells in the lung, with no 

difference in frequency between lung compartments 

There was no significant difference between relative proportions of cytokine+ CD4+ T cells 

present in the lung-vascular and lung-parenchymal compartments at any time point post-

BCG vaccination (Figure 4.2b). At week 5 post-vaccination, both lung compartments 

contained significantly higher frequencies of cytokine+ CD4+ T cells when compared to both 

spleen and peripheral blood. At week 12 post-vaccination, only the lung-parenchymal 

compartment contained significantly higher frequencies of cytokine+ CD4+ T cells compared 

to spleen and peripheral blood. At week 52 post-vaccination, only the lung-vascular 

compartment contained significantly higher frequencies of cytokine+ CD4+ T cells compared 

to spleen and peripheral blood. 
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Figure 4.2 - Analysis of cytokine+ CD4+ T cells in different tissue compartments. BALB/c 

mice received BCG or placebo immunisation and at various time points post-immunisation 
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intravascular staining followed by ICS was used to identify populations of lung-parenchymal 

and lung-vascular TB10.4 peptide-specific CD4+ T cells in the lungs, spleen and peripheral 

blood. (a) Graphs show frequencies of cytokine+ CD4+ T cells in all compartments as a % of 

the total number of CD4+ T cells in the same compartment. Statistical comparison is 

between BCG and control at each time point.  (b) Frequency of cytokine+ CD4+ T cells from 

all compartments in BCG-vaccinated animals expressed as a % of the total number of CD4+ 

T cells in the same compartment. Statistical comparison is between frequency of BCG-

induced cytokine+ CD4+ T cells in all compartments at each time point. For all graphs, points 

represent mean values (n=6) and error bars show SEM. Two-way ANOVA with Sidak’s post-

test was used. * ρ ≤ 0.05, ** ρ ≤ 0.01, *** ρ ≤ 0.001, **** ρ ≤ 0.0001. 
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4.2.1.4. Cell-surface immunophenotyping of antigen-specific CD4+ T cells at different time 

points post-vaccination 

i.  BCG-induced cytokine+CD4+ T cells express a CD44hiCD62LloCD27- phenotype in all 

compartments 

At all time points from week 3 post-BCG vaccination, cytokine+ CD4+ T cells in both lung 

compartments, spleen and peripheral blood all displayed a CD44hiCD62LloCD27- phenotype 

(Figure 4.3). At week 1 post-BCG vaccination there were no significant populations of 

cytokine+ CD4+ T cells in any compartment. 
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Figure 4.3 - Phenotype analysis of cytokine+ CD4+ CD44hi T cells post-vaccination. BALB/c 

mice received BCG or placebo immunisation and at various time points post-immunisation 

intravascular staining followed by ICS was used to identify populations of lung-parenchymal 

and lung-vascular TB10.4 peptide-specific CD4+ T cells in the lungs, spleen and peripheral 

blood. Graph shows frequency of cytokine+ CD4+ CD44hi T cells in all compartments 

displaying combinations of CD62L and CD27 cell surface markers as a % of total CD4+ T cells 

in that compartment. Bars represent mean values (n=6) and error bars show SEM. *** ρ ≤ 

0.001, **** ρ ≤ 0.0001, two-way ANOVA with Sidak’s post-test, comparing BCG and control. 
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ii.   BCG-induced cytokine+ CD4+ T cells are CCR7- but heterogeneous for CD69 and 

CD127 in lung and spleen 

At all time points from week 3 post-BCG vaccination, cytokine+ CD4+ T cells in both lung 

compartments, spleen and peripheral blood were all CCR7-, either CD69+ or CD69- and 

either CD127hi or CD127lo (Figure 4.4). There were significantly higher frequencies of 

CD127lo cytokine+ CD4+ T cells in both lung compartments and spleen at weeks 3, 5 and 6. 

There were significantly higher frequencies of CD69+ cytokine+ CD4+ T cells in both lung 

compartments and spleen at weeks 12 and 26 and in the lung-vascular compartment alone 

at week 3. There were significantly higher frequencies of CD69- cytokine+ CD4+ T cells in the 

lung-vascular compartment and the spleen at week 52. At week 1 post-BCG vaccination 

there were no significant populations of cytokine+ CD4+ T cells in any compartment. 
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Figure 4.4 - Phenotype analysis of cytokine+ CD4+ CD62Llo T cells post-vaccination. BALB/c 

mice received BCG or placebo and at various time points post-immunisation intravascular 

staining followed by ICS was used to identify populations of lung-parenchymal and lung-

vascular TB10.4 peptide-specific CD4+ T cells in the lungs and spleen. Graphs show 

frequencies of cytokine+ CD4+ CD62Llo T cells in all compartments displaying CCR7, CD69 

and CD127 cell surface markers as a % of total CD4+ T cells in that compartment. For all 

graphs, bars represent mean values (n=6) and error bars show SEM. * ρ ≤ 0.05, ** ρ ≤ 0.01, 

*** ρ ≤ 0.001, **** ρ ≤ 0.0001, two-way ANOVA with Sidak’s post-test comparing BCG with 

control and BCG with BCG.  
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4.2.1.5. BCG-induced cytokine+ CD4+ T cells in all compartments display a dominance of 

multifunctional cells 

Boolean gating analysis was used to identify populations of TB10.4 peptide-specific CD4+ T 

cells producing IFN-γ, IL-2, TNF-α or any combination of the three. IFNγ+IL-2+TNF-α+ and 

IFNγ+IL-2-TNF-α+ CD4+ T cells were detectable in all compartments at all time points post-

BCG vaccination except week 1, when there were no significant populations of cytokine+ 

CD4+ T cells in any compartment (Figure 4.5). IFNγ+IL-2+TNF-α- CD4+ T cells were only 

detectable in the spleen at weeks 3 and 5. IFNγ-IL-2+TNF-α+ CD4+ T cells were detectable in 

the lung-vascular compartment at weeks 3, 12 and 52, in the lung-parenchymal 

compartment at weeks 12, 26 and 52 and in the spleen at week 12. IFNγ+IL-2-TNF-α- CD4+ T 

cells were detectable in the lung-vascular compartment at weeks 3 and 5 and in the spleen 

at weeks 3, 5 and 6. IFNγ-IL-2-TNF-α+ CD4+ T cells were detectable in the lung-vascular 

compartment at weeks 3, 5, 6, 12 and 26 and in the lung-parenchymal compartment at 

weeks 26 and 52.  
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Figure 4.5  - Cytokine production by CD4+ T cells post-vaccination. BALB/c mice received 

BCG or placebo and at various time points post-immunisation intravascular staining 

followed by ICS was used to identify populations of TB10.4 peptide-specific CD4+ T cells in 

the lungs, spleen and peripheral blood. Graphs show frequencies of BCG-induced CD4+T 

cells in all compartments producing IFN-γ, IL-2 or TNF-α plus combinations of all three as a 

% of the total CD4+ T cells in the same compartment. For all graphs, bars represent mean 

values (n=6) and error bars show SEM. * ρ ≤ 0.05, ** ρ ≤ 0.01, *** ρ ≤ 0.001, **** ρ ≤ 

0.0001, two-way ANOVA with Sidak’s post-test comparing BCG and control. 
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4.2.2. Development of CD4+ T cells with proliferative capacity in the 

spleen following BCG vaccination 

In order to investigate the proliferative capacity of CD4+ T cells, the EdU incorporation assay 

was performed as part of the previously-described study on splenic lymphocytes from 

groups of 6 mice at various time points post-BCG or placebo immunisation. Cells were 

stimulated with TB10.4 peptides and analysed by flow cytometry (Appendix – Flow 

cytometry EdU panel). Proliferating cells are identified as EdU+. 

4.2.2.1. BCG vaccination induces EdU+ CD4+ T cells in the spleen 

Proliferating CD4+ T cells were induced in the spleen from week 3 onwards in the BCG-

vaccinated group, with the highest frequency observed at 12 weeks post-vaccination 

(Figure 4.6a). 

4.2.2.2. BCG-induced EdU+ CD4+ T cells display a mixed phenotype 

From week 3 post-BCG vaccination, all EdU+ CD4+ T cells at each time point were CD27+ 

(Figure 4.6b). There were statistically significant populations of EdU+ CD4+ CD27+ T cells 

with CD62LhiCCR7+, CD62LloCCR7+ and CD62LloCCR7- phenotypes at all time points except 

weeks 26 and 52. At week 26 the only significant population of EdU+ CD4+ CD27+ T cells had 

a CD62LloCCR7- phenotype and at week 52 there were significant populations of 

CD62LhiCCR7+ and CD62LloCCR7+ T cells. Prior to week 3, there were no significant 

populations of EdU+ CD4+ T cells.  
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Figure 4.6 - EdU incorporation assay. BALB/c mice received BCG or placebo immunisation 

and were euthanased at various time points post-immunisation. The EdU proliferation 

assay was performed on splenic lymphocytes stimulated with TB10.4 peptides and cells 

were analysed by flow cytometry. (a) Frequency of EdU+ CD4+ T cells in the spleen as a % of 

total CD4+ T cells in the spleen at each time point following immunisation. (b) Frequency of 

EdU+ CD4+ T cells expressing CD27 as a % of total CD4+ T cells in the spleen and frequency of 

EdU+ CD4+ CD27+ T cells expressing combinations of CD62L and CCR7 as a % of total CD4+T 

cells in the spleen post-vaccination. For all graphs, bars or points represent mean values 

(n=6) and error bars show SEM. * ρ ≤ 0.05, *** ρ ≤ 0.001, **** ρ ≤ 0.0001, two-way ANOVA 

with Sidak’s post-test comparing BCG with control. 
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4.3. Discussion 

The purpose of the study described in this chapter was to investigate the development of a 

putative lung tissue-resident CD4+ T cell population following BCG vaccination and make 

phenotypic and functional comparisons between this and other tissue compartments. The 

cells are described as a ‘putative’ tissue-resident population, as it is not possible to 

determine from this study alone that these cells permanently reside  in the lung 

parenchyma, only that they were detectable in the tissue at the time of euthanasia of the 

mice. This is one of the limitations of the intravascular staining technique; however, it does 

allow clear differentiation between lung-parenchymal and lung-vascular populations at that 

point in time, which gives a much greater level of insight into the characteristics of these 

two distinct populations. 

BCG-induced TB10.4 peptide-specific CD4+ T cells producing IFN-γ, IL-2 or TNF-α were 

identified from 3 weeks post-vaccination in the lung-vascular compartment and 5 weeks 

post-vaccination in the lung-parenchymal compartment. This may indicate that antigen-

specific cells are migrating into the lung parenchyma from the lung vasculature. However, 

antigen-specific CD4+ T cells were also undetectable in the peripheral blood until week 5 

post-BCG vaccination, suggesting that the lung-vascular compartment is not simply an 

extension of the systemic circulation but may be thought of as a distinct compartment in its 

own right. This hypothesis is supported by several studies investigating the kinetics of 

migration of leukocytes through the vasculature of the lungs251-256. These studies indicate 

that leukocytes may take a substantial amount of time to travel through the capillary bed of 

the lung, causing them to be retained in the vasculature whilst migrating. 
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Notably, from week 5 post-BCG vaccination, frequencies of antigen-specific CD4+ T cells in 

both lung compartments were comparable when analysed as a percentage of total CD4+ T 

cells in the same compartment. This is spite of the fact that at all time points post-

immunisation, the proportion of total lung CD4+ T cells present in the lung-vasculature was 

significantly greater than the proportion present in the lung-parenchyma. By week 26 post-

immunisation, the difference in proportion of total CD4+ T cells between both lung 

compartments was reduced, although there was still a significantly greater proportion of 

the total CD4+ T cell population present in the lung-vasculature. However, this was the case 

for both BCG- and placebo-immunised mice and therefore may reflect a physiological 

ageing change in the mice rather than a specific effect of BCG vaccination. This could be 

investigated further by repeating the experiment but starting with older mice. At week 5 

post-vaccination, antigen-specific CD4+ T cells in both lung compartments were observed 

more frequently than in either the spleen or peripheral blood, providing further evidence 

to support the existing literature that systemic BCG vaccination induces lung-specific 

responses225. 

Detailed analysis of the surface phenotype of the antigen-specific CD4+ T cells reveals that 

all antigen-specific CD4+ T cells, regardless of location, were CD44hi indicating antigen-

experience257 and CD62LloCD27- as described previously225. Whilst a CD62Llo phenotype is 

widely accepted to indicate an effector phenotype, there is less certainty about the 

significance of CD27 expression. CD27 has been described as a marker of functional 

heterogeneity in CD4+ memory T cells.  Schiott et al258. report CD27- as ‘responding’ vs 

CD27+ as ‘resting’ CD4+ memory T cells, suggesting that CD27- CD4+ memory T cells are 

more differentiated and are able to rapidly secrete high levels of a broad panel of effector 
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cytokines in response to cognate antigen258. Pepper et al.259 found that CD27- CD4+ memory 

T cells were short-lived following adoptive transfer compared to CD27+ CD4+ memory T 

cells. Further work is needed in order to clarify the true implications of the lack of CD27 

expression observed here following BCG vaccination. 

Importantly, results presented in this chapter revealed that a significant proportion of 

antigen-specific CD4+ T cells in both lung compartments as well as the spleen were CD69+ 

and CD69-. CD69 has been described as a putative marker of tissue-residence on TRM after 

migration260-262. It has been suggested that the ability of CD69 to inhibit sphingosine-1-

phosphate receptor 1 (S1PR1), which is required for T cells to exit secondary lymphoid 

organs via chemotactic gradients263-265, may represent an important mechanism for 

maintenance of TRM in tissues262, 266. However, this is not consistent with results shown here 

following BCG vaccination, as CD69 was not exclusively expressed by CD4+ T cells in the lung 

parenchyma. This finding reinforces the need to utilise the intravascular staining technique 

to definitively identify lung-parenchymal cells, rather than relying on phenotypic markers 

alone for their identification. 

