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ABSTRACT 

In the recent years, it has been well established that primary respiratory viral 

infection-induced lung resident memory CD8 T cells (TRM) characterized by the expression 

of integrins CD49a and CD103, as well as the early-activation marker CD69, constitute the 

first line of defense against reinfection. On the other hand, viral vector-based respiratory 

mucosal (RM) vaccination, as well as parenteral vaccination followed by airway luminal 

manipulation induce lasting and protective lung T cell immunity towards pulmonary 

tuberculosis (TB). However, it remains poorly understood whether and how these TB 

vaccination strategies induce TRM in the lung. As such, within this thesis we will investigate 

generation of lung CD8 TRM upon different TB vaccination strategies and the underlying 

mechanisms regulating establishment of such cells. Here using distinct models of 

replication-deficient adenoviral vector-based TB vaccination, we find that RM vaccination 

leads to generation of lung CD8 TRM identified by the expression of CD69, CD103, and 

very late activation Ag 1 (VLA -1). These TRM-associated molecules are acquired by CD8 

T cells in distinct tissues. In this regard, VLA-1 is acquired during T cell priming in draining 

mediastinal lymph nodes (dMLNs) and the others acquired after T cells entered the lung. 

Once in the lung, Ag-specific CD8 TRM continue to express VLA-1 at high levels through 

the effector/expansion, contraction, and memory phases of T cell responses. We also reveal 

that VLA-1 is not required for homing of these cells to the lung, but it negatively regulates 

them in the contraction phase. Furthermore, VLA-1 has a negligible role in the maintenance 

of such cells in the lung. Separately, we have observed that while parenteral intramuscular 

vaccination alone does not induce lung CD8 TRM, subsequent RM inoculation of an Ag-
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dependent, but not a non-specific inflammatory agonist induces lung CD8 TRM. Such 

generation of lung CD8 TRM needs CD4 T cell help. These findings not only fill the current 

knowledge gap, but also hold important implications in developing effective vaccination 

strategies towards mucosal intracellular infectious diseases such as acquired 

immunodeficiency syndrome (AIDS), TB and herpes virus infection. 
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1.1 Tuberculosis history and epidemiology 

1.1.1 TB epidemiology 

Pulmonary TB, which is mainly caused by an intracellular bacterial pathogen 

Mycobacterium tuberculosis (M.tb), along with HIV/AIDS and malaria, is one of the major 

infectious causes of death. Currently 10.8 million new cases of TB still arise annually, and 

TB leads to 1.8 million deaths yearly. As a case in point, a quarter of the worldôs population 

is latently infected with M.tb (1), and about 5-10% of them develop active TB upon 

immunosuppression (2). The highest rate of active TB per capita has been reported in Sub-

Saharan Africa. Moreover, India and China have the greatest burden of TB in the world. In 

the case of TB, both young children and HIV-positive hosts are considered as high-risk 

groups (2). In this regard, around one third of the 34 million HIV-infected individuals are 

co-infected with Mtb and one quarter of HIV related deaths are due to TB as a consequence 

of a loss of CD4 T cell mediated immunity (3). This underlines the importance of cellular 

arm of immune system in host defense against TB. 

The fact that M.tb is spread via aerosols generated by coughing and can be 

infectious in low numbers makes it a major health issue in regions with high population 

densities and poor socioeconomic conditions as seen in developing world. 

1.1.2 Historical and current TB chemotherapeutics 

The first effective antibiotic against TB, streptomycin (SM) was introduced in 1946, 

but within 5 years resistance to SM was acquired by the majority of M.tb strains worldwide 

(4). Then, it was determined that the resistance could be avoided if SM was co-administered 

with para-aminosalicylic acid (PAS) (4). In 1952, isoniazid (INH) was discovered and has 
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been highly effective at impeding SM resistance and the treatment of TB. Unfortunately, 

like SM, in regions that TB was treated with INH alone, quickly INH-resistant strains of 

M.tb emerged. Thus, it was suggested that a combination therapy using SM, PAS and INH 

should be widely adopted for TB treatment (4). While highly effective, this combination 

therapy was discontinued due to the cost and long-term treatment (4). Further studies 

showed rifampicin (RMP) to be a new effective TB drug shortening the treatment period 

(4). The current TB treatment including co-administration of INH, RMP and or 

pyrazinamide (PZA) is lengthy (6-12 months) (5). In this regard, several reasons, 

particularly drug availability, cost, and poor compliance, have led to the development of 

drug-resistant TB cases, including multidrug resistant (MDR), extensively drug resistant 

(XDR), and totally drug resistant (TDR) TB (5). Thus, there is an urgent need for improved 

understanding of host defense and developing new TB vaccine strategies to control the 

current TB epidemics.   

1.2 Gaps in host defense against pulmonary TB  

Upon exposure to M.tb-containing aerosol, three clinical outcomes are possible. 

While only a small frequency (20-25%) of M.tb-exposed individuals can quickly clear 

infection (6), demonstrating the potential role of innate immune responses in some humans, 

the rest of them progress to latent TB infection (65-75%) or active disease (5-10%). It has 

been well documented that host defense, in particular innate immunity, is able to rapidly 

clear primary pulmonary TB infection in a small percentage of humans after M.tb exposure 

(6). Moreover, mounting clinical evidence suggests that some primarily infected hosts can 

be skin test- or M.tb-specific T cell test-negative (7, 8). Immune responses developed in 
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latent-infected individuals were also shown to markedly reduce the risk of progression to 

active form of disease upon re-infection (9). Nevertheless, host defense fails to clear 

infection in the majority of exposed individuals (7). Understanding the gaps in host defense 

to pulmonary TB is pivotal to design effective vaccination strategies conferring immunity 

in such human populations. Over thousands of years of coevolution with human beings, 

M.tb has developed complicated strategies to evade host defense and impede bacterial 

clearance via active immune suppression at different stages of immune responses such as 

innate immune suppression, delayed antigen (Ag) presentation and Th1 priming, delayed 

and impaired Th1 immunity in the lung (Figure 1), leading to uncontrolled M.tb growth in 

the lung in early phases of infection and persisting infection in most of the exposed humans 

(5).  