Further phenotypic analysis has revealed that all antigen-specific CD4+ T cells in the lung 

and spleen share a CD62LloCCR7- phenotype, described as being an ‘effector’ T cell 

phenotype203, 267. This is consistent with previous findings that BCG establishes antigen-

specific populations of cells within the lung predominantly expressing an effector or 

effector memory phenotype199, 267. In fact, it has been suggested that the failure of BCG to 

provide durable long-term protection into adulthood may be due to its propensity to 

induce effector memory rather central memory T cells208, 267. Vogelzang et al. have reported 
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that central memory CD4+ T cells are responsible for the superior protection mediated by a 

novel recombinant BCG vaccine206. 

Expression of CD127 (also known as IL-7 receptor subunit-α) was also investigated as part 

of the study presented in this chapter. IL-7 signalling has been shown to promote long-term 

survival of memory CD4+ T cells as well as acting as a key regulator of survival during earlier 

stages, as resting memory cells develop from primary cells which have been exposed to 

antigen268, 269. Therefore, expression of high levels of CD127 has been used as an additional 

marker of effector T cell memory270, 271.  It was found that there were significant 

populations of antigen-specific CD127hi CD4+ T cells in the both the parenchyma and the 

vasculature of the lungs as well as the spleen and peripheral blood at all time points up to 

12 months post-BCG vaccination, indicating that populations of memory T cells are 

maintained in these tissue sites. There were also significant populations of CD127lo CD4+ T 

cells present at all time points in all tissue types, which may suggest an ongoing effector 

response mediated by chronic antigen exposure, due to the persistence of BCG199, 200. 

To assess the proliferative capacity of BCG-induced TB10.4 peptide-specific CD4+ T cells in 

the spleen, a flow-cytometric EdU incorporation assay was performed at various time 

points post-BCG vaccination. Proliferative CD4+ T cells were induced from week 3 post-BCG 

vaccination onwards and were still present at 52 weeks post-vaccination, the last time 

point investigated. The ability to proliferate suggests that these are long-term memory, 

rather than terminally-differentiated effector CD4+ T cells. Interestingly, the phenotype of 

these cells differed dramatically from the cytokine-producing CD4+ T cells identified 

through ICS. In contrast to the effector phenotype, the majority of proliferating cells at all 

time points except weeks 26 and 52 post-vaccination exhibited a CD62LhiCCR7+ central 
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memory phenotype203 and were CD27+, compared to the CD27- phenotype of cytokine+ 

CD4+ T cells. However, it is not possible to rule out a change in phenotype during in vitro 

culture and stimulation. To confirm these data definitively it will be necessary to conduct 

cell sorting based on surface phenotype prior to assessment of proliferative capacity. 

These results may suggest the presence of another distinct population of antigen-specific 

cells, revealed by their ability to proliferate in response to cognate antigen. However, the 

results presented here do not determine whether these proliferative cells are present in 

the lung. It is important to determine this, as a limitation of the study described in this 

chapter is lack of demonstration of definitive memory phenotype of lung-parenchymal 

CD4+ T cells. Memory can only truly be described when present in the absence of cognate 

antigen and previous work demonstrates BCG can persist for extended periods exceeding 

18 months199. Demonstrating proliferative capacity is one way to establish memory 

potential whilst overcoming the challenge of persistent BCG. 

In conclusion, results presented in this chapter indicate that BCG delivered systemically is 

capable of inducing antigen-specific CD4+ T cells in the lung-parenchyma and lung-

vasculature as well as the spleen and peripheral blood, which are still detectable up to 12 

months post-vaccination. There is an enrichment of antigen-specific CD4+ T cells in both 

lung compartments compared to the spleen and peripheral blood, but attempts to further 

characterise these subsets in terms of a distinct phenotype or functional profile were 

unsuccessful. This reveals high levels of heterogeneity in the CD4+ memory T cell 

populations found in all compartments, and further reinforces the importance of using the 

intravascular staining technique as a definitive means of identifying CD4+ T cells present in 

the lung-parenchyma. 



104 

 

 

Chapter 5.  

Development of lung tissue-
resident CD4+ T cells 

following different routes of 
BCG delivery  



105 

 

5.1. Introduction 

Mimicking the natural mucosal route of M.tb infection in the delivery of vaccines has been 

suggested as a possible means of improving their protective efficacy272. This approach is 

also being considered for other diseases with a mucosal route of transmission, such as 

brucellosis273 and influenza274. It has already been shown by a number of studies in mice, 

guinea pigs and non-human primates that mucosal BCG vaccination, via the intranasal, 

intratracheal or aerosol route, is more protective against aerosol M.tb challenge than BCG 

delivered parenterally217, 275-282. Mucosal boosting of parenterally-delivered BCG with an 

adenovirus-vectored vaccine has also been shown to enhance protection over BCG alone283-

285.  

Aerosol delivery of BCG to rhesus macaques has been demonstrated to expand CD4+ T cells 

with a TCM phenotype in the peripheral circulation209. This is in contrast to the preferential 

expansion of CD4+ TEM seen in the lungs, spleen and lymph nodes of mice receiving BCG 

subcutaneously or intradermally225, 286. Taken together, these results suggest that the route 

of antigen exposure may play an important role in determining which memory T cell 

subsets develop following immunisation.  

It is also possible that delivery of a vaccine via a mucosal route has a direct effect on the 

local environment in the lung, specifically on the development of TRM. A recent study by 

Perdomo et al. finds a link between mucosal delivery of BCG and generation of TRM in the 

lung217. The authors describe an influx of antigen-specific CD4+ and CD8+ T cells into the 

parenchyma of the lung following intratracheal BCG. Interestingly, they describe this influx 
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as transient, with increased numbers of lung-parenchymal T cells present between days 22 

and 45 post-vaccination in animals vaccinated mucosally, compared to those vaccinated 

systemically, but no difference between the two groups by day 60 post-vaccination. 

However, the authors define the lung-parenchymal population as all cells remaining in the 

lung once the BAL fluid has been removed, and previous studies121, 122, as well as 

experiments in this thesis, reveal that use of intravascular staining identifies ≥50% of these 

T cells as being present in the vasculature of the lung rather than the parenchyma. 

Lai et al. have shown that pulmonary administration of BCG to macaques induces higher 

frequencies of T cells in the lung, when compared to systemic delivery of BCG287. Kaushal et 

al. describe mucosal vaccination of macaques with attenuated M.tb resulting in significant 

development of iBALT, as well as recruitment of CD4+ and CD8+ T cells to the lung288. This 

suggests that mucosal BCG induces specific local effects on the cell populations present in 

the lung. However, as with the previous study, neither of these publications utilise the 

intravascular staining technique to differentiate between T cells in the parenchyma and 

vasculature of the lung. It is important to further dissect the immune response to mucosal 

BCG immunisation, utilising the intravascular staining technique in order to allow definitive 

identification of lung-parenchymal T cells and gain a greater understanding of their 

potentially pivotal role in protective immunity. 

In the previous chapter of this thesis, experiments were conducted attempting to identify a 

cell-surface phenotype associated with lung-parenchymal CD4+ T cells. However, it was not 

possible to define a unique phenotype expressed by this population, using the markers 

investigated. In light of this, it is important to continue to examine expression of other 

markers able to provide further information about this potentially important population. 
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PD-1, KLRG1 and CXCR3 have been previously described as markers able to define different 

subsets of CD4+ T cells present during murine M.tb infection. PD-1-expressing CD4+ T cells 

have been shown to represent a subset of less differentiated cells, exhibiting a greater 

proliferative and protective capacity than KLRG1-expressing cells127, 289. Expression of 

KLRG1 has been associated with terminal differentiation289, 290 and lack of ability to migrate 

into the lung-parenchyma and protect against M.tb infection126, 215. Moguche et al.291 have 

recently shown that chronic antigenic stimulation during M.tb infection promotes the 

maintenance of a large population of CD4+ KLRG1+ T cells which they describe as terminally-

differentiated, functionally-exhausted cells. CXCR3 expression has been described as 

identifying a population of CD4+ T cells capable of localising to the lung-parenchyma during 

M.tb infection126.  

These markers have been investigated in the context of vaccination as well as M.tb 

infection. Woodworth et al.218 described a population of lung-resident CD4+ T cells with 

reduced KLRG1 and increased CXCR3 expression, induced following subcutaneous 

immunisation with a candidate subunit TB vaccine. Lindenstrom et al.207 identified a 

population of IL-2-producing KLRG1- CD4+ T cells present in the draining lymph nodes 

following primary vaccination with BCG and booster vaccination with a subunit TB vaccine, 

both delivered subcutaneously. These cells were able to proliferate and produce cytokine 

when the animals were challenged with M.tb 2 years post-vaccination, leading the authors 

to suggest that they represent central memory T cells, capable of persisting long term in 

the body and replenishing T cells at the site of subsequent infection.  Jeyanathan et al.292 

conducted experiments administering an adenovirus-vectored vaccine by mucosal and 

systemic routes and identified expression of CXCR3 on circulating T cells to be a critical 
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requirement for their subsequent entry to the lung-parenchyma and airways.  Perdomo et 

al.217 report induction of CD4+ and CD8+ T cells expressing CXCR3 in the airways of mice 

following intratracheal BCG vaccination. It is now important to investigate expression of 

these markers on the antigen-specific lung-parenchymal CD4+ T cell population induced 

following BCG vaccination, and examine whether or not the route of administration of BCG 

has any impact on expression of these markers. 

Alongside the work being done to characterise immune responses to mucosally-

administered TB vaccines in animal models, there is increasing interest in administration of 

TB vaccines to humans via mucosal routes. A candidate modified vaccinia Ankara virus-

vectored vaccine expressing antigen 85A (Ag85A), an immunodominant M.tb protein, has 

been administered to humans via aerosol and found to be safe and highly immunogenic293. 

Local immunogenicity in the lung was assessed through flow-cytometric analysis of cells 

harvested from the BAL fluid of participants. T cells present in the BAL fluid, airway luminal 

T cells, have been suggested to have an important role to play in vaccination-induced 

protection against M.tb infection294. In order to enable comparisons to be drawn between 

human studies and animal studies, which have the advantage of being able to assess 

protection against infection through M.tb challenge experiments, it is critical to assess 

similar measures of immunogenicity in both humans and animals. Therefore, in addition to 

identifying lung-parenchymal CD4+ T cells using intravascular staining in the mouse model, 

it is also important to harvest CD4+ T cells from the BAL fluid and assess whether there are 

any features of this population which are associated with enhanced protection against M.tb 

infection.  
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In summary, delivery of TB vaccines via mucosal routes appears to be a promising means of 

enhancing protective efficacy against M.tb infection in multiple animal models217, 275-285, 

and administration of a candidate TB vaccine via aerosol to humans has been shown to be 

safe and immunogenic293. It is now important to investigate whether administration of BCG 

via different routes has any impact on the development of antigen-specific CD4+ T cells in 

the lung-parenchyma and airways, and whether any observed differences appear to 

correlate with enhanced protection. As part of this, analysis of further phenotypic markers 

and their association with the location of CD4+ T cells may provide additional information 

enabling better characterisation of these anatomically distinct populations. 
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5.2. Results 

5.2.1. Protection against aerosol M.tb challenge in mice receiving BCG 

via the intradermal (ID) or intranasal (IN) route 

In order to investigate protection against M.tb infection afforded by different routes of 

immunisation with BCG, groups of mice were vaccinated ID or IN with 2x105 CFU BCG. A 

group of naïve mice formed the control group. Six weeks post-immunisation, all mice were 

challenged with 50-100 CFU M.tb Erdman via aerosol. Four weeks post-challenge lungs and 

spleens were harvested and plated to determine bacterial burden. 

Aerosol BCG delivered by the human OMRON nebuliser device was also considered as a 

route of mucosal immunisation. However, this was found during optimisation experiments 

to be an inefficient route of delivery to the mice. In order to determine the number of CFU 

delivered to the lungs following nebulisation with BCG, 3 mice received a dose of 5x106 CFU 

BCG and 1 hour later their lungs were harvested and plated to determine bacterial burden. 

An average of 125 CFU BCG were grown from the lungs of each mouse (data not shown). 

This was likely due to the difficulty in forming a suitable connection between the nebuliser 

and mouse restrainer, allowing for loss of aerosol during delivery. As it would not have 

been possible to deliver a high enough dose of BCG via aerosol to result in 2x105 CFU BCG 

reaching the lungs, this route was not pursued. 
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5.2.1.1. IN BCG vaccination confers enhanced protection against M.tb infection in the 

lung 

Mice vaccinated with BCG IN or ID had significantly lower bacterial burdens than control 

naïve mice in both their lungs and spleen (Figure 5.1). The lungs of control mice had a 

bacterial burden of 6.7 log10 CFU M.tb compared to 4.5 log10 CFU in IN BCG-immunised 

mice and 5.2 log10 CFU in ID-immunised mice (p ≤ 0.0001). The spleens of control mice had 

a bacterial burden of 5.0 log10 CFU M.tb compared to 3.4 log10 CFU in IN BCG-immunised 

mice and 3.3 log10 CFU in ID-immunised mice (p ≤ 0.0001). Mice vaccinated IN had 

significantly lower bacterial burdens in their lungs compared with mice receiving ID BCG, a 

0.7 log10 reduction (p ≤ 0.01). There was no significant difference in bacterial load in the 

spleens of mice receiving BCG by either route. 
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Figure 5.1 - Protection against aerosol M.tb challenge following different routes of 

immunisation with BCG. BALB/c mice were immunised IN or ID with BCG and challenged 6 

weeks later with M.tb via aerosol. Four weeks post-challenge, lungs and spleen were 

removed for CFU enumeration. Individual log10 CFU counts are shown, with bars indicating 

mean and error bars showing SEM (n≥7). One-way ANOVA with Tukey’s post-test for 

significance; **** p ≤ 0.0001; ** p ≤ 0.01. Data representative of two independent 

experiments with similar results. 
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5.2.2. Immunological differences following different routes of BCG 

vaccination 

In order to investigate immunological differences resulting from BCG being delivered by 

different routes, groups of mice were vaccinated ID or IN with 2x105 CFU BCG. A group of 

naïve mice formed the control group. Six weeks post-immunisation, lungs, spleen and BAL 

fluid were harvested following intravascular staining. Isolated cells were stimulated with 

PPD-T and analysed by flow cytometry (Appendix – Flow cytometry panels 1 and 3). ICS was 

used to identify PPD-T-specific CD4+ T cells producing IFN-γ, IL-2, TNF-α or any combination 

of these (cytokine+ CD4+ T cells) (Appendix – Flow cytometry gating strategy). 

5.2.2.1. IN BCG vaccination results in recruitment of CD4+ T cells to the lung-parenchyma  

Following IN BCG vaccination, lung-parenchymal CD4+ T cells comprised a significantly 

greater proportion of the total CD4+ T cell population isolated from the lung, when 

compared to naïve and ID BCG-vaccinated mice (Figure 5.2a&b). Analysis of the total 

numbers of CD4+ T cells found in the lung-parenchyma and lung-vasculature revealed 

significantly greater numbers of cells in the parenchyma following IN BCG compared to ID 

BCG, with no difference in numbers present in the lung-vasculature between groups (Figure 

5.2c). This suggests that CD4+ T cells are being recruited to the parenchyma from the 

periphery following IN BCG vaccination. 
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Figure 5.2 - Analysis of CD4+ T cells in lung-vascular and lung-parenchymal compartments 

following mucosal or systemic BCG. BALB/c mice were immunised IN or ID with BCG and 6 

weeks later intravascular staining was used to identify populations of lung parenchymal and 

lung vascular CD4+ T cells. (a) Frequency of lung-parenchymal and lung-vascular CD4+ T cells 

as a % of total CD4+ T cells isolated from the lung. Statistical comparison is between 

frequency of CD4+ T cells in both lung compartments compared with the same 

compartment across all groups. (b) Representative flow cytometry plots showing the 

proportions of lung-parenchymal and lung-vascular CD4+ T cells in the lungs of ID or IN BCG-

immunised mice. (c) Number of CD4+ T cells in the lung-parenchymal and lung-vascular 

compartments of animals immunised with BCG IN or ID. Statistical comparison is between 

number of CD4+ T cells in each compartment following ID BCG compared with the same 

compartment following IN BCG. For all graphs, bars represent mean values (n=6) and error 

bars show SEM. *** ρ ≤ 0.001, **** ρ ≤ 0.0001, two-way ANOVA with Sidak’s post-test. 

Data representative of two independent experiments with similar results. 
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5.2.2.2. Accumulation of lymphocytes in the lungs following IN BCG vaccination 

Examination of HE-stained histopathological tissue sections under light microscopy allowed 

evaluation of histological changes in the lung following IN BCG vaccination. In the lungs of 

vaccinated animals (Figure 5.3c&d), there were discrete clusters of lymphocytes present 

surrounding some blood vessels, including those in association with the airways. These 

clusters of lymphocytes were absent in the lungs of naïve animals (Figure 5.3a&b). 
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Figure 5.3 - Histopathological examination of the lungs of naïve and IN BCG-immunised 

mice. (a) and (b) Lung from naïve mouse. (c) and (d) Lung from IN BCG-immunised mouse 6 

weeks post-immunisation. All images are H&E stained. (a) and (b) are x100 magnification, 

(c) and (d) are x400 magnification. 
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5.2.2.3. IN BCG vaccination induces cytokine+ CD4+ T cells in the BAL and results in 

increased frequency of cytokine+ CD4+ T cells in the lung-parenchyma 

Both IN and ID BCG vaccination induced significant populations of cytokine+ CD4+ T cells in 

the lung-parenchyma, lung-vasculature and spleen compared to naïve mice (Figure 5.4). IN 

but not ID vaccination induced significant populations of cytokine+ CD4+ T cells in the BAL, 

compared to naïve mice. IN vaccination resulted in a significant increase in the frequency of 

cytokine+ CD4+ T cells in the lung-parenchyma, compared to ID vaccination. There was no 

difference in frequency of cytokine+ CD4+ T cells in the lung-vasculature between ID and IN-

vaccinated groups. 
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Figure 5.4 - Analysis of cytokine+ CD4+ T cells in different tissue compartments following 

ID or IN BCG. BALB/c mice were immunised IN or ID with BCG and 6 weeks later 
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intravascular staining followed by ICS was used to identify populations of lung-parenchymal 

and lung-vascular PPD-T-specific CD4+ T cells producing IFN-γ, TNF-α or IL-2 alone or in 

combination (cytokine+). Spleen and BAL were also harvested for ICS. Graphs show 

frequencies of cytokine+ CD4+ T cells in all compartments as a % of the total number of 

CD4+ T cells in the same compartment. Statistical comparison is between naïve and BCG 

(stars) and between IN and ID BCG (stars with brackets). Bars represent mean values (n=6) 

and error bars show SEM. **** ρ ≤ 0.0001, two-way ANOVA with Sidak’s post-test for lung 

and one-way ANOVA with Tukey’s post-test for Spleen and BAL. Data representative of two 

independent experiments with similar results. 
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5.2.2.4. Cell-surface immunophenotyping of antigen-specific CD4+ T cells induced 

following IN or ID BCG vaccination 

iii. Cytokine+ CD4+ T cells expressing a PD-1+ KLRG1- phenotype were exclusively 

present within the lung parenchyma and BAL following IN BCG vaccination 

Significant populations of cytokine+ CD4+ T cells expressing a PD-1+ KLRG1- phenotype were 

present within the lung parenchyma and BAL following IN BCG vaccination compared to 

naïve, and were not induced following ID BCG vaccination (Figure 5.5b). Significant 

populations of cytokine+ CD4+ T cells expressing the opposing PD-1- KLRG1+ phenotype 

were present in the lung-vascular compartment, lung-parenchymal compartment and BAL 

following IN BCG and in the lung-vascular compartment and spleen following ID BCG, both 

compared to naive. Representative flow cytometry plots show PD-1 and KLRG1 staining in 

the lung-parenchyma and lung-vasculature of IN-immunised animals, pre-gated on 

cytokine+ CD4+ T cells (Figure 5.5a). 

iv. Cytokine+ CD4+ T cells expressing CXCR3 were exclusively present within the lung 

parenchyma following IN BCG vaccination 

A significant population of cytokine+ CXCR3+ CD4+ T cells was present in the lung-

parenchyma following IN BCG, compared to naive (Figure 5.5c). Association of CXCR3 

expression with PD-1 and KLRG1 expression was investigated. CXCR3 was expressed on 

lung-parenchymal cytokine+ CD4+ T cells with both a PD-1+ KLRG1- and PD1- KLRG1+ 

phenotype (Figure 5.5d). There was a significantly greater frequency of CXCR3+ cells within 

the PD1+ KLRG1- population.  
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Figure 5.5 - Phenotype analysis of cytokine+ CD4+ T cells in different tissue compartments 

following ID or IN BCG. BALB/c mice were immunised IN or ID with BCG and 6 weeks later 

intravascular staining followed by ICS was used to identify populations of lung-parenchymal 

and lung-vascular PPD-T-specific CD4+ T cells producing IFN-γ, TNF-α or IL-2 alone or in 

combination (cytokine+). Spleen and BAL were also harvested for ICS. (a) Representative 

plots from an IN-immunised animal showing cytokine+ CD4+ T cells in the lung parenchymal 

and lung vascular compartments surface stained for PD-1 and KLRG1, pre-gated on 
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cytokine+ CD4+ T cells. (b) Frequency of cytokine+ CD4+ T cells expressing a PD-1+ KLRG1- or 

PD-1- KLRG1+ phenotype in mice receiving IN or ID BCG. Statistical comparison is between 

naïve and BCG-immunised groups for the same compartment. (c) Frequency of cytokine+ 

CD4+ T cells in the lungs and spleen expressing CXCR3 in mice receiving IN or ID BCG. 

Statistical comparison is between naïve and BCG-immunised groups for the same 

compartment. (d) Proportion of lung-parenchymal cytokine+ CD4+ T cells expressing CXCR3 

as well as PD1 or KLRG1 in mice receiving IN BCG. For (b), (c) & (d) bars represent mean 

values (n=6) and error bars show SEM. Two-way ANOVA with Tukey’s post-test (b) or 

Sidak’s post-test (c); **** p ≤ 0.0001, ***p  ≤ 0.001, ** p ≤ 0.01. Unpaired t-test (d); ** p  ≤ 

0.01. Data representative of two independent experiments with similar results. 
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5.2.2.5. BCG-induced cytokine+ CD4+ T cells display a dominance of multifunctional cells  

Significant populations of IFNγ+IL-2+TNF-α+ and IFNγ+IL-2-TNF-α+ CD4+ T cells are present in 

all compartments following IN BCG vaccination compared to naïve, and in the lung-vascular 

compartment, lung-parenchymal compartment and spleen following ID BCG vaccination 

compared to naïve (Figure 5.6). IFNγ-IL-2+TNF-α+ and IFNγ+IL-2-TNF-α- CD4+ T cells are 

present following IN BCG in the lung-parenchymal compartment, lung-vascular 

compartment and BAL compared to naïve. IFNγ-IL-2+TNF-α- CD4+ T cells are present in the 

lung-parenchyma and BAL following IN BCG vaccination compared to naïve. IFNγ-IL-2-TNF-

α+ CD4+ T cells are present in the lung-vascular and lung-parenchymal compartments 

following IN or ID BCG and in the BAL following IN BCG compared to naïve. 
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Figure 5.6 - Frequency of cytokine+ CD4+ T cells in the lungs, spleen and BAL producing 

each cytokine combination. BALB/c mice were vaccinated IN or ID with BCG. Six weeks 

post-vaccination lungs, spleen and BAL were harvested and lymphocytes stimulated with 

PPD-T before ICS to identify PPD-T-specific cells. Boolean gating analysis allowed 

identification of CD4+ T cells producing IFN-γ, TNF-α or IL-2 alone or in combination. Bars 

represent mean values (n=6) and error bars show SEM. Statistical comparison is between 

naïve and BCG-immunised groups. * ρ ≤ 0.05, ** ρ ≤ 0.01, *** ρ ≤ 0.001 **** ρ ≤ 0.0001, 

two-way ANOVA with Sidak’s post-test. Data representative of two independent 

experiments with similar results. 
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5.2.3. Protection against aerosol M.tb challenge in mice 26 weeks 

after IN or ID BCG vaccination 

In order to investigate whether BCG delivered IN or ID resulted in durable protective 

responses, groups of mice were vaccinated ID or IN with 2x105 CFU BCG and 26 weeks post-

vaccination all mice were challenged with 50-100 CFU M.tb Erdman via aerosol. Four weeks 

post-challenge lungs and spleens were harvested and plated to determine bacterial burden. 

A group of age-matched naïve mice formed the control group. 

5.2.3.1. IN and ID BCG vaccination confer protection against M.tb infection in the lung 

and spleen 26 weeks post-immunisation 

Mice vaccinated with BCG IN or ID had significantly lower bacterial burdens than control 

naïve mice in both their lungs and spleen (Figure 5.7). The lungs of control mice had a 

bacterial burden of 6.2 log10 CFU M.tb compared to 5.1 log10 CFU in IN BCG-immunised 

mice and 5.4 log10 CFU in ID-immunised mice (p ≤ 0.0001). The spleens of control mice had 

a bacterial burden of 5.4 log10 CFU M.tb compared to 3.1 log10 CFU in IN BCG-immunised 

mice and 3.7 log10 CFU in ID-immunised mice (p ≤ 0.0001). 
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Figure 5.7 - Protection against M.tb challenge 26 weeks post-BCG immunisation. BALB/c 

mice were immunised IN or ID with BCG and challenged 26 weeks later with M.tb via 

aerosol. Four weeks post-challenge, lungs and spleen were harvested for CFU enumeration. 

Individual log10 CFU counts are shown with bars indicating mean and error bars showing 

SEM (n ≥7). One-way ANOVA with Tukey’s post-test for significance; **** p ≤ 0.0001; ** p ≤ 

0.01. 
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5.2.4. Immunological differences at different time points following IN 

or ID BCG vaccination 

In order to investigate immunological changes over time following different routes of BCG 

vaccination, groups of mice were vaccinated IN or ID with 2x105 CFU BCG. A group of naïve 

mice formed the control group. At 3, 6 and 26 weeks post-vaccination, lungs, spleen and 

BAL were harvested, following intravascular staining. Isolated cells were stimulated with 

PPD-T and analysed by flow cytometry (Appendix – Flow cytometry panels 1 and 3). ICS was 

used to identify PPD-T-specific CD4+ T cells producing IFN-γ, IL-2, TNF-α or any combination 

of these (cytokine+). 

5.2.4.1. Frequency of lung-parenchymal CD4+ T cells remains stable following IN BCG 

vaccination 

Following IN BCG vaccination, lung-parenchymal CD4+ T cells comprised a significantly 

greater proportion of the total CD4+ T cell population isolated from the lung at weeks 3, 6 

and 26 post-vaccination, when compared to naïve and ID-vaccinated groups (Figure 5.8a). 