1.2.1 Innate immune responses 

In unvaccinated individuals, upon the first exposure to M.tb, a small frequency (20-

25%) of them can quickly clear infection (6), demonstrating the potential role of innate 

immune responses in conferring protection to some humans. M.tb infects lung macrophages 

(Mʌs) and utilizes cell surface receptors, such as complement, mannose, and Fcɔ receptors, 

and DC-SIGN for its entry (10). It can survive and replicate in infected Mʌs, particularly 

before the emergence of M.tb specific T cell responses in the lung by multiple mechanisms 

including inhibition of phagosome maturation, phagosomeïlysosome fusion, reactive 

oxygen and nitrogen species production, apoptosis, and major histocompatibility complex 

(MHC) class II expression and Ag presentation. Binding of M.tb mannosylated 

lipoarabinomannan (ManLAM) and protein tyrosine phosphatase A (PtpA) to mannose 
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receptors and V-ATPase pumps consequently hampers phagosomeïlysosome fusion and 

phagosome acidification, respectively (11, 12). M.tb virulence factors, including 

ManLAM, early secretory antigenic target 6 (ESAT-6), and enhanced intracellular survival 

protein (Eis), inhibit production of proinflammatory cytokines and chemokines by Mʌs 

and enhance the release of anti-inflammatory cytokines, including IL-10 (13-15). In 

addition, M.tb biases Mʌ death modalities from apoptosis to necrosis via upregulating 

lipoxin A4 (LXA4) and downregulating prostaglandin E2 (PGE2) (16). In this regard, 

Inhibition of apoptosis not only downregulates cross-presentation of M.tb Ags to DCs and 

consequently impairs initiation of Ag-specific T cell responses (16), but also leads to 

enhanced bacterial viability and dissemination (17, 18).  

M.tb acquisition by dendritic cells (DCs) occurs through direct phagocytosis (19) or 

interaction with apoptotic Mʌs and neutrophils containing M.tb bacilli (16, 20). M.tb-

imposed innate immune suppression in the lung reduces the rate of DC recruitment to the 

site of infection, as well as lung draining lymph nodes (dLNs) (21, 22). Like infected Mʌs, 

M.tb reduces the expression of MHC class II and costimulatory molecules on DCs and 

enhances the production of the Th1-inhibitory cytokines such as IL-10 and type 1 

interferons (IFN-Ŭ/ɓ) (23-25). Also, M.tb impedes autophagy, a pathway of delivering 

cytoplasmic and nuclear Ags to MHC molecules, leading to diminished Ag presentation to 

CD4 and CD8 T cells. Moreover, M.tb-imposed inhibition of apoptosis impedes Ag cross-

presentation by DC, leading to impaired activation of CD8 T cells (10). Regarding the 

differential impact of M.tb on migratory DC subsets, while CD11b+ DCs, but not CD103+ 

DCs, are required for the activation of Th1 cells in dLNs upon M.tb infection, CD103+ 
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DCs directly impede CD11b+ DCïmediated Th1 cell activation by producing the 

immunosuppressive cytokine IL-10 (26). 

1.2.2 T cell-mediated immune responses 

T cell-mediated immunity is pivotal in host defense against pulmonary TB. However, 

M.tb-imposed innate suppression leads to delayed Th1 cell priming in dLNs by 10ï14 days 

post infection in mice (22). M.tb further delays recruitment of primed circulating Th1 cells 

to the lung, which takes 14ï21 days to happen (21, 27), through immunosuppressive 

mechanisms including M.tb ManLAM-mediated inhibition of chemokine production by 

Mʌs and DCs, as well as desensitization of primed T cells for S1P-mediated chemotaxis 

during T cell egression from dLNs (28, 29). Delayed Th1 responses are also documented 

in nonhuman primates, that is around several weeks for Ag-specific T cells to emerge in 

the lung (30). Clinical evidence suggests that it takes weeks for the development of T cell 

responses in the lung following M.tb exposure in humans, probably in a dose-dependent 

manner (31). Even after T cell arrival to the site of infection, the full functionality of Th1 

immunity remains limited due to the M.tb-imposed immunosuppressive microenvironment 

of the lung (32, 33). However, such Ag-specific T cells are still vital for host defense, as 

they control bacterial burden and inhibit systemic dissemination of M.tb by empowering 

the granuloma (33). CD4 T cells are considered as the major T cell subset generated upon 

M.tb infection, and they are pivotal to immune protection (34). CD8 T cells also play a role 

in protection against TB (35), but their generation occurs after CD4 T cell activation and 

they constitute a minor T cell subset in both circulation and lung granuloma (5).  Compared 
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to CD4 T cells, the relative CD8 T cell contribution to overall immunity against TB in 

humans remains to be determined.  

Experimental studies confirm that CD8 T cells are required for optimal protection 

against TB (36). For example, murine models of virus-vectored TB vaccination leading to 

CD8 T cell generation have revealed a critical role for these cells in host defense against 

TB (5). CD8 T cells exert their bactericidal effect via production of type 1 cytokines (IFN-

ɔ and tumor necrosis factor-Ŭ (TNF-Ŭ)) and cell-mediated cytotoxicity (CTL activity).  

Both IFN-ɔ and TNF-Ŭ increase Mʌs bactericidal activity through production of 

reactive nitrogen and oxygen species and LRG47 (37-39). Moreover, IFN-ɔ and TNF-Ŭ are 

required for granuloma formation (40) and the maintenance of granuloma (41). While IFN-

ɔ production by CD8 T cells can inhibit bacterial growth, it is not enough to replace IFN-ɔ 

production by CD4 T cells. This shows that CD4 and CD8 T cells may have distinct 

functions during M.tb infection. Some of the functions mediated by CD8 T cells require 

CD4 T cell help (42, 43). However, M.tb infection inhibits MHC class II expression in 

Mʌs in response to IFN-ɔ (44, 45), which may prevent the recognition of infected cells by 

CD4 T cells. This highlights a unique role for CD8 T cells in controlling M.tb burden, as 

CD8, but not CD4, T cell depletion gives rise to increased bacterial replication during latent 

M.tb infection in mice (46). 