Proportions of lung-parenchymal and lung-vascular CD4+ T cells remain stable over time 

following IN BCG vaccination, with no significant differences when comparing animals at 3, 

6 and 26 weeks post-vaccination (Figure 5.8b). 
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Figure 5.8 - Analysis of total CD4+ T cells in lung-vascular and lung-parenchymal 

compartments at different time points following IN or ID BCG. BALB/c mice were 

immunised IN or ID with BCG. Three, 6 and 26 weeks later, intravascular staining was used 

to identify populations of lung-parenchymal and lung-vascular CD4+ T cells. (a) Frequency of 

lung-parenchymal and lung-vascular CD4+ T cells as a % of total CD4+ T cells isolated from 

the lung at each time point. Statistical comparison is between frequency of CD4+ T cells in 

each lung compartment with the same compartment across all groups. (b) Frequency of 

lung-parenchymal and lung-vascular CD4+ T cells as a % of total CD4+ T cells isolated from 

the lungs of IN-immunised mice at each time point. For all graphs, each dot represents an 

individual animal, bars represent mean values (n=6) and error bars show SEM. **** ρ ≤ 

0.0001, two-way ANOVA with Sidak’s post-test. 
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5.2.4.2.  IN BCG vaccination induces a greater frequency of cytokine+ CD4+ T cells in the 

lung-parenchyma and BAL at all time points 

IN BCG induced a significantly greater frequency of cytokine+ CD4+ T cells in the lung-

parenchyma and BAL than ID BCG at 3, 6 and 26 weeks post-vaccination (Figure 5.9a). 

When comparing IN-immunised mice at all time points, the frequency of cytokine+ CD4+ T 

cells was significantly greater in the lung-parenchyma at week 6 than week 26 (Figure 5.9b). 

The frequency of cytokine+ CD4+ T cells in the BAL was higher at week 26 than at either 

week 3 or week 6. 
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Figure 5.9 - Analysis of cytokine+ CD4+ T cells at different time points following ID or IN 

BCG. BALB/c mice were immunised IN or ID with BCG. Three, 6 and 26 weeks later, 

intravascular staining followed by ICS was used to identify populations of lung parenchymal 

and lung vascular PPD-T-specific CD4+ T cells producing IFN-γ, TNF-α or IL-2 alone or in 

combination (cytokine+). Spleen and BAL were also harvested for ICS. (a) Frequency of 

cytokine+ CD4+ T cells as a % of total CD4+ T cells isolated from the same compartment. 

Statistical comparison is shown between IN and ID BCG for the same compartment. (b) 

Frequency of cytokine+ CD4+ T cells as a % of total CD4+ T cells isolated from the same 

compartment of IN-immunised mice at each time point. Statistical comparison is shown 

between the same compartment at different time points. For all graphs, bars represent 

mean values (n=6) and error bars show SEM. **** ρ ≤ 0.0001, two-way ANOVA with Sidak’s 

post-test. 
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5.2.4.3. PD-1 KLRG1 cell-surface phenotype at different time points following IN or ID 

BCG 

IN BCG induced a significant population of cytokine+ PD-1+ KLRG1-  CD4+ T cells in the lung-

parenchyma at 3, 6 and 26 weeks post-vaccination, compared to naïve animals (Figure 

5.10a). Significant populations of cytokine+ PD-1- KLRG1+  CD4+ T cells were present in the 

lung-vascular compartment following ID BCG and both lung compartments following IN 

BCG at 3, 6 and 26 weeks post-vaccination, as well as in the spleen at 3 weeks and 26 weeks 

post-ID BCG vaccination, compared to naïve animals. In IN-immunised animals, the 

frequency of cytokine+ PD1+ KLRG1- CD4+ T cells was highest in the lung-parenchymal 

compartment of IN-immunised mice at 3 weeks post-immunisation, compared to both 6 

and 26 weeks post-immunisation (Figure 5.10b). At 26 weeks post-IN BCG, the frequency of 

cytokine+ PD1+ KLRG1- CD4+ T cells in the lung-parenchyma was lower than at 3 or 6 weeks 

post-vaccination. 
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Figure 5.10 - Phenotype analysis of cytokine+ CD4+ T cells at different time points 

following ID or IN BCG. BALB/c mice were immunised IN or ID with BCG. Three, 6 and 26 

weeks later, intravascular staining followed by ICS was used to identify populations of lung-

parenchymal, lung-vascular and splenic PPD-T-specific CD4+ T cells producing IFN-γ, TNF-α 

or IL-2 alone or in combination (cytokine+). (a) Frequency of cytokine+ CD4+ T cells 

expressing a PD-1+ KLRG1- or PD-1- KLRG1+ phenotype in mice receiving IN or ID BCG. 

Statistical comparison is between naïve and BCG-immunised groups for the same 

compartment. (b) Frequency of cytokine+ CD4+ T cells expressing a PD-1+ KLRG1- phenotype 

as a % of total CD4+ T cells isolated from the same compartment of IN-immunised mice at 

each time point. Statistical comparison is between the same compartment at different time 

points. For all graphs, bars represent mean values (n=6) and error bars show SEM. * ρ ≤ 

0.05, ** ρ ≤ 0.01, *** ρ ≤ 0.001 **** ρ ≤ 0.0001, two-way ANOVA with Sidak’s post-test. 
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5.3. Discussion 

Consistent with recent reports217, 275, mucosal IN BCG vaccination conferred superior 

protection in the lungs of mice infected 4 weeks previously with M.tb, compared to mice 

receiving systemic ID BCG vaccination, when the animals were challenged 6 weeks post-

immunisation. However, there was no significant difference in bacterial load in the spleens 

of mice receiving BCG by either route, suggesting that mucosal BCG induces locally 

protective mechanisms within the lungs, but does not afford additional protection against 

systemic dissemination of mycobacteria.  

The mechanism for this additional local protection has yet to be determined, however, 

experiments in this chapter have demonstrated that delivery of BCG via the IN route results 

in recruitment of CD4+ T cells from the periphery to the lung parenchyma, increasing the 

number of cells present at the primary site of infection. Additionally, within this larger 

population, there is an increased frequency of antigen-specific CD4+ T cells. Impairment of 

DC-mediated antigen presentation in the lung and delay of DC migration to the draining 

lymph nodes are mechanisms of immune evasion employed by M.tb upon entry to the 

lungs63, 129, 133-135. This interference with the onset of an effective adaptive immune 

response allows the bacterial population to expand within the lung for up to 18-20 days 

before antigen-specific T cells have accumulated in sufficient numbers to inhibit further 

bacterial growth78, 129, 131, 136, 137. The influx of CD4+ T cells into the parenchyma, observed in 

this chapter following mucosal BCG vaccination, may have been responsible for the 

enhanced protective efficacy against M.tb infection observed within this group, compared 

to systemically vaccinated animals. Having a greater number of local cells ready to respond 
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to bacterial invasion may help to control this early phase of M.tb growth. In accordance 

with this hypothesis, it has previously been shown that in the mouse, parenteral 

immunisation allowed M.tb to grow logarithmically in the lung for >10 days, while mucosal 

immunisation inhibited M.tb growth in the early phase after challenge139, 140. Srivastava et 

al.295 have demonstrated that direct recognition of M.tb-infected cells by CD4+ T cells  is 

required for control of infection in vivo. Therefore, it is logical that a greater presence of 

antigen-specific CD4+ T cells in the tissue of the lung, the initial entry point of bacteria, 

would facilitate control. 

IN BCG, but not ID BCG, induced an antigen-specific CD4+ T cell population in the BAL fluid. 

In agreement with this finding, several studies have demonstrated that TB vaccines 

delivered to the lung mucosa are able to elicit a T cell response within the airway lumen 

and restrict replication of M.tb in the first week following infection140, 292, 294, 296-299. These 

results indicate that airway luminal T cells may be able to provide a first line of defence 

against M.tb infection and should be considered as a target population when designing new 

vaccination regimes294. 

In order to further characterise the antigen-specific CD4+ T cells induced locally in the lung 

and airways and peripherally in the spleen following IN and ID BCG, expression of the cell-

surface markers PD-1 and KLRG1 was investigated. PD-1 and KLRG1 have been previously 

described as markers able to define different subsets of CD4+ T cells present during M.tb 

infection. PD-1-expressing CD4+ T cells have been shown to represent a subset of less-

differentiated cells, exhibiting a greater proliferative and protective capacity than KLRG1-

expressing cells127, 289. PD-1 is generally described as an inhibitory receptor which blocks T 

cell effector functions202. However, during M.tb infection, PD-1 deficiency leads to high 
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bacterial loads and rapid mortality following a low-dose aerosol challenge300. It has been 

suggested that this may be due to a requirement for the PD-1 pathway to control excessive 

inflammatory responses that lead to immunopathology301. Expression of KLRG1 has been 

associated with terminal differentiation289, and an inability of M.tb-specific CD4+ T cells to 

migrate into the lung-parenchyma and protect against M.tb infection126. One study 

describes a CD4+ KLRG1- IL-2-secreting CD4+ T cell population as a central memory subset 

with pronounced proliferative capacity and the ability to control bacterial growth in the 

later stages of M.tb infection207.  

PD-1 and KLRG1 expression has also been investigated in humans following TB treatment 

and BCG vaccination302. It was found that TB-treated individuals had increased levels of 

KLRG1 expression on CD4+ T cells, whilst BCG-vaccinated individuals had increased levels of 

KLRG1 expression on CD8+ T cells, and this correlated with decreased proliferative capacity. 

In contrast, PD1+ T cells taken from BCG-vaccinated volunteers were able to proliferate 

following in vitro BCG-stimulation. This indicates that studying expression of these markers 

is valuable not only in animal models but also in human clinical trials, and suggests that 

comparisons may be able to be drawn between different study populations. 

Data presented within this chapter reveal that an antigen-specific CD4+ T cell population 

with PD1+ KLRG1- cell-surface expression was only induced following IN BCG vaccination 

and was exclusively present within the lung-parenchyma and airways. This suggests that 

delivery of antigen via the mucosal route is critical for development of cells expressing this 

phenotypic combination, a subset of cells reportedly capable of providing enhanced 

protection against M.tb infection. 
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Expression of CXCR3 on antigen-specific CD4+ T cells in the lung and spleen was also 

investigated, as this has been described as representing a population of CD4+ T cells 

capable of localising to the lung-parenchyma during M.tb infection126. It was found that 

CXCR3 expression was only present on lung-parenchymal CD4+ T cells following IN BCG 

vaccination. This is in contrast to recent studies by Woodworth et al.218 and Jeyanathan et 

al.292 which describe induction of antigen-specific T cells expressing CXCR3 following 

systemic immunisation. However, these studies used a subunit or viral-vectored TB vaccine 

rather than BCG, and it may be the case that these are better able to induce cells 

expressing this parenchyma-localising phenotype. This should be investigated further, as it 

has implications for future vaccine design. 

The relationship between expression of PD-1, KLRG1 and CXCR3 on antigen-specific lung-

parenchymal CD4+ T cells following IN BCG was investigated, and it was found that whilst 

CXCR3 is expressed on cells with both a PD-1+ KLRG1- and PD1- KLRG1+ phenotype, there 

was a greater frequency of CXCR3+ cells within the PD1+ KLRG1- population. Based on 

existing studies within the literature, this suggests that IN BCG induces a population of cells 

with memory-like capacities, able to localise to the parenchyma of the lung. 

Histopathology was performed to identify the location of lymphocytic infiltrates in the lung 

6 weeks following mucosal BCG vaccination. This revealed that lymphocytes appeared to be 

accumulating in discrete clusters surrounding blood vessels, including those in association 

with the airways, rather than being present diffusely throughout the lung. However, the 

H&E staining used allows for identification of cells based on morphology alone and only 

reveals information about their location at a single point in time. It is also not possible to 

analyse these images quantifiably to generate data for statistical comparison.  Use of 
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immunohistochemistry, both chromogenic and fluorescent, would provide valuable 

additional information to the images presented here, through allowing individual 

identification of CD4+ and CD8+ T cells as well as other cell-surface phenotypic markers of 

interest such as PD-1, KLRG1 and CXCR3. Other studies have utilised these techniques to 

study CD4+ TRM in the context of infection with M.tb121, 126, 217 and influenza123. However, 

only one of these papers has utilised immunohistochemistry to identify cells in the lung 

following mucosal BCG vaccination217. Perdomo et al.217 report that 60 days after intra-

tracheal BCG vaccination, histological examination of the lungs revealed greater cell 

infiltration than in the lungs of naïve or systemically-vaccinated mice, with many of these 

infiltrating cells being identified as CD4+ T cells. However, in contrast to data presented in 

this chapter, the authors describe this infiltration as a transient effect, reporting that 45 

days later, no significant difference in the total number of T cells in the lung was observed 

between groups. Experiments in this chapter show that numbers of CD4+ T cells in the lung-

parenchyma remained significantly higher in mucosally BCG-vaccinated animals than 

systemically-vaccinated or control animals up to 182 days following immunisation. This 

difference between data from the aforementioned study and work included here may be 

accounted for by the fact that animals in the study were infected with M.tb 60 days after 

vaccination, and it was 45 days following infection that the second measurements of 

cellular infiltration were made. In the data from this thesis, cellular infiltration was only 

investigated following vaccination alone, not in the context of pathogenic challenge. The 

study suggests that infection changes the dynamics of this response, therefore future work 

could be conducted to investigate the population of lung-parenchymal CD4+ T cells, 

identified by intravascular staining, following M.tb infection. 
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Protection against M.tb infection was also assessed 26 weeks post-BCG vaccination via IN 

and ID routes, in order to determine whether both routes of administration provided 

durable protection. There was significant protection compared to naïve animals in the lungs 

and spleens of mice in both immunised groups, however, there was no longer statistically 

significantly enhanced protection in the lungs of IN compared to ID-immunised mice, 

despite a trend towards this. This may be due to the fact that the frequency of antigen-

specific CD4+ T cells present in the lung-parenchyma of IN-immunised mice had significantly 

decreased from week 6 to week 26 post-vaccination, as well as the proportion of cells 

within this compartment expressing a PD-1+ KLRG1- phenotype, thought to be protective 

against M.tb infection. Interestingly, the frequency of antigen-specific CD4+ T cells present 

in the BAL fluid of IN-immunised mice significantly increased from week 6 to week 26, 

suggesting that these cells alone are not sufficient for enhanced protection, and lung-

parenchymal CD4+ T cells do have a critical role to play.  

In accordance with the protection data presented in this chapter, Derrick et al.276 

demonstrated significant improvements in protection in the lungs of IN BCG-immunised 

mice compared to ID-immunised mice at 2 and 4 months post-vaccination. When 

protection was investigated at 8 and 10 months post-vaccination, no significant differences 

in pulmonary protection were observed between the two groups. However, in contrast to 

the findings presented in this chapter, the authors of this study also report significantly 

elevated protective responses in the spleens of the IN-immunised mice at 2, 4, 8 and 10 

months post-vaccination, compared to the ID-immunised mice. It is not clear why these 

differences exist. A similar dose of BCG was used in both experiments, delivered 

intranasally following a similar protocol, and all mice were challenged with M.tb via 
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aerosol. However, the study used Pasteur BCG rather than Danish, and C57BL/6 mice rather 

than BALB/c, as well as delivering double the dose of infectious M.tb to each animal. 

Further work is required to determine if these factors are responsible for the differing 

results. The study authors also report higher frequencies of CD4+ and CD8+ T cells producing 

IFN-γ in the spleens of the IN-immunised compared to the ID-immunised mice at all time 

points. Despite the fact that this was not observed in the experiments presented in this 

chapter, it does seem to confirm that the presence of higher frequencies of antigen-specific 

T cells within an organ correlates with enhanced protection in that organ. Further work is 

required to elucidate the underlying mechanisms behind these differences and to 

determine new vaccination approaches which may help to maintain the enhanced 

protection afforded in the lung by mucosal BCG, over longer periods of time post-

vaccination. 

In conclusion, results presented in this chapter reveal that mucosal delivery of BCG 

provides enhanced protection in the lungs of mice challenged with M.tb 6 weeks post-

vaccination, when compared to mice immunised systemically with BCG. This enhanced local 

protection appears to correlate with the presence of larger numbers of CD4+ T cells in the 

lung-parenchyma, a greater frequency of antigen-specific CD4+ T cells within this 

population and the presence of antigen-specific CD4+ T cells in the BAL fluid. A proportion 

of these IN BCG-induced antigen-specific CD4+ T cells in the parenchyma and BAL expressed 

a PD1+ KLRG1- cell-surface phenotype, associated with enhanced protection against M.tb 

infection. This suggests that mucosal BCG vaccination does induce specific local protective 

effects in the lung, and identifies lung-parenchymal CD4+ T cells as a key component of this 

response. 
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Chapter 6.  

Protective efficacy of lung 
tissue-resident CD4+ T cells 
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6.1. Introduction 

In the previous chapter, it was established that the presence of larger numbers of CD4+ T 

cells in the lung-parenchyma appeared to correlate with enhanced protection against 

aerosol M.tb challenge in the lung. In light of this finding, it was important to further 

investigate potential mechanisms underlying this enhanced protection and to determine 

whether these cells were capable of conferring protection to a naïve mouse following 

adoptive transfer. 

Work presented in the previous chapter revealed that a proportion of antigen-specific lung-

parenchymal CD4+ T cells displayed a PD1+KLRG1- phenotype following intranasal BCG 

vaccination. This phenotype is described in the literature as ‘memory-like’, representing 

cells which are not terminally differentiated and retain the capacity to proliferate upon 

adoptive transfer126, 127, 207, 289. It is important to establish whether intranasal BCG 

vaccination does induce CD4+ T cells within the lung-parenchymal compartment that are 

able to proliferate and to determine how the proliferative capacity of this compartment 

compares to the lung-vascular compartment and spleen. This may reveal an important 

difference between the populations of CD4+ T cells found in different locations and may 

suggest a mechanism for the enhanced protection seemingly afforded by lung-parenchymal 

CD4+ T cells. One of the aims of this chapter was to utilise expression of Ki67 to identify 

CD4+ T cells from lung and spleen, following intranasal BCG vaccination, which actively 

proliferate upon stimulation with cognate antigen. Ki67 is a well-established marker of 

proliferation and has been shown to be expressed during all the active phases of the cell 

cycle, but not in resting cells, in both humans303-307 and animal models308-312. 
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Seminal work by Sakai et al. investigating the role of lung-parenchymal CD4+ T cells during 

M.tb infection revealed that M.tb-specific lung-parenchymal CD4+ T cells, taken from M.tb-

infected mice, migrate back into the lung-parenchyma following adoptive transfer and 

provide greater control of M.tb infection compared to lung-vascular CD4+ T cells126. A 

subsequent study by Moguche et al. also found that M.tb-specific lung-parenchymal 

PD1+KLRG1- CD4+ T cells confer superior protection against M.tb infection following 

adoptive transfer, when compared with lung-vascular PD1-KLRG1+ CD4+ T cells127.  

To date, no data have been published on adoptive transfer of lung-parenchymal CD4+ T 

cells, identified using intravascular staining, following vaccination against TB. Woodworth et 

al. recently published the first study describing adoptive transfer of vaccine-specific lung-

vascular CD4+ T cells following immunisation with a subunit TB vaccine, but this did not 

include any data on transfer of lung-parenchymal CD4+ T cells218. The authors report that 

vaccine-specific lung-vascular CD4+ T cells are able to traffic to the lung-parenchyma 

following adoptive transfer, but they do not assess protection against subsequent M.tb 

infection. Another recent paper by Perdomo et al. investigates adoptive transfer of lung 

airway but not parenchymal CD4+ and CD8+ T cells from mice following mucosal BCG 

vaccination217. They report that mucosal transfer of these airway populations confers 

protection against M.tb infection. 

It is important to establish whether lung-parenchymal CD4+ T cells, induced following 

mucosal BCG vaccination, display the same lung-homing characteristics as described in the 

context of M.tb infection. It is also critical to determine whether they are able to confer 

protection against M.tb infection following adoptive transfer into naïve recipients. Work 

contained within this chapter aims to address these questions with a series of adoptive 
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transfer experiments involving the use of congenic BALB/c mice and aerosol M.tb challenge 

experiments. 
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6.2. Results 

6.2.1. Proliferative capacity of lung-parenchymal CD4+ T cells following 

intranasal (IN) BCG vaccination 

To investigate the proliferative capacity of lung-parenchymal CD4+ T cells, expression of 

Ki67 was analysed in mice vaccinated IN with BCG. Six weeks post-immunisation, lungs and 

spleen were harvested following intravascular staining. Fluorescence activated cell sorting 

(FACS) was used to sort lung CD4+ T cells based on intravascular staining. This enabled 

isolation of lung-parenchymal and lung-vascular CD4+ T cells. Spleens were sorted by FACS 

to obtain CD4+ T cells. Naïve control mice had total lungs and spleen cells sorted by FACS 

for CD4+ T cells, without intravascular staining. After sorting, CD4+ T cells were cultured 

with PPD-T for 3 days before staining for Ki67 and analysis by flow cytometry (Appendix – 

Flow cytometry Ki67 panel). The experiment was repeated three times with n=6 mice per 

group in each experiment, and pooled data from all three experiments, which all showed 

the same result, are presented.  

6.2.1.1. IN BCG vaccination induces Ki67+ CD4+ T cells in the lung and spleen 

IN BCG vaccination induced significant populations of Ki67+ CD4+ T cells in the lung-

parenchyma (Figure 6.1a) and spleen (Figure 6.1b) compared to naïve controls. In the lung, 

the frequency of Ki67+ CD4+ T cells in the lung-parenchymal compartment was significantly 

greater than in the lung-vascular compartment (Figure 6.1a). 
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6.2.1.2. Frequency of Ki67+ CD4+ T cells is highest in the lung-parenchyma following IN 

BCG vaccination 

IN BCG vaccination induced a significantly higher frequency of Ki67+ CD4+ T cells in the lung-

parenchyma compared to the lung-vasculature and spleen (Figure 6.1c). 
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Figure 6.1 - Ki67 staining. BALB/c mice received IN BCG immunisation and were 

euthanased 6 weeks later following intravascular staining. Lungs were FACS sorted into 

lung-parenchymal and lung-vascular CD4+ T cells. Spleens were sorted by FACS to obtain 

CD4+ T cells. Naïve control animals had total lung and spleen sorted for CD4+ T cells, 

without intravascular staining. Cells were cultured for 3 days with PPD-T (stimulated) or 
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without PPD-T (unstimulated) before staining for Ki67 as a marker of proliferation. For all 

graphs, each point respresents pooled cells from 3 mice. Data are pooled from 3 

independent experiments. To account for non-specific expression of Ki67, unstimulated 

values were subtracted from stimulated. (a) Frequency of Ki67+ CD4+ T cells in the total lung 

of naïve mice and the lung-parenchyma and lung-vasculature of BCG-immunised mice. (b) 

Frequency of Ki67+ CD4+ T cells in the spleen of naïve and BCG-immunised mice. (c) 

Frequency of Ki67+ CD4+ T cells in the spleen and lung of BCG-immunised mice. For all 

graphs, bars represent mean values (n=6) and error bars show SEM. * ρ ≤ 0.05, ** ρ ≤ 0.01, 

one-way ANOVA with Tukey’s post-test comparing BCG with control and all compartments 

with each other. 



153 

 

6.2.2. Homing capacity of CD4+ T cells following adoptive transfer 

In order to investigate whether lung-parenchymal CD4+ T cells are able to return to the lung 

following adoptive transfer, congenic BALB/c mice expressing CD90.1 on T cells were 

vaccinated IN with BCG and euthanased 6 weeks later following intravascular staining. FACS 

was used to sort lung CD4+ T cells based on intravascular staining. This enabled isolation of 

lung-parenchymal and lung-vascular CD4+ T cells. Spleen cells were sorted by FACS to 

obtain CD4+ T cells. Naïve control animals had lungs harvested and sorted by FACS to obtain 

total CD4+ T cells, without intravascular staining. After sorting, CD90.1+ CD4+ T cells were 

transferred into naïve non-congenic recipient BALB/c mice via intravenous injection. 

Groups of recipient mice received CD90.1+ CD4+ T cells from the lung-vasculature, lung-

parenchyma or spleen of immunised donor mice or CD90.1+ CD4+ T cells taken from the 

total lung of naïve mice. In the groups receiving lung-vascular or lung-parenchymal CD90.1+ 

CD4+ T cells, equal numbers of mice received cells from 1 donor mouse and from 2 donor 

mice. 24 hours following adoptive transfer, recipient mice were euthanased following 

intravascular staining and lungs and spleen were harvested and analysed by flow cytometry 

to identify donor CD90.1+ CD4+ T cells present in both organs (Appendix – Flow cytometry 

adoptive transfer panel). 

6.2.2.1. Numbers of CD90.1+ CD4+ T cells found in the lungs and spleen of recipient mice 

following adoptive transfer varied between groups 

Initial data analysis revealed that numbers of CD90.1+ CD4+ T cells found in the lungs and 

spleen of recipient mice following adoptive transfer varied between groups. The number of 
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donor splenic CD90.1+ CD4+ T cells found in the spleen of recipients was significantly higher 

than numbers of donor CD90.1+ CD4+ T cells from all other compartments (Figure 6.2a). 

Numbers of CD90.1+ CD4+ T cells transferred from the spleen of 1 donor mouse or lung-

vasculature of 2 donor mice were significantly higher in the spleens of recipients than in 

either lung compartment. 

6.2.2.2. Numbers of CD90.1+ CD4+ T cells transferred to each recipient differed between 

groups 

The above analysis (Figure 6.2a) revealed that numbers of donor CD90.1+ CD4+ T cells found 

in the lungs and spleen of recipient animals, varied between groups. However, this finding 

is unable to take into account the fact that numbers of CD90.1+ CD4+ T cells transferred to 

recipients varied between groups, with numbers of splenic CD4+ T cells transferred being 

significantly higher than all other groups (Figure 6.2b). 

6.2.2.3. Frequency of CD90.1+ CD4+ T cells transferred from the lung-parenchyma of BCG-

immunised mice was highest in the lung-parenchyma of recipient mice following 

adoptive transfer 

In order to account for differences in the size of each compartment, CD90.1+ CD4+ T cells as 

a percentage of total CD4+ T cells in each compartment are presented. In the lung-

vasculature and spleen, the frequency of CD90.1+ CD4+ T cells transferred from the spleen 

was significantly higher than frequency of CD90.1+ CD4+ T cells transferred from the lung-

vasculature, lung-parenchyma or total naïve lung (Figure 6.2c). In the lung-parenchyma, 

frequency of CD90.1+ CD4+ T cells transferred from the spleen was significantly higher than 
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frequency of CD90.1+ CD4+ T cells transferred from total naïve lung. In order to make a 

comparison between animals receiving equal numbers of CD90.1+ CD4+ T cells, groups 

receiving lung-parenchymal CD4+ T cells from 2 donors, lung-vascular CD4+ T cells from 1 

donor or total naïve lung from 1 donor were analysed as they all received ~1.8x105 CD90.1+ 

CD4+ T cells (Figure 6.2d). In this analysis, frequency of CD90.1+ CD4+ T cells transferred 

from the lung-parenchyma was significantly higher in the recipient lung-parenchyma than 

frequency of CD90.1+ CD4+ T cells transferred from the lung-vasculature or total naïve lung. 