CTL activity of CD8 T cells is mediated by perforin, Fas ligand (FasL), TNFR, and 

granulysin (47, 48). However, the significance of CTL activity in TB immunity in humans 

remains unknown. Experimental studies demonstrate that in the absence of perforin, mice 

usually succumb to M.tb late during infection, suggesting that CTL activity is more critical 
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during chronic (49) or even latent (46) infection. The majority of killing strategies used by 

CD8 T cells towards M.tb infected cells induce apoptosis which dampens intracellular 

bacterial viability (50).  

1.2.3 Cytokines in adaptive immunity to M.tb 

IFN-ɔ, IL-12, and Th1 responses are required for protective anti-M.tb responses. 

IFN-ɔ plays a critical role in immunity to TB in both humans and in animal models (51-

55). The major source for this cytokine is CD4 T cells, followed by CD8 T cells, natural 

killer (NK) cells, ɔŭ T cells, and CD1-restricted T cells (56-58). IFN-ɔ plays critical roles 

during M.tb infection including direct activation of Mʌs, as well as immunoregulation and 

anti-inflammatory functions that impede immunopathology. However, T cells remain 

capable of antimycobacterial activities even in the absence of IFN-ɔ (59).  

The establishment of IFN-ɔ-producing T cells against primary M.tb infection is 

dependent on IL-12 (p40/p35) (56, 57, 60-62), which is mainly produced by  M.tbïactivated 

DCs (56, 61), in part through downstream pathways of TLR signaling (63). Not only is IL-

12 required for the initiation of IFN-ɔ-producing T cell responses to M.tb, but continued 

IL-12p70 production is also necessary for the expansion and maintenance of Th1 responses 

in the lungs that are needed to keep control of chronic M.tb infection (63). In the absence 

of IL-12p70, IL-23 could partially elicit the generation of Th1 responses during M.tb 

infection (64), while this compensatory mechanism is not enough to control the infection 

(64, 65).  As the uncontrolled activity of IFN-ɔ and TNF-Ŭ can be detrimental to the host 

during M.tb infection (57), various immunoregulatory mechanisms are in place to limit  

immunopathology, such as those mediated by Foxp3+ regulatory T cells (66-69) and IL-10 
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(56, 61, 70, 71). IL-10 is secreted by various cellular sources during M.tb infection. Thus, 

a fine-tuned balance between these regulators and IFN-ɔ/ TNF-Ŭ is critical to control M.tb 

infection with limited immunopathology.  

Besides Th1 responses, IL-17-producing T cells are also induced during M.tb 

infection. However, IFN-ɔ acts to restrain the IL-17-producing T cell population, 

demonstrating that this counterregulatory pathway may be pivotal in limiting M.tb-

associated immunopathology (72). Thus, during M.tb infection, IFN-ɔ inhibits CD4 T cell 

production of IL-17, and subsequently inhibits neutrophil survival and the accumulation of 

pathogenic neutrophils in the lung, leading to reduced lung pathology and improved disease 

outcome (73). During M.tb infection, IL-17 is mainly secreted by ɔŭ T cells and double 

negative T cells, but not CD4 T cells (74). IL-17 may contribute to the formation of 

granuloma and Th1 responses upon BCG immunization (75), as well as granuloma 

formation during M.tb infection (76). However, IL-23, required for the initiation of  Th17 

response during M.tb infection, is inessential for protection and Th1 response if IL-12p70 

is accessible (64).  

Taken together, understanding the defects in host defense against M.tb infection is 

important to developing effective TB vaccination strategies aimed to fill these gaps for 

enhanced protection against pulmonary TB. 
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Figure 1. Gaps in host defense towards pulmonary TB. Features of host defense in 

unvaccinated individuals in response to pulmonary Mycobacterium tuberculosis (M.tb) 

infection. Upon arrival to the respiratory tract of an unvaccinated host, M.tb infects 

macrophages (Mʌs) and dendritic cells (DCs), and consequently through suppression of 

innate immune responses it delays M.tb-infected DC migration to the draining mediastinal 

lymph nodes (dMLNs) by 7ï10 days. Then, Th1 priming occurs in dMLNs by 10ï12 days 

post infection. Consequently, Ag-specific T cells enter the lung en masse only by 14ï21 

days after infection. Such natural immunity generated in unvaccinated hosts is ineffective 

in controlling M.tb growth in lung compartments (airway and parenchyma), accounting for  

active disease or latent TB in most of the exposed hosts. 
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1.3 BCG vaccination  

Bacillus Calmette-Guerin (BCG), attenuated Mycobacterium bovis bacilli derived 

from a virulent strain of M. bovis after over 13 years of continuous in vitro passage, is the 

only approved TB vaccine that has been widely utilized for more than 60 years in most 

countries. The first clinical trials conducted from 1921 to 1927 in France and Belgium, 

revealed high efficacy of BCG in protection against childhood TB (77). In France, BCG 

was administered via oral route, but it was stopped as a consequence of Lubeck disease, in 

which 67 of 249 babies received the vaccine died due to unintended contamination of the 

vaccine with virulent M.tb (78). As vaccine distribution and local production grew before 

establishment of standardized seed lots, many local BCG strains were developed with 

differences in genetic and antigenic composition (79, 80). BCG is administered as a single 

intradermal dose soon after birth in all countries with high risk of TB infection. While BCG 

is highly efficacious to end TB epidemic in Europe, its efficacy has been disappointing in 

developing countries (81), particularly in areas with high incidences of TB (82). While 

parenteral BCG vaccination has been proven efficacious towards childhood disseminated 

TB, it has an exceedingly variable efficacy (0-80%) against adult pulmonary TB (82). 