Frequencies of CD90.1+ CD4+ T cells found in the lung-vasculature and spleen were not 

significantly different regardless of whether they were transferred from lung-parenchyma, 

lung-vasculature or total naïve lung. 
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Figure 6.2 - Homing of CD4+ T cells following adoptive transfer. Congenic BALB/c mice 

expressing CD90.1 on T cells received IN BCG immunisation and were euthanased 6 weeks 

later following intravascular staining. Lungs were FACS sorted into lung-parenchymal and 

lung-vascular CD4+ T cells. Spleens were sorted by FACS to obtain CD4+ T cells. Naïve control 

animals had total lung and spleen sorted for CD4+ T cells, without intravascular staining. 
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CD4+ T cells were transferred via intravenous injection into non-congenic recipient BALB/c 

mice. Groups of recipient mice received CD4+ T cells from the lung-vasculature, lung-

parenchyma or spleen of immunised donor mice or CD4+ T cells taken from the total lung of 

naïve mice. In the groups receiving lung-vascular or lung-parenchymal CD4+ T cells, equal 

numbers of mice received cells from 1 donor mouse and from 2 donor mice. Data shown is 

pooled from 2 independent experiments. (a) Numbers of CD90.1+ CD4+ T cells recovered 

from the lungs and spleen of recipient mice 24 hours after adoptive transfer. (b) Numbers 

of CD90.1+ CD4+ T cells transferred to recipient animals, measured through counting on a 

haemocytometer prior to adoptive transfer. (c) Frequency of CD90.1+ CD4+ T cells in the 

spleen and lungs of donor mice 24 hours after adoptive transfer as a % of total CD4+ T cells 

in that compartment. (d) Frequency of CD90.1+ CD4+ T cells in the spleen and lungs of 

donor mice 24 hours after adoptive transfer as a % of total CD4+ T cells in that 

compartment. Data shown just for mice receiving naïve lung CD4+ from 1 donor, lung-

parenchymal CD4+ from 2 donors and lung-vascular CD4+ from 1 donor, all receiving 

~1.8X105 CD90.1+ CD4+ T cells. For all graphs except (b), bars represent mean values (n=6) 

and error bars show SEM. Two-way ANOVA with Sidaks post-test comparing groups 

receiving donor cells from different tissues within and between recipient organs. For graph 

(b), bars represent mean values (n=2) and error bars show SEM. One-way ANOVA with 

Tukey’s post-test. * ρ ≤ 0.05, **** ρ ≤ 0.0001. 
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6.2.3. Protection against aerosol M.tb challenge in naïve mice 

receiving CD4+ T cells adoptively transferred from BCG-immunised 

mice 

In order to determine the protective capacity of CD4+ T cells from the lung-parenchyma and 

lung-vasculature, BALB/c mice received BCG IN and were euthanased 6 weeks later 

following intravascular staining. FACS was used to sort lung CD4+ T cells based on 

intravascular staining. This enabled isolation of lung-parenchymal and lung-vascular CD4+ T 

cells. Naïve control animals also had lungs harvested without intravascular staining and 

sorted by FACS to obtain total CD4+ T cells. After sorting, CD4+ T cells were transferred into 

naïve recipient BALB/c mice via intravenous injection.  Groups of recipient mice received 

CD4+ T cells from the lung-vasculature or lung-parenchyma of immunised donor mice or 

CD4+ T cells taken from the total lung of naïve mice. In the groups receiving lung-vascular or 

lung-parenchymal CD4+ T cells, equal numbers of mice received cells from 1 donor mouse 

and from 2 donor mice. 24 hours following adoptive transfer, recipient mice were 

challenged with M.tb via aerosol. 4 weeks post-challenge, mice were euthanased and lungs 

and spleen were harvested for CFU enumeration. 

6.2.3.1. Adoptive transfer of CD4+ T cells from the lung-vasculature of BCG-immunised 

mice results in significantly reduced bacterial burden in the lungs following 

aerosol M.tb challenge 

Following aerosol M.tb challenge, there was a significant reduction in bacterial burden in 

the lungs of mice receiving lung-vascular CD4+ T cells from 2 donors compared to naïve 
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control animals (Figure 6.3a). The lungs of control mice had a bacterial burden of 7.0 log10 

CFU M.tb compared to 6.5 log10 CFU in mice receiving lung-vascular CD4+ T cells from 2 

donors (ρ ≤ 0.05), equating to a 0.5 log10 CFU reduction. There was no significant reduction 

in bacterial burden in the lungs of recipient mice in any other group or in the spleens of 

recipient mice in any group. 

6.2.3.2. Numbers of CD4+ T cells transferred to each recipient differed between groups 

The numbers of CD4+ T cells transferred to recipients was variable between groups (Figure 

6.3b). Statistical analysis was not possible as cells were pooled prior to transfer so values 

shown on the graph indicate total number of CD4+ T cells sorted divided by number of 

recipient animals. 
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Figure 6.3 - Protection against aerosol M.tb challenge following adoptive transfer. BALB/c 

mice received IN BCG immunisation and were euthanased 6 weeks later following 

intravascular staining. Lungs were FACS sorted into lung-parenchymal and lung-vascular 

CD4+ T cells. Naïve control animals had total lung sorted for CD4+ T cells, without 

intravascular staining. CD4+ T cells were transferred via intravascular injection into recipient 

BALB/c mice. Groups of recipient mice received CD4+ T cells from the lung vasculature or 

lung parenchyma of immunised donor mice or CD4+ T cells taken from the total lung of 

naïve mice. In the groups receiving lung-vascular or lung-parenchymal CD4+ T cells, equal 

numbers of mice received cells from 1 donor mice and from 2 donor mice. 24 hours after 

adoptive transfer, recipient mice were challenged with M.tb via aerosol. Four weeks post-

challenge, lungs and spleen were removed for CFU enumeration. (a) Individual log10 CFU 

counts are shown from the lungs and spleen with bars indicating mean and error bars 
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showing SEM (n ≥ 3 mice per group). * ρ ≤ 0.05, one-way ANOVA with Tukey’s post-test for 

significance. (b) Numbers of CD90.1+ CD4+ T cells transferred to recipient animals, 

measured through counting on a haemocytometer prior to adoptive transfer.  
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6.2.4. Protection against aerosol M.tb challenge in naïve mice 

receiving standardised numbers of CD4+ T cells adoptively 

transferred from BCG-immunised mice 

In Figure 6.3 it was shown that mice receiving CD4+ T cells from the lung-vasculature of 2 

donors had reduced bacterial burden in the lungs following aerosol challenge with M.tb, 

compared to naïve control mice. In order to determine whether this can be explained by 

the higher number of CD4+ T cells transferred to recipient mice in this group, standardised 

numbers of CD4+ T cells were transferred from the lung-vasculature, lung-parenchyma and 

total naïve lung of donor mice. BALB/c mice received BCG IN and were euthanased 6 weeks 

later following intravascular staining. FACS was used to sort lung CD4+ T cells based on 

intravascular staining. This enabled isolation of lung-parenchymal and lung-vascular CD4+ T 

cells. Naïve control animals also had lungs harvested without intravascular staining and 

sorted by FACS to obtain total CD4+ T cells. After sorting, CD4+ T cells were pooled and 

~5.5x105 CD4+ T cells were transferred into naïve recipient BALB/c mice via intravenous 

injection. Twenty-four hours following adoptive transfer, recipient mice were challenged 

with M.tb via aerosol. Four weeks post-challenge mice were euthanased and lungs and 

spleen were harvested for CFU enumeration. 
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6.2.4.1. Adoptive transfer of ~ 5.5x105 CD4+ T cells from the lung-vasculature of BCG-

immunised mice results in significantly reduced bacterial burden in the lungs 

following aerosol M.tb challenge 

In the lungs of recipient mice following aerosol challenge, there was a significant reduction 

in bacterial burden in the group receiving lung-vascular CD4+ T cells compared to naïve 

control animals (Figure 6.4). The lungs of control mice had a bacterial burden of 7.0 log10 

CFU M.tb compared to 6.6 log10 CFU in mice receiving lung-vascular CD4+ T cells from 2 

donors (ρ ≤ 0.05), equating to a 0.4 log10 CFU reduction.  There was no significant reduction 

in bacterial burden in the lungs of recipient mice in any other group or in the spleens of 

recipient mice in any group. 
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Figure 6.4 - Protection against aerosol M.tb challenge following adoptive transfer of 

standardised numbers of CD90.1+ CD4+ T cells. BALB/c mice received intranasal BCG 
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immunisation and were euthanased 6 weeks later following intravascular staining. Lungs 

were FACS sorted into lung-parenchymal and lung-vascular CD4+ T cells. Naïve control 

animals had total lung sorted for CD4+ T cells, without intravascular staining. CD4+ T cells 

were transferred via intravenous injection into recipient BALB/c mice. Groups of recipient 

mice received ~ 5.5x105 CD4+ T cells from the lung vasculature or lung parenchyma of 

immunised donor mice or ~ 5.5x105 CD4+ T cells taken from the total lung of naïve mice. 24 

hours after adoptive transfer, recipient mice were challenged with M.tb via aerosol. Four 

weeks post-challenge, lungs and spleen were removed for CFU enumeration. Individual 

log10 CFU counts are shown for the lung (a) and spleen (b) with bars indicating mean and 

error bars showing SEM (n≥3 mice per group). * ρ ≤ 0.05, one-way ANOVA with Tukey’s 

post-test for significance.  
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6.3. Discussion 

Data included in this chapter reveals that CD4+ T cells present within the lung-parenchyma 

following intranasal BCG vaccination have enhanced proliferative capacity compared to 

CD4+ T cells present within the lung-vasculature or the spleen. The ability to proliferate 

suggests that these cells are memory, rather than terminally differentiated effector T cells. 

This is consistent with data included in the previous chapter describing in the lung-

parenchyma the presence of antigen-specific CD4+ T cells with a PD1+KLRG1- phenotype, 

associated with non-terminal differentiation126, 127, 207, 289. The finding that lung-

parenchymal CD4+ T cells appear to have greater memory potential, as determined by 

proliferation, may explain the apparent correlation described in the previous chapter 

between presence of greater numbers of lung-parenchymal CD4+ T cells and enhanced 

protection against M.tb infection in the lung. It suggests that mucosal BCG is able to induce 

a population of CD4+ T cells within the lung tissue able to respond to pathogenic challenge 

in situ through clonal expansion. 

In order to truly establish these lung-parenchymal CD4+ T cells as the population 

responsible for enhanced protection against M.tb infection, a series of adoptive transfer 

experiments were conducted. Studies published in the existing literature describe adoptive 

transfer of lung-parenchymal CD4+ T cells from M.tb-infected mice126, 127. In these studies, 

the cells are shown to be able to migrate back to the lung-parenchyma of the recipient 

mice and confer protection against subsequent M.tb infection. However, the transfer is 

performed into either infection-matched recipients or T cell-deficient recipients.  
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In infection-matched recipients, the lung will be undergoing a process of active 

inflammation which may result in non-specific recruitment of T cells. Thus it is unclear 

whether the migration of donor parenchymal T cells to the parenchyma is a result of 

inherent lung-homing capacity. It is for this reason that experiments presented in this 

chapter involve adoptive transfer into naïve recipients rather than infected animals. Sakai 

et al. do demonstrate increased efficiency of migration into the parenchyma by the 

parenchymal donor cells, compared to those taken from the lung-vasculature; however 

entry to the parenchyma is not exclusively restricted to cells originating in the parenchyma, 

with cells of lung-vascular origin also entering the tissue126. This is consistent with findings 

presented in this chapter, where CD4+ T cells taken from the lung-parenchyma, lung-

vasculature and spleen of BCG-immunised mice all entered the lung-parenchyma of naïve 

recipient animals following adoptive transfer.  

A limitation of the experiment presented here was the difference in numbers of CD4+ T cells 

from each tissue compartment transferred to recipients. In order to account for this, data 

from groups receiving naïve total lung CD4+ T cells from 1 donor, lung-parenchymal CD4+ T 

cells from 2 donors and lung-vascular CD4+ T cells from 1 donor was analysed separately, as 

in these groups recipient animals received roughly equivalent numbers of cells. This 

analysis revealed a higher frequency of lung-parenchymal donor cells present in the lung-

parenchyma of recipients, compared to lung-vascular or naïve total lung donor CD4+ T cells. 

This is in keeping with the increased efficiency of migration reported by Sakai et al126. 

In order to determine the ability of transferred cells to confer protection against M.tb 

infection, experiments were performed in which recipient animals were challenged with 

M.tb via aerosol following adoptive transfer. In the published studies demonstrating 
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protection by lung-parenchymal CD4+ T cells transferred from M.tb-infected donors, 

recipient animals were all T cell-deficient126, 127. Concerns have been raised over the validity 

of using immunodeficient mice as a model for studying CD4+ T cell-mediated protection 

against tuberculosis313. Colitis and systemic chemokine response in immunodeficient 

recipients following transfer of CD4+ T cells from either naïve or BCG-vaccinated mice has 

been reported, which may affect their responses to mycobacterial challenge. Another 

indication that this model may not reflect responses in immunocompetent animals is the 

observation that both CD4+ T cells transferred from naïve mice and CD62Lhi CD4+ T cells 

transferred from BCG-immunised mice proliferated and developed an activated effector 

phenotype in the lungs of recipient mice, whether or not they were challenged with 

infectious mycobacteria313.  

In order to more accurately reflect the situation of natural infection in an 

immunocompetent host, adoptive transfer experiments conducted here were performed 

with fully immunocompetent naïve recipient mice. This may have made it more challenging 

to be able to observe protection in these recipient animals following aerosol M.tb 

challenge, however, it was observed in two separate experiments that CD4+ T cells 

transferred from the lung-vasculature of BCG-immunised mice were able to confer some 

protection in the lungs of recipient mice post-challenge. The first challenge experiment 

described had the same limitation as the lung-homing experiment, as the numbers of CD4+ 

T cells from each tissue compartment transferred to recipients differed between groups. 