Moreover,  BCG-induced immunity is not life-long as it declines within 10-15 years of 

vaccination and cannot be boosted by repeated BCG administration (5). There are other 

factors contributing to the ineffectiveness of parenteral BCG vaccination in humans, in 

particular the prior sensitization to environmental mycobacteria, the route of BCG 

vaccination (83), as well as using genetically distinct strains of BCG (79, 80). 
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Since many environmental mycobacterial species are immunologically cross-

reactive (84-86), with some of the shared major immunodominant Ags such as the Ag85 

complex proteins, repeated exposure to these mycobacteria can sensitize humans and 

trigger cell-mediated immune responses (87-89). This has been supported by high levels of 

responsiveness to such Ags in individuals pre-exposed to a high level of such mycobacteria 

(87-89) which may subsequently dampen the efficacy of human BCG vaccination. For 

example, BCG is effective in human trials from which tuberculin-skin-test-positive (and 

therefore sensitized) donors have been excluded (90). Furthermore, BCG vaccination of 

neonates before being exposed to environmental mycobacteria demonstrates effective 

defense against childhood forms of TB (90-92). The prevalent latent TB is considered as a 

major source of mycobacterial sensitization and might be an even larger single source of 

sensitization compared to environmental mycobacteria. In fact, there are two major 

interpretations about deleterious impact of the prior sensitization to mycobacteria on the 

efficacy of BCG vaccination. First, the masking hypothesis suggests that exposure to 

environmental mycobacteria gives rise to some level of protective immunity to TB that 

limits further protective effect of a subsequent BCG vaccination (93). Second, the blocking 

hypothesis postulates that the prior sensitization inhibits the replication and dissemination 

of BCG (94, 95). which has been supported in many human trials of BCG vaccination as 

observed by a lower level of skin-test conversion and smaller delayed type hypersensitivity 

(DTH) reaction upon BCG vaccination in areas with high levels of sensitization compared 

with areas where there is less exposure of environmental mycobacteria (96-98). On the 

other hand, the ineffectiveness of parenteral intradermal BCG vaccination can also be 
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attributable to its route of administration, as it fails to quickly induce a Th1 response in the 

lung mucosa upon M.tb infection. Indeed, while BCG vaccination accelerates T cell 

recruitment to the lung by 4-5 days (83), there is still a 10-12-day window of unchecked 

M.tb growth within the lung. As BCG provides reliable protection against disseminated 

form of TB in childhood, it might be considered unethical to examine and deploy a vaccine 

strategy that does not contain BCG. Thus, there is an urgent need for development of 

effective TB vaccines that can be used as booster upon BCG immunization (99).  

1.4 Novel TB vaccines and vaccination strategies  

Currently, a dozen TB vaccine candidates including mycobacterial-organism based, 

protein-based, and viral vector boost vaccines are in various stages of clinical trials (Figure 

2), with most of them being administered via the parenteral route for prophylactic or 

therapeutic applications. Until now, the initial efficacy evaluations of novel TB vaccines 

have failed to reveal enhanced anti-TB protection over that induced by primary BCG 

immunization in infants or adults. Ideally, a successful TB vaccine strategy should induce 

a state of protective immunity comprising trained innate immunity (defined by imprinting 

M.tb-target innate cells in the lung prophylactically before M.tb exposure to avoid M.tb 

imposed immunosuppression on innate cells), anti-M.tb surface antibodies, and long lasting 

tissue-resident memory T cells (TRM) (composed of balanced CD4 and CD8 T cell 

responses to multistage M.tb Ags in the lung (5). Among distinct TB vaccine platforms are 

viral vector platforms, particularly adenoviral (Ad) vector TB vaccines that have been 

considered as one of the most promising vaccine candidates (5). 
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Figure 2. Global TB vaccine pipeline. The vaccine candidates (Viral vector, protein 

based, and mycobacterial organism based including killed, whole cell or extract, as well 

as live candidate vaccines) currently undergoing various phases of clinical assessment are 

shown. 
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1.4.1 Adenoviral vector-based TB vaccines  

Among different viral vector platforms, recombinant Ad vectors have the features 

which make them suitable platforms for vaccine design. First, they have promising safety 

records as demonstrated by their initial use as vectors for gene therapy in humans (100). 

Second, recombinant Ad vectors have such broad tissue tropism for mucosal surfaces that 

they have been widely used for RM delivery of vaccines against mucosal infectious agents 

such as M.tb and influenza virus (100). Third, certain Ad vectors are highly immunogenic, 

as they can elicit robust, long-lived T cell responses to vector-encoded Ags (100).  

The serotype 5 human adenovirus (AdHu5) is the most immunogenic and explored 

serotype for TB vaccines (101). In this regard, our lab has developed one of the best-

characterized AdHu5-based TB vaccine candidates that utilizes the first-generation (E1/E3-

deficient) recombinant AdHu5 vector to express an immunodominant M.tb Ag 85A under 

control of the murine cytomegalovirus promoter (AdHu5Ag85A) (102-104). This Ag 

(Ag85A) is a mycolyl transferase required for the incorporation of mycolic acids into the 

M.tb cell wall, as well as the synthesis of cord factor (105). Both preclinical and clinical 

studies demonstrate promising results including its safety and immunogenicity (99). 

AdHu5Ag85A may also be safely used in immunocompromised populations (106). 

However, the prevalence of preexisting anti-AdHu5 immunity in humans may compromise 

the vaccine efficacy in humans. One alternative strategy to avoid this problem would be 

utilizing the alternative routes of vaccination (107). In this regard, clinical studies support 

RM route of vaccination for AdHu5-based vaccines as much lower levels of preexisting 

anti-AdHu5 antibodies were found in the lung mucosa compared to the peripheral blood 
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(107). Other potential strategies to avoid preexisting anti-AdHu5 immunity would be 

utilization of rare serotypes of human adenoviruses such as AdHu35, or nonhuman 

adenoviruses including chimpanzee adenoviruses (107). 

AdHu35 has been used for developing a trivalent TB vaccine, and compared to 

AdHu5, is much less immunogenic and often needs repeated inoculations in animals and 

humans. The inferior immunogenicity elicited by AdHu35 is due to its potent inducibility 

of type 1 IFNs (IFNŬ/ɓ), which dampens the expression of transgene and induces Mʌ 

inactivation (5).  

Chimpanzee adenovirus-based (AdCh) vaccines have the capacity to overcome the 

presence of preexisting anti-AdHu5 neutralizing antibodies. Furthermore, these vectors 

have a potent immunogenicity compared to group C human adenovirus serotypes 5 and 6 

in mice and primates (108). Technically, AdCh vectors could propagate in commercially 

available cell lines used for AdHu5-based vaccines without development of replication 

competent viruses, and Chimpanzee Ad serotype 68 (AdCh68) compared with AdHu5 

demonstrates similarities in terms of infectivity, reproducibility and expression of large size 

transgenes (109). However, AdCh68 elicits stronger CD8 T cell responses (110) and it does 

not cross-react with antibodies in patients and murine models infected with various 

serotypes of human adenoviruses such as AdHu5 (111). The chimpanzee-based Ad vector 

TB vaccines including ChAdOx1.85A and AdCh68Ag85A, express Ag85A (112, 113). 

ChAdOx1.85A is being used in a booster regimen with Modified Vaccinia Ankara 

expressing Ag85A (MVA85A) to confer anti-TB protection in BCG-immunized hosts. 

Currently ChAdOx1.85A is under assessment in clinical trials (113). AdCh68Ag85A, 
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which was designed in our lab and based on chimpanzee adenovirus serotype 68, expresses 

the same transgene cassette as AdHu5Ag85A. It is safe, and its immunogenicity is 

comparable and even superior to that induced by AdHu5Ag85A. AdCh68Ag85A induces 

minimal levels of type-1 IFN (112).  

1.4.2 Parenteral and respiratory mucosal routes of TB vaccination 

Experimental evidence shows that if a TB vaccine strategy quickly recruits anti-

M.tb T cells into the restricted entry sites of the lung including the lung parenchymal tissue 

(LPT) and airways (referred to bronchoalveolar lavage or BAL), it confers robust protection 

against pulmonary TB (114). In this regard, parenteral TB vaccine strategies are unlikely 

to confer significantly improved lung protection in most humans, as similar to M.tb-

exposed naïve hosts, the lung environment of parenterally TB vaccine immunized hosts is 

still prone to M.tb-imposed innate immune suppression, and anti-M.tb T cells are 

sequestered in lung vasculature (LV). In fact, T cell localization in the restricted sites of the 

lung (LPT and BAL) is tightly regulated via selective expression of tissue-specific homing 

molecules including chemokine receptors (CCRs), selectins, and integrins on antigen (Ag)-

experienced T cells. Likely, the site or route of vaccination, the type of vaccinated tissue, 

and the type of vaccine all determine the migration pattern of Ag-experienced T-cells (115-

117). More interestingly, the geographical localization of Ag-experienced T cells is not a 

terminal event which may change or can be modified during a secondary vaccination or 

immunomodulation. Non-haematopoietic cells in peripheral tissues, as well as resident 

stromal cells and DCs in the secondary lymphoid organs all play a role in T cell tissue 

distribution (118). While constitutive homing of T cells into the restricted entry sites is 
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tightly regulated, T cell trafficking may become less restricted in inflammatory conditions. 

For example, during inflammation, upregulation of inflammatory chemokines and ligands 

for integrins might compensate for the requirements for tissue-specific homing of T cells 

into inflamed peripheral tissues (119). However, compared to other mucosal tissue sites 

such as the gut, the nature of the molecules involved T cell homing to the lung remains 

poorly defined. 

Mounting evidence demonstrates that compared with parenteral vaccination, a well-

designed RM vaccination strategy, provides robust protection against pulmonary TB (99, 

120-122). An Effective RM vaccination should fill the gap in host defense against 

pulmonary TB through induction of a state of protective immunity at the M.tb entry site of 

the respiratory tract comprising trained-innate immunity (defined by imprinting M.tb-target 

innate cells in the lung prophylactically before M.tb exposure to avoid M.tb imposed 

immunosuppression on innate cells), anti-M.tb surface antibodies, and permanently 

noncirculating M.tb-specific tissue resident memory CD4 and CD8 T cells residing in the 

lung restricted entry sites. Such strategy is likely capable of conferring effective levels of 

protection or even sterilizing immunity (5).  

There has been an interest in delivering mycobacterial organism-based vaccines 

such as BCG via RM route to the lung of experimental animals, particularly nonhuman 

primates (123-125). While parenterally repeated prime-boost BCG vaccination is 

inefficient in humans (126),  the safety and effectiveness of BCG administration via the 

RM route in parenterally BCG-primed humans remains to be established.  RM route of 

BCG administration in humans might cause undesired inflammation (127), and BCG 
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vaccination is not recommended by WHO in HIV-infected children. Moreover, compared 

to viral vector-based platforms, BCG is not effective as a CD8 T cell activator (5). 

Several M.tb protein Ag-based TB vaccines have been examined through the RM 

route in murine or guinea pig models (128-131). These vaccines are adjuvanted with Ag-

independent inflammatory agonists such as TLR4 agonists, or encapsulated within 

polymers, with encouraging results. The main concerns for RM application of protein-

based TB vaccines in humans include the fact that often three repeated administrations are 

required, and the safe, effective immune adjuvants suitable for RM delivery remain to be 

developed. Moreover, these vaccines are poor inducers of CD8 T cells. Thus, further studies 

are required to fully characterise protein-based vaccines with suitable mucosal adjuvants 

for human RM application (5). 

Replication-deficient viral vector-based TB vaccines expressing immunodominant 

M.tb protein Ags are amenable for human RM application owing to their general safety, 

built-in immune adjuvanticity, and capability to elicit trained innate immunity (100). The 

major candidates include MVA viral-, type 5 human Ad (AdHu5)-, type 35 human Ad 

(AdHu35)-, chimpanzee Ad (AdCh)-, and influenza A viral (TB/FLU-04L) vector TB 

vaccines.  