Protection was observed in the lungs of mice receiving lung-vascular CD4+ T cells from 2 

donors, but not from 1 donor, implying that there is a minimum number of cells which must 

be transferred in order for protection to be detectable. In order to overcome this limitation 
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in the second challenge experiment, numbers of cells transferred were standardised 

between groups and increased in order to ensure that they exceeded the threshold 

determined by the previous experiment, below which protection was not observed. This 

introduced technical difficulties, as obtaining the required number of CD4+ T cells for 

transfer into recipients was challenging, resulting in low group numbers. Therefore, whilst 

protection could again be observed in the group receiving lung-vascular CD4+ T cells, 

statistically significant protection was not achieved in the group receiving lung-

parenchymal CD4+ T cells, despite a trend towards lower bacterial burden in the lungs. 

These experiments suggest that CD4+ T cells transferred from the lungs of mice immunised 

intranasally with BCG are able to confer protection against M.tb challenge in naïve mice, 

but do not demonstrate any enhancement of protection conferred by the transfer of CD4+ T 

cells obtained specifically from the lung-parenchyma of donor animals. This may be 

explained by the observation in the lung-homing experiment that very few of the CD4+ T 

cells transferred from either compartment of the lungs actually migrated into the lung-

parenchyma of recipient animals. Experiments described in the previous chapter indicate 

that enhanced protection against M.tb infection in the lung appears to be related to 

increased numbers of CD4+ T cells being present within the parenchyma. In these adoptive 

transfer experiments, recipient mice had comparatively few CD4+ T cells present within the 

parenchyma. If protection is dependent on the number of antigen-specific CD4+ T cells in 

situ within the parenchyma, ready to respond to pathogenic challenge, then this may 

explain the relative lack of protection observed in the experiments in this chapter when 

compared to levels of protection observed in the previous chapter. 
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One of the aims of this chapter was to demonstrate a tropism for lung tissue in the lung-

parenchymal CD4+ T cell population, therefore validating their description as a putative 

‘tissue-resident’ population. However, upon adoptive transfer this population circulated to 

the lung-vasculature and spleen as well as the lung-parenchyma and didn’t afford 

statistically significant protection against M.tb infection in recipient animals. Interestingly, 

Woodworth et al. recently described a population of circulating CD4+ T cells, induced by a 

subunit vaccine against TB, which share phenotypic characteristics of lung-parenchymal 

CD4+ T cells, with reduced KLRG1 and increased CXCR3 expression, and which efficiently 

traffic into M.tb-infected lung-parenchyma218. This may indicate that it is not necessary for 

CD4+ T cells to be permanent residents in the lung in order for them to provide protection 

against M.tb infection. Indeed it may be enough for a vaccination to induce a population of 

CD4+ T cells with the characteristics of lung-parenchymal cells, which are able to efficiently 

migrate to the lung when presented with a pathogenic challenge. 

There were several general limitations of the adoptive transfer experiments presented here 

which could not be overcome. Firstly, the lack of an effective MHCII tetramer to identify 

antigen-specific CD4+ T cells meant that the whole CD4+ T cell population from each tissue 

compartment had to be sorted and transferred. Data presented in the previous chapter 

reveals that in fact only a small percentage of the total CD4+ T cells found in each 

compartment, up to ~7%, produce cytokine upon stimulation with cognate antigen. The 

implications of this are unclear. The lung-homing experiment shows that only a very small 

percentage of the total number of CD4+ T cells transferred into each recipient were 

recovered from the lungs and spleen 24 hours later. Some of the undetected cells may have 

been present in other tissues of the body, but it is also possible that a large proportion may 
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have died. It may be that transferring smaller numbers of purely antigen-specific CD4+ T 

cells would have resulted in better survival of these cells. Another limitation was the use of 

total lung CD4+ T cells from naïve animals as a negative control, rather than separating this 

into lung-parenchymal and lung-vascular populations. This was necessary because in the 

absence of IN BCG immunisation, only a very small proportion of the total CD4+ T cells in 

the lung are present within the parenchyma, ~5%. In order to obtain sufficient cells from 

this compartment to transfer, numbers of donor animals would have to be increased 

dramatically, beyond the number that could be processed within the timeframe required 

for transfer. Even in immunised donor animals, numbers of CD4+ T cells obtained from the 

lung-parenchyma and lung-vasculature were a limiting factor and this necessitated small 

group sizes for the challenge experiments. Logistically it was not possible to derive enough 

cells to transfer into larger numbers of recipient mice. This limited the possibility of 

detecting statistically significant protection in infected animals.  

In conclusion, results presented in this chapter reveal an enhanced proliferative capacity of 

lung-parenchymal CD4+ T cells present following IN BCG vaccination. This may explain the 

superior protection against M.tb infection in the lungs of intranasally-vaccinated animals 

described in the previous chapter, as this appeared to be associated with larger numbers of 

antigen-specific CD4+ T cells in the lung-parenchyma, some of which exhibited a ‘memory-

like’ PD1+KLRG1- cell-surface phenotype. However, the results do not definitively prove an 

enhanced lung-homing capacity of these lung-parenchymal CD4+ T cells, or the ability to 

confer enhanced protection against M.tb challenge to a naïve mouse following adoptive 

transfer. This may be due in part to some of the technical challenges involved in the 

adoptive transfer experiments, as described above, but could also be interpreted as 



174 

 

evidence in support of the theory suggested by Woodworth et al.218 that these cells may 

not necessarily be permanent lung-residents but are able to circulate through the body and 

return to the lung when required, in response to pathogenic challenge. Further work is 

required in order to determine this conclusively. 
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Chapter 7.  

Conclusions and future work 
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This project aimed to characterise the role of lung TRM in protection provided by the BCG 

vaccine against M.tb infection, utilising an intravascular staining technique121 to identify 

TRM. Optimisation of the intravascular staining technique has allowed for clear 

discrimination between lung-parenchymal and lung-vascular CD4+ T cells, enabling the 

independent study of these two populations distinct from one another. Recently, Kauffman 

et al. published the first report of intravascular staining in NHPs314. The prospect of 

expanding utilisation of this technique into other animal models apart from mice, 

particularly NHPs which more closely mimic humans in their response to M.tb infection96, 97, 

is very exciting. 

Despite the clarity afforded by the use of the intravascular staining technique, there have 

been some fundamental challenges to the classification of the lung-parenchymal CD4+ T cell 

population as TRM. These include: difficulty in proving permanent residency in the lung 

tissue, lack of definitive phenotype with which to identify this population, lack of 

understanding of the relationship between these T cells and other anatomically distinct, 

but possibly related, populations, for example airway luminal T cells, and finally difficulty in 

determining that they are truly memory T cells in spite of BCG persisting in the body for 

extended periods following vaccination. All of these challenges are discussed below, along 

with suggested approaches to address some of the issues raised and strengthen the data 

included in this thesis. 

Data presented within this thesis reveal that both systemic and mucosal BCG immunisation 

induce populations of antigen-specific lung-parenchymal CD4+ T cells, a putative tissue-

resident population. One of the major challenges to defining this population as truly TRM is 



177 

 

the difficulty in proving permanent residency in the lung tissue. Teijaro et al.120 used 

parabiosis experiments to define a population of CD4+ T cells specifically retained within 

the lungs following influenza infection. This retention was demonstrated for studies of up 

to 3 weeks in duration, but this sort of experiment cannot easily be performed for the study 

of chronic infections such as M.tb, as mice would have to remain surgically conjoined for 

much longer periods. Therefore, experiments in this thesis and in the TB literature have 

focussed on establishing ‘residency’ through physically locating cells in the lung-

parenchyma, identifying cell-surface markers associated with residency and adoptively-

transferring these cells into other mice to track their migration and establish a tropism for 

lung tissue. 

Identification of a cell-surface phenotype with which to define the lung-parenchymal 

population has proven challenging. Several studies describe a number of phenotypic cell-

surface markers as indicative of tissue-residence and, in particular, CD69 has been 

suggested to not only identify lung-residence but also to play a part in the mechanism of 

retention of TRM in the tissue215, 260, 262, 265. Work described here examined a selection of 

these markers, including CD69, for their expression on BCG-induced antigen-specific lung-

parenchymal and lung-vascular CD4+ T cells, but it was not possible to define a phenotype 

uniquely expressed by one population or the other. Analysis of transcription factors rather 

than cell-surface markers may provide further information. Moguche et al.127 used a 

murine model of M.tb infection to demonstrate that generation of lung-parenchymal CD4+ 

T cells requires intrinsic expression of Bcl6 and that PD1+ KLRG1- CD4+ lung-parenchymal T 

cells express intermediate T-bet levels. Further work could be conducted to confirm these 
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findings in the context of BCG vaccination and to investigate additional transcription factors 

which may be differentially expressed by lung-parenchymal and lung-vascular populations. 

Adoptive transfer experiments also failed to conclusively demonstrate selective lung-

homing capacity in the lung-parenchymal CD4+ T cell population. This may have been due 

to technical challenges experienced during the experimental process, discussed in greater 

detail in chapter 6. However, an alternative theory, presented by Woodworth et al.218, 

suggests that certain characteristics of lung-parenchymal T cells may be shared with T cells 

present in the vasculature, allowing them to efficiently traffic into the lung tissue in 

response to pathogenic challenge. This theory aligns with data presented in this thesis, 

revealing that adoptively-transferred lung-vascular and splenic CD4+ T cells could be 

recovered from the lung-parenchyma of recipients. This indicates that the parenchymal 

compartment is accessible to cells other than those originating there. However, this has not 

been tested in the context of M.tb infection as part of this project. Future work building on 

the findings of this thesis could include studies performing adoptive transfer experiments 

into recipient animals infected with M.tb. 

A recent paper by Kauffman et al.314 also supports this theory. This study, performed in 

rhesus macaques, reveals that all M.tb-specific CD4+ T cells present in the granulomas of 

the lung following primary infection, had extravasated across the vascular endothelium to 

enter the parenchyma. The authors suggest that it is not lung-homing capacity which limits 

the ability of CD4+ T cells to control M.tb infection, but the fact that the CD4+ T cells in the 

lung are located within the outer lymphocyte cuff of the granulomas, rather than within the 

myeloid cell core containing the bacilli. This position within the granuloma limits CD4+ T cell 

interactions with M.tb-infected macrophages, and direct contact has been shown to be a 
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requirement for killing of infected cells295. This implies that a successful vaccine would need 

to control M.tb infection rapidly, prior to the development of granulomas, in order to be 

effective.  

It has been suggested that swift control of invading bacilli is aided by the presence of 

antigen-specific CD4+ T cells in situ within the lung, ready to respond as soon as infection 

occurs272. This may explain the superior protection observed in this thesis in mucosally 

BCG-vaccinated compared to systemically BCG-vaccinated mice, which had greater 

numbers of antigen-specific CD4+ T cells present within the lung-parenchyma and the BAL. 

This finding, that mucosal BCG appears to recruit CD4+ T cells to the lung-parenchyma and 

airways, adds to our knowledge from existing studies in the literature, demonstrating that 

CD4+ T cells from the periphery have the ability to enter the lung-parenchyma in response 

to M.tb infection218, 314. Future experiments could be performed to investigate whether 

other antigenic stimuli, for example viral-vectored TB vaccine candidates, could also recruit 

these cells to the lung if delivered mucosally. Future vaccination strategies could then be 

considered using a ‘prime-pull’ approach, whereby immune cells are primed in the 

periphery by an initial immunisation, before being drawn into the tissue by a second 

targeted immunisation. 

Britton et al.315 have already investigated this approach within a mouse model, using BCG 

and a lentiviral-vectored vaccine expressing antigen 85A (Ag85A), an immunodominant 

M.tb protein316. When the systemic ‘prime’ and mucosal ‘pull’ immunisations were both 

performed with the viral-vectored vaccine, antigen-specific CD4+ and CD8+ T cell responses 

were significantly enhanced within the lung, compared to animals receiving BCG prime 

followed by viral-vectored boost. However, it should be noted that this study doesn’t use 
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the intravascular staining technique, so these results must be interpreted with the caveat 

that these cells may have been present within the vasculature of the lung rather than the 

tissue itself. The study finds that despite the enhanced antigen-specific responses, mice 

were not protected against mucosal BCG infection. 

Stylianou et al. also used viral-vectored boost vaccines expressing Ag85A administered 

mucosally, following a systemic BCG prime285. Mice were boosted intranasally with a 

replication-deficient chimpanzee adenovirus expressing Ag85A (ChAdOx1.85A). As in the 

study by Britton et al., this regime induced strong immune responses in the lung, yet failed 

to provide consistent protection against M.tb infection. However, the authors find that 

boosting again with a modified vaccinia virus Ankara also expressing Ag85A (MVA85A), not 

only induced strong immune responses but was able to significantly improve the protective 

efficacy of BCG alone. Interestingly, this second boost with MVA85A was equally protective 

when delivered either mucosally or systemically. 

Jeyanathan et al. describe enhanced protective immunity in the lungs and spleen of mice 

receiving a subcutaneous BCG prime followed by an intranasal boost with a different 

replication-deficient chimpanzee adenovirus expressing Ag85A (AdCh68Ag85A)284. In 

contrast to the previously-described study, this regime did not require a second boost 

immunisation in order to achieve significantly improved protection against M.tb infection, 

compared to animals receiving systemic BCG alone. The differing findings from these 

studies suggest that further work is needed to investigate the immunological mechanisms 

underlying protection provided by prime and pull vaccination approaches against TB, and 

that careful antigen and vector selection is required in order to elicit the required 

responses in the lung. Separate analysis of lung-parenchymal and lung-vascular T cells, 
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through use of intravascular staining for future studies, may well provide new insight into 

these promising vaccination regimes. 