MVAg85A has undergone the most advanced clinical evaluation. Single RM, but 

not parenterally intradermal, delivery of MVA85A to BCG-vaccinated humans gives rise 

to higher magnitude of activated T cells in the lung (132). While whether RM delivery of 

MVA85A enhances protection in humans remains to be determined, intradermal-delivered 
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MVA85A has failed to enhance protection against pulmonary TB in  BCG-vaccinated 

individuals (133, 134). Moreover, while MVA85A induces highly durable CD4 T cell 

responses, this vaccine is a poor inducer of CD8 T cells (135).  

RM delivery of AdHu5Ag85A has successfully gone through various experimental 

studies from murine to nonhuman primate models. Furthermore, such vaccination strategy 

does not lead to production of anti-Th1 cytokines including type 1 IFNs (IFNŬ/ɓ), which 

contributes to its high immunogenicity (136). In this regard, murine studies have shown 

that RM delivery of AdHu5Ag85A mounts strong, durable cytotoxic IFNɔ+TNFŬ+ CD8 T 

cell, and to a less extent CD4 T-cell, responses at the lung mucosa which is correlated with 

protection towards pulmonary TB (104, 137). Experimental studies in other animal models 

including guinea pig, bovine, and nonhuman primates have also demonstrated strong 

protection of RM AdHu5Ag85A immunized hosts (138-142). Of importance, single RM, 

but not intramuscular (i.m.), inoculation of AdHu5Ag85A in BCG-primed humanized mice 

leads to higher levels of activated CD4 T cells in the lung and confers robust protection 

against pulmonary TB (143). Intramuscular AdHu5Ag85A vaccination in BCG-primed 

humans was safe and immunogenic and induced polyfunctional CD4 and CD8 T cell 

responses (144, 145). Since the preexisting anti-AdHu5 immunity may compromise the 

vaccine efficacy in humans, one alternative strategy to avoid this problem is to deliver the 

vaccine via  alternative routes (107). In this regard, clinical studies support RM route of 

vaccination for AdHu5-based vaccines as little preexisting anti-AdHu5 antibodies can be 

found in the lung mucosa compared to the peripheral blood (107). Currently a second phase 
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1 clinical trial evaluating the safety and immunogenicity of AdHu5Ag85A delivered by 

inhaled aerosol in BCG-vaccinated human volunteers is on-going. 

As a rare human serotype of human adenoviruses, AdHu35 can bypass the issue 

associated with preexisting anti-AdHu5 immunity, and it has been used as a trivalent 

vaccine expressing M.tb immunodominant Ags including Ag85A, Ag85B (acute stage M.tb 

Ags), and TB10.4 (chronic stage M.tb Ag). However, compared to AdHu5, AdHu35 is 

much less immunogenic and often needs to be repeatedly inoculated in animals and 

humans. While RM administration of an AdHu35 TB vaccine confers moderate protection 

in murine models, it fails to protect nonhuman primates against pulmonary TB. The inferior 

immunogenicity elicited by AdHu35 is due to its potent inducibility of type 1 IFNs 

(IFNŬ/ɓ), which dampens the expression of transgene and induces Mʌ inactivation (5). 

Chimpanzee adenovirus-based (AdCh) vaccines have the capacity to overcome the 

presence of preexisting anti-AdHu5 immunity as anti-AdHu5 antibodies do not cross-react 

with AdCh. Chimpanzee-based Ad vector TB vaccines including ChAdOx1.85A and 

AdCh68Ag85A express Ag85A (112, 113). Currently ChAdOx1.85A is under assessment 

in clinical trials. A murine study using ChAdOx1.85A has demonstrated that while RM 

vaccination with ChAdOx1.85A fails to markedly improve anti-TB protection in BCG-

immunized hosts, it enhances protection when combined in a booster regimen with 

MVA85A (113). AdCh68Ag85A, which was designed in our lab based on chimpanzee 

adenovirus serotype 68, expresses the same transgene cassette as AdHu5Ag85A. A murine 

model of RM vaccination with AdCh68Ag85A has demonstrated that this vaccine is safe, 

and induces minimal levels of type-1 IFN (112). Compared to AdHu5Ag85A, this vaccine 
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elicits higher levels of long-lasting Ag-specific CD8 T cells within the lung. Interestingly, 

while there are comparable levels of protection upon RM vaccination with both 

AdHu5Ag85A and AdCh68Ag85A, the lungs from hosts vaccinated with the latter reveals 

less pathology as shown by reduced formation of granulomatous lesions (a hallmark of 

pulmonary TB infection).  

Together the above-mentioned studies encourage RM delivery of viral vector-based 

TB vaccines to enhance lung immunity against pulmonary TB in humans. 

1.5 Memory T cells 

Memory T cells elicited following natural infection or vaccination have a critical 

role in host defense against infectious diseases. In the past, it was believed that cellular T 

cell immune responses induced by natural infection or vaccination persist only in the form 

of effector (TEM) or central (TCM) memory T cells. TCM recirculate between blood and 

secondary lymphoid organs (SLOs). Moreover, while some sub-populations of TEM 

recirculate among blood, SLOs and non-lymphoid organs, others are restricted in blood 

(117, 146, 147). In the recent years, the third subset of memory T cells has been recognized 

that persist in the site of infection without recirculation and are called as tissue-resident 

memory T cells (TRM) (Figure 3) (148).  
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Figure 3. Trafficking characteristics of memory T cell subsets. The schematic illustrates 

the trafficking patterns of several subsets of memory T cells. TCM cells recirculate in blood 

and secondary lymphoid organs (SLOs) and enter draining lymph nodes (dLNs) through 

high endothelial venules (HEVs). Some subsets of TEM recirculate from blood to 

nonlymphoid tissues (NLTs) and move through lymphatics and SLOs on the way to renter 

the bloodstream (recirc TEM), although other subsets are restricted in blood (bloodborne 

TEM). TRM stay within NLTs, SLOs, and some local vasculature sites without recirculation. 
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1.5.1 Tissue-resident memory T cells (TRM) 

TRM have been described within nonlymphoid tissues, SLOs, and some vascular 

compartments such as liver sinusoids (Figure 3) (147). Lung TRM induced following a 

primary respiratory viral infection constitute the first line of defense to reinfection (149-

151). TRM exert their effector functions through direct cytotoxic effects on infected cells 

and trigger a cascade of inflammatory events, resulting in innate cell activation and 

recruitment of circulating memory cells and leading to a state of tissue-wide pathogen alert 

(Figure 4) (152). Lung CD8 TRM are typically defined by the expression of TRM features 

including integrins CD49a (153, 154) and CD103 (149, 151), as well as the early-activation 

marker CD69 (149, 151). Intriguingly, while CD103 and CD69 are expressed by CD8 TRM 

in all mucosal sites, CD49a is exclusively expressed by lung and skin CD8 TRM (153-155). 

Lung CD4 TRM express high levels of CD49a, CD69 and integrin ŬL (CD11a), but only a 

small fraction of them express CD103 (156).    

CD49a (integrin Ŭ1) exclusively pairs with CD29 (integrin ɓ1) to form VLA-1 

(Ŭ1ɓ1). VLA-1 is expressed by mesenchymal cells including endothelial cells and 

fibroblasts, as well as activated T cells after T cell priming (157, 158). VLA-1 binds to 

collagen and laminin (159), with preference for collagen IV in the basement membrane of 

lung epithelium, and retains T cells in the vicinity of the lung airways (160). VLA-1 

contributes to T cell migration (161), retention (153), and survival (162), as well as TNF-Ŭ 

secretion (159). Accordingly, CD49a deficiency or blockade on TRM cells following 

primary influenza infection inhibits protection against secondary heterosubtypic infections 

which is associated with reduction in the number of TRM (153). Of note, VLA-1 protects 
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airway luminal effector CD8 T cells from passive apoptosis which is induced following 

reduction in Ag dose- and IL-2-dependent proliferation (163). However, the expression and 

function of VLA-1 in TRM responses following RM replication-deficient viral-based 

vaccination has remained unclear.   

CD103 (integrin ŬE) pairs with Ly69 (integrin ɓ7) and is highly expressed by airway 

luminal influenza-specific CD8 T cells, as well as migratory CD103+ DCs in the lung (164, 

165). CD103 expression by influenza-specific CD8 T cells occurs following homing to the 

lung airways in a CD4 T cell-dependent way (149). In this regard, inducible CD103 

expression is mediated through the effect of the active form of  transforming growth factor-

ɓ (TGF-ɓ), which is generated by both epithelial cells and DC subsets (166). CD103 binds 

to E-cadherin, an adherence junctional protein on adjacent cells in epithelium. Of note, 

CD103 interaction with E-cadherin affects both cellular shape and motility within the 

epithelial tissue, which restricts lymphocyte movement through epithelial cell layers (166). 

CD103 increases the killing capacity of cytolytic lymphocytes through formation of stable 

synapses with target cells (167), and signal transduction through binding to its ligand which 

increases T cell functions, such as lytic activity and lytic granule polarization (166). CD103 

also plays a role in the retention of influenza-specific CD8 T cells in lung airways after 

clearance of infection, and this process requires persisting Ag presentation (164, 168, 169). 

However, how the persisting Ag presentation regulates CD103 expression and what would 

be the role CD103 during the early stages of TRM development still remain to be clarified. 

The lectin CD69 expression is transiently acquired by activated T cells upon T cell 

receptor (TCR ) stimulation, but constitutively expressed on resident cells (170). CD69 as 
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an antagonist of sphingosine-1 phosphate receptor 1 (S1P1), a receptor responsive to S1P 

gradients, downregulates S1P1 expression through its internalization and degradation, 

thereby inhibiting T cell egress from both SLOs (secondary lymphoid organs) and non-

lymphoid tissues (171). Indeed, CD69 expression persists in many non-lymphoid tissues 

without the requirement for constitutive specific Ag recognition (172, 173), suggesting 

CD69 as a potential marker of tissue residence. Nevertheless, CD69 deficiency on CD8 T 

cells, only leads to reduction, but not ablation, of CD8 T cell populations (174).                                

CD11a (integrin ŬL) pairs with CD18 (integrin ɓ2) to form LFA-1 (ŬLɓ2). LFA-1 is 

expressed by activated T cells upon T cell priming, and its binding to ICAM-1 on 

endothelial cells leads to leukocyte migration across endothelial barriers into the 

surrounding tissues (175, 176). Like CD103, LFA-1 also increases the killing capacity of 

cytolytic lymphocytes through formation of stable synapses with target cells (167). While 

LFA-1 expression by airway luminal T cells decreases over time, CD103 expression on 

these cells may compensate for the low LFA-1 expression and maintain effective cytolytic 

responses to reinfections. However, the expression and function of LFA-1 in mucosally 

manipulated parenteral vaccination-induced TRM, has remained unclear.  
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Figure 4. Protective functions of respiratory mucosal surface CD8 TRM upon infection. 

Tissue-resident memory T cells (TRM) respond quickly to local pathogen re-encounter. The 

early phase of local immune responses in mucosal sites is mediated by CD8 TRM through 

the release of inflammatory cytokines such as interferon-ɔ (IFNɔ), interleukin-2 (IL-2) and 

tumour necrosis factor-Ŭ (TNFŬ), as well as direct cytotoxic effects on infected cells. Local 

inflammatory cytokine release by TRM triggers a cascade of immune cell- and tissue-

specific events, including the recruitment and activation of dendritic cells (DCs), 

macrophages (Mʌ) and natural killer (NK) cells, as well as upregulation of vascular cell 

adhesion molecule 1 (VCAM-1) on endothelial cells in local blood vessels, leading to 

increased localization of memory CD8 T cells and B cells from bloodstream. All these 

events result in an anti-microbial state in the tissue. 
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1.6 Induction of lung TRM following TB vaccination 

Based on the information learned from models of respiratory viral infections and 

other mucosal infections, it is now well accepted that induction of TRM at the site of 

pathogen entry is critical for protection towards infection (99, 114, 177-179). Furthermore, 

while the mechanisms underlying lung TRM development and maintenance remain 

incompletely understood, the presence of local specific-Ags (114, 180), specific niches for 