Data presented in this thesis identify a cell-surface phenotype uniquely expressed on CD4+ 

T cells present in the lung-parenchyma and BAL fluid of mice following mucosal BCG 

vaccination, PD1+ KLRG1-, suggesting that these two populations of cells may be related. If 

circulating T cells are able to enter the parenchyma in response to mucosal vaccination or 

pathogenic challenge, then it may be the case that these same cells are subsequently 

recruited to the airways from the tissue, providing immune responsiveness throughout the 

lung. Reutershan et al.222 describe a similar process of sequential recruitment of 

neutrophils into the lung and BAL fluid of mice following acute LPS-induced lung injury. 

They track this recruitment of cells through performing intravascular staining at different 

time points post-injury to identify cells present initially in the vasculature, then in the 

parenchyma and finally in the BAL. This is possible for the study of an acute injury, where 

cells are migrating over a short time period, but would be more challenging in the context 

of studying a chronic infection such as M.tb. This approach also fails to identify movement 

of individual cells, and only reports changes in the total size of cell populations in each 

compartment. 

If there is indeed a dynamic relationship between CD4+ T cells in the periphery, the lung-

parenchyma and the airways, it may be that a greater understanding of the mechanisms of 

immunological protection against M.tb infection is only possible when considering multiple 

tissue compartments and their relationship with one another. The focus of this project has 

been on lung TRM, although airway luminal T cells, recovered in BAL fluid, have also been 

suggested to play an important role in protection against M.tb infection and may be an 
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important focus of future vaccination strategies317. In order to fully understand the 

migration of cells between different populations and their ability to traffic through the 

body, whole-body imaging techniques open up new possibilities. Adoptively-transferred T 

cells have been traced in recipient animals through use of magnetic resonance imaging 

(MRI), single photon emission computed tomography (SPECT) and positron emission 

tomography (PET) techniques318. Use of these techniques could provide insight into the 

migration of T cells from the periphery to the lung and then into the airways, in the context 

of BCG vaccination and M.tb infection. 

Another challenge to the definitive characterisation of the BCG-induced lung-parenchymal 

CD4+ T cell population as TRM, is the difficulty in proving that they are actually memory T 

cells rather than effector T cells. Memory can only truly be described when present in the 

absence of cognate antigen, and previous work demonstrates that BCG can persist for 

extended periods of at least 16 months in vaccinated mice199. For this reason, ex-vivo 

proliferation assays have been used within this thesis, as the ability to proliferate in 

response to cognate antigen suggests memory rather than terminally-differentiated 

effector T cells. Cells with proliferative capacity were present in the spleen and both lung 

compartments following mucosal BCG immunisation, with a greater frequency of these 

cells found in the parenchymal compartment. The assessment of proliferation provides 

functional information about these cells, but as the assays require 3 days of culture and 

stimulation it is impossible to reliably determine their phenotype at the end of this period 

without the caveat that it may have altered during culture. A further limitation of this work 

was the relatively large number of cells required for the assays, prohibiting inclusion of BAL 

T cells due to the limited number of these cells recovered from mice. Further work could be 
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performed to optimise analysis of proliferation in BAL cells, in order to determine whether 

airway luminal T cells also exhibit this hallmark of memory. 

Other studies have determined memory through utilisation of antibiotic treatment to 

remove BCG or M.tb from immunised or infected animals, ensuring that all antigen-specific 

T cells remaining were not the product of a recent antigen interaction199, 319-321.  These 

memory cells were reported to be long-lived319, rapidly accumulate in the infected 

organs320, 321 and mediate protection against subsequent M.tb challenge199, 319-321. No 

studies have investigated the location of these cells utilising the intravascular staining 

technique to separate lung-parenchymal and lung-vascular populations, or determined 

whether they are also present in the airways of the lung. Future work building on the 

findings of this thesis could be performed in order to determine whether these memory 

cells are retained within specific tissue niches in the lung and airways. This would provide 

valuable additional information, as these cells could undergo phenotyping and be 

quantified, both of which were not possible when using the techniques employed within 

this thesis to measure proliferation. However, Kaveh et al.199 report that following 

antibiotic clearance of BCG in a mouse model, antigen-specific CD4+ T cells were 

subsequently undetectable in the spleen and lung of these animals. It may be that so few 

memory T cells are maintained that they are below the limit of detection of the flow 

cytometric assay used. 

An alternative method of identifying long-lived memory T cells could be achieved through 

adoptively-transferring T cells from BCG-immunised or M.tb-infected mice into naïve 

recipient mice, waiting for a period of time beyond which effector cells would not survive in 

the absence of antigenic stimulation, and then identifying the remaining antigen-specific T 
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cells. However, work conducted in this thesis describing adoptive transfer of T cells into 

naïve recipients found that only a very small proportion of those cells transferred were 

detectable in the recipient mouse just 24 hours after transfer. This loss could result in 

difficulties detecting the memory population at a later time point, due to the sensitivity of 

detection of our current methods for identifying antigen-specific T cells. Steinert et al.322 

have shown that there are many more lung lymphocytes identifiable histologically than are 

obtained through traditional tissue homogenisation techniques. If we are seeking to 

identify very small numbers of memory T cells, any loss of these through the harvesting 

process could result in the population being too small to detect. However, Moguche et 

al.127 have successfully used this approach to identify antigen-specific CD4+ T cells in the 

spleen of naïve recipient mice up to 28 days following their transfer from M.tb-infected 

donor mice. Therefore, future work could be performed to build on the findings of this 

study through identification of memory T cells in the lung and airways, as well as the 

spleen, following adoptive transfer. 

In summary, work presented in this thesis identifies antigen-specific CD4+ T cells in the 

parenchyma of the lung following BCG vaccination, a putative lung TRM population. It has 

not been possible to definitively prove their long-term residence in the lung tissue or their 

true memory status, although further work described above could be conducted to address 

these points. This lung-parenchymal population is increased following mucosal BCG 

vaccination, correlating with improved protection against M.tb infection in mucosally-

vaccinated compared to systemically-vaccinated animals. This finding highlights the 

potential of mucosal vaccination to elicit lung TRM, and identifies this as a possible 

immunological mechanism underlying the enhanced protective efficacy of BCG delivered 
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mucosally. It is now important to determine the effect of delivery of new candidate TB 

vaccines or prime and boost regimes, via mucosal routes, on the lung-parenchymal 

population, and perform further evaluation in humans, with the ultimate goal of developing 

an efficacious vaccination regime to aid in the global fight against TB. 
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8.1. Reagent details 

1) Middlebrook 7H9 Broth323  

4.7g Difco Middlebrook 7H9 broth (BD Biosciences)  

0.5g Tween 80 (Sigma) 

4.2g Sodium Pyruvate (Sigma) 

900ml distilled water  

100ml BBL Middlebrook OADC enrichment (BD Biosciences)  

2) Modified 7H11 agar plates323 

Produced by the Animal and Plant Health Agency media production department, 

Weybridge, according to this method:  

16g Difco Middlebrook 7H11 Agar base (BD Biosciences) 

4.2g Sodium Pyruvate  

900ml distilled water  

Autoclave (121°C/ 15min) then allow to cool to <50°C  

100ml BBL Middlebrook OADC enrichment 

Pour into sterile Petri dishes (~20ml) 
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3) Complete medium  

Dulbecco’s Modified Eagle Medium (DMEM) (Sigma)  

10% Foetal bovine serum - heat inactivated (FBS) (Sigma)  

2% Penicillin (100 units/ml) Streptomycin (100μg/ml) (Sigma) 

4) Digestion medium  

Complete media supplemented with:  

150 units/ml Collagenase I (Gibco)  

10 units/ml DNAse II (Sigma) 

5) Flow wash buffer  

HBSS (Gibco) supplemented with: 

2% FBS 

0.05% NaN3 (Sigma) 
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8.2. Flow cytometry antibodies 

Specificity Fluorochrome Clone Supplier 

 

CD4 

APC-H7 GK1.5 BD Biosciences 

AF700 RM4-5 eBioscience 

APC RM4-4 Biolegend 

CD8 AF700 53-6.7 Biolegend 

CD27 PerCP-Cy5.5 LG.7Fp eBioscience 

CD44 BV785 IM7 Biolegend 

BV421 IM7 Biolegend 

CD45 PE C363.16A eBioscience 

CD62L FITC MEL-14 BD Biosciences 

PerCP-Cy5.5 MEL-14 eBioscience 

CD90.1 BV421 HIS51 Biolegend 

CD90.2 eFluor450 30-H12 eBioscience 

FITC 30-H12 Biolegend 

CD127 PE-Cy7 A7R34 Biolegend 

CCR7 BV421 4B12 Biolegend 

PD-1 FITC 29F.1A12 Biolegend 

KLRG1 PerCP-Cy5.5 2FI/KLRG1 Biolegend 

CXCR3 BV421 CXCR3-173 Biolegend 
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Ki67 PE 11F6 Biolegend 

EdU AF647  Invitrogen 

Dead Zombie Aqua  Biolegend 

IFN-γ PE-Cy7 XMG1.2 eBioscience 

BV605 XMG1.2 Biolegend 

IL-2 APC JES6-5H4 eBioscience 

TNF-α BV605 MP6-XT22 Biolegend 

PerCP-Cy5.5 MP6-XT22 eBioscience 
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8.3. Flow cytometry panels 

Panel 1 

CD62L-FITC, CD27-PerCP-Cy5.5, CD45-PE (intravascular stain), CD8-AF700, CD4-APC-H7, 

CD44-BV421, CD90.2-eFluor 450, dead-Zombie Aqua, IFN-γ-PE-Cy7, IL-2-APC, TNF-α-BV605 

Tetramer panel 

CD62L-FITC, CD27-PerCP-Cy5.5, CD45-PE (intravascular stain), CD8-AF700, CD4-APC-H7, 

CD44-BV421, CD90.2-eFluor 450, TB10.4-tetramer-APC dead-Zombie Aqua 

Panel 2 

CD127-PE-Cy7, CD62L-PerCP-Cy5.5, CD45-PE (intravascular stain), CD8-AF700, CD4-APC-H7, 

CD44-BV785, CCR7-BV421, dead-Zombie Aqua, IFN-γ-BV605, IL-2-APC 

EdU panel 

CD90.2-FITC, CD62L-PE-Cy7, EdU-AF647, CD8-AF700, CD4-APC-H7, CCR7-BV421, CD44-

BV785, CD27-PerCP-Cy5.5, dead-Zombie Aqua 

Panel 3 

PD-1-FITC, CD44-BV785, CD8-AF700, CD4-APC-H7, KLRG1-PerCP-Cy5.5, CD45-PE 

(intravascular stain), CXCR3-BV421, dead-Zombie Aqua, IFN-γ-PE-Cy7, IL-2-APC, TNF-α-

BV605 

Adoptive transfer panel 

CD90.2-eFluor 450, CD44-BV785, CD90.1-FITC, CD45-PE (intravascular stain in donor mice, 

CD4-APC (intravascular stain in recipient mice), CD4-AF700 (stain for sort), CD4-APC-H7, 

dead-Zombie Aqua, IFN-γ-BV605, IL-2-PE-Cy7, TNF-α-PerCP-Cy5.5 

Ki67 panel 

CD90.1-BV421, CD44-BV785, Ki67-PE, CD4-APC-H7, dead-Zombie Aqua 
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8.4. Flow cytometry gating strategy 

 

 

 

Figure 8.1 - Gating strategy for identification of CD4+ T cells producing IFN-γ, TNF-α or IL-2 

alone or in combination with each other. Cells are gated on singlets followed by live cells 

and then lymphocytes. T cells are identified as CD90.2+ before gating on CD4+ and 

identifying CD44hi cells producing IFN-γ, TNF-α or IL-2. Boolean gating is then used to 

identify all CD4+ cells producing one or more of these cytokines (cytokine+). For analysis of 

lung lymphocytes, an additional step of gating based on intravascular staining is performed 

prior to identification of cytokine+ cells. 
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8.5. Representative flow cytometry plots 

 

Figure 8.2 – Comparison between perfusion and non-perfusion of lungs. (a) 

Representative plots showing lungs from 2 BCG-immunised mice, following perfusion (left) 

or non-perfusion (right), pre-gated on CD4+ T cells. Gates are drawn defining lung-

parenchymal and lung-vascular populations, based on intravascular staining with anti-CD45 

mAb. (b) Representative plots from 2 BCG-immunised mice, following perfusion (left) or 
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non-perfusion (right), showing IFNγ production by CD4+ T cells, pre-gated on lung-vascular 

CD4+ T cells. 
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Figure 8.3 – IFNγ production by unstimulated and TB10.4 peptide-stimulated CD4+ T cells. 

Representative plots showing production of IFNγ by lung-parenchymal CD4+ T cells taken 

from the same BCG-immunised animal, either left unstimulated in overnight culture (left) 

or stimulated with TB10.4 peptides in overnight culture (right). Plots are pre-gated on lung-

parenchymal CD4+ T cells. 



196 

 



197 

 

 

Figure 8.4 – Comparison between TB10.4 peptide-stimulation and PPD-T protein-

stimulation. Representative plots showing IFNγ production by (a) lung-vascular and (b) 

splenic CD4+ T cells harvested from the same BCG-immunised animal and stimulated with 

TB10.4 peptides (left) or PPD-T protein (right) in overnight culture. (c) Cell-surface 

expression of CD62L and CD27 on cytokine+ CD4+ T cells from the lung-vasculature, lung-

parenchyma and spleen of the same BCG-immunised animal. Plots are pre-gated on 

cytokine+ CD4+ T cells. 
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