TRM (180, 181), local inflammatory cues (174, 182-184), as well as the site of infection and 

the natural tissue tropism of infectious agents (185) all have been demonstrated to play a 

role (114, 180). In murine models of respiratory influenza A virus (IAV) infection, lung 

TRM are expanded and maintained for a long term in specific niches (186) established at the 

site of regeneration upon tissue damage, whereas circulating TEM are widely distributed in 

intact areas of the lung (180). In this regard, cytokines including TGF-ɓ (149) and TNF-Ŭ 

(184) have been observed to play a role in generation of lung CD8 TRM, coincided with 

downregulation of transcription factors including T-box expressed in T cells (T-bet) and 

eomesodermin (Eomes) (149, 184). In comparison, interleukin- 33 (IL-33) is only required 

for optimal generation of these cells without affecting TRM phenotype (184). IL-15 has been 

implicated for long-term survival of lung CD8 TRM, which is dependent on residual T-bet 

expression (182). Moreover, natural tissue tropism of infectious agents plays a role in TRM 

establishment, as compared to systemic viruses, respiratory viruses have a greater 

capability to trigger lung TRM formation upon RM infection (185). All these studies suggest 

the superiority of RM to parenteral infection or vaccination in generation of TRM in the lung 

mucosa.  
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To this end, we have shown that RM vaccination with a viral vector-based TB 

vaccine is superior to parenteral vaccination in protection against pulmonary TB (99, 114). 

In fact, CD8 T cells induced by RM viral vector-based TB vaccination persist in the lung 

for a long term in an Ag-dependent manner, and retain their protective potential similar to 

those lung TRM cell induced following respiratory viral infection (99, 114). However, it 

remains unknown whether and how RM replication-deficient viral vector TB vaccination 

also induces lung TRM. 

While parenteral influenza infection fails to elicit lung TRM, if it is followed by the 

airway delivery of specific-Ag together with a non-specific inflammatory agents such as 

CpG (prime-pull strategy), influenza-specific CD8 TEM differentiate into CD8 TRM by 

creating de novo TRM niches (180). To this end, we have shown that parenteral vaccination 

with distinct TB vaccines followed by mucosal delivery of inflammatory specific-Ags 

elicits lasting and protective T cell immunity in the lung restricted entry sites (114). 

However, it remains unknown whether RM delivery of immune-modulators after parenteral 

replication-deficient viral vector-based vaccination (prime-pull strategy) also induces lung 

TRM, and if so, what are the underlying mechanisms. 

1.7 Rationale, central hypothesis and objectives of study 

Rationale: It has been demonstrated that RM vaccination with a replication-deficient 

viral vector-based TB vaccine is superior to parenteral vaccination against pulmonary TB 

(99, 114). In this regard, respiratory vaccination induced CD8 T cells in the lung persist for 

a long time in an Ag-dependent way and retain their protective potential similar to those 

lung TRM cells induced following respiratory viral infection (99, 114). However, it remains 
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to be investigated whether RM replication-deficient viral vector-based vaccination also 

induces lung TRM expressing TRM-associated molecules, and if so, what would be their 

functions. Furthermore, parenteral route of vaccination is being tested with most of TB 

vaccines in clinical studies while safe and convenient, this strategy unlikely induces long-

lasting and protective T cell immunity at the restricted entry sites of the lung. Recently, the 

concept of TRM generation at the lung mucosa through RM immune manipulation of 

parenterally viral pathogen-infected hosts (prime-pull strategy) has emerged, which 

requires local lung inflammatory signals as well as specific-Ag (180). To this end, we have 

shown that parenteral TB vaccine vaccination followed by RM delivery of inflammatory 

specific-Ag, but not non-specific inflammatory agonists, induces lasting and protective T 

cell-mediated immunity in the lung towards pulmonary TB (114). In this regard, it remains 

to be understood whether such prime-pull TB vaccination strategy also generates lung TRM, 

and if so, what inductive cellular & molecular mechanisms govern generation of TRM in the 

lung. Finding the answers to these questions is not only important in filling the current 

knowledge gap, but also helps develop strategies to improve the protective efficacy of 

parenteral vaccination towards mucosal intracellular infectious diseases such as AIDS and 

TB, as well as lung cancers.   

Hypothesis: Respiratory mucosal, but not parenteral, viral-vectored TB vaccination 

leads to the generation of CD8 TRM in the lung mucosa, which is closely associated with 

enhanced immune protection. While various respiratory mucosal immune modulatory 

strategies can recruit circulating CD8 T cells into the lung of parenterally vaccinated hosts, 

only the strategy containing specific-Ag can lead to the development of CD8 TRM. Such 
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induction of lung TRM is dependent on the stage of parenteral vaccine-induced T cell 

responses and local lung immune signals. 

Objectives:  

1) To address whether RM adenovirus-vectored TB vaccination induces CD8 TRM in the 

lung, and if so, whether TRM-associated molecules play any critical role(s) in different 

phases of T cell responses. 

2)  To address whether RM delivery of a specific-Ag or a non-specific inflammatory 

agonist in hosts parenterally vaccinated with an adenovirus-vectored TB vaccine induce 

lung CD8 TRM, and if so, what are underlying mechanism(s) that drive CD8 TRM generation.  
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Expression and role of VLA-1 in resident memory CD8 T cell responses to 

respiratory mucosal viral-vectored immunization against tuberculosis 

It has been shown that RM vaccination with a replication-deficient viral vector-

based TB vaccine is superior to parenteral vaccination against pulmonary TB. In this 

regard, respiratory vaccination induced CD8 T cells in the lung persist for a long-term in 

an Ag-dependent manner and retain their protective potential like those lung CD8 TRM 

induced upon respiratory viral infection. However, it remains to be understood whether RM 

replication-deficient viral vector-based TB vaccination also induces lung TRM expressing 

TRM-associated molecules, and if so, what would be their functions. In this study we 

evaluated generation of lung CD8 TRM following RM replication-deficient Ad vector-based 

TB vaccination, as well as the function of selected TRM-associated molecules.  

Please refer to the Declaration of Academic Achievement for author contribution 

details. 
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