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Abstract 

 M.tb, the causative agent of pulmonary tuberculosis (TB) remains one of the leading 

causes of infectious disease-based death worldwide.  BCG, the only clinically approved TB 

vaccine, has been in use for almost a century to vaccinate against TB. Despite its success in 

protecting against disseminated forms of TB, it is unable to provide protection against pulmonary 

M.tb infection. Although there have been many recent efforts to enhance or replace BCG, our 

lack of understanding towards host immunity against M.tb has substantially hindered this goal. 

One aspect of pulmonary M.tb infection that remains poorly understood is the induction of Th1 

immunity, which is substantially delayed in comparison to other pulmonary infections. This 

allows the bacteria to establish an infectious foothold within the host and impairs the ability of 

the host to clear the infection. Given the importance of the innate immune response in the 

induction of adaptive immunity, this delay in the establishment of Th1 immunity following 

pulmonary M.tb infection is likely due to a defect in the early innate immune response. However, 

the specific roles of this immune compartment in regards to T cell activation following 

pulmonary M.tb infection is still not well understood. As such, the scope of this thesis is to gain 

an increased understanding towards the role of the innate immune compartment in the generation 

of Th1 responses. Such insights will allow us to develop new strategies to improve upon future 

and existing TB vaccine design. 
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Chapter 1. Introduction  

1.1. General introduction 

Mycobacterium tuberculosis (M.tb) is the causative agent of pulmonary tuberculosis (TB) 

and remains the leading cause of death due to infectious disease worldwide. Since its initial 

discovery by Robert Koch in 1882, our understanding towards the control of the disease has 

increased dramatically, to the point where the majority of TB cases have the potential to be 

successfully treated. Despite these advances, approximately one third of the world’s population 

remains latently infected with the M.tb, with 5-10% of infected individuals eventually 

developing clinically active disease. In 2016 there were an estimated 10.4 million new cases and 

1.8 million deaths recorded, highlighting the fact that new cases continue to emerge despite our 

ability to treat the infection. A large portion of the afflicted population are situated in sub-

Saharan Africa and Southeast Asia, although due to increased globalization this is no longer 

merely a regional issue (1). As of the year 2016, TB ranks above HIV as the leading cause of 

global deaths due to an infectious disease (1).  

Despite the enormity of the global TB burden, 90-95% of exposed individuals will 

adequately control the bacteria and not develop clinical disease. A subset of individuals exposed 

to TB (~20-25%)  demonstrate early clearance of M.tb and eliminate the pathogen before it is 

able to establish an infection (2). The remaining 75-80% of individuals will be able to control but 

not eliminate the infection and develop latent TB (1). About 5-10% of infected individuals will 

experience reactivation within their lifetime, usually due to a loss of control in TB when an 

individual becomes immune compromised such as during HIV infection or when given anti-TNF 

therapy (1, 3). 
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Figure 1 – Possible outcomes following M.tb exposure. Most individuals exposed to M.tb will 

adequately control the infection throughout their lifetime, resulting in latent TB and has a 

minimum impact on their daily health. A loss of containment will lead to the development of 

active TB.   
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1.1.1. Current treatment options for TB  

Currently, the standard treatment option available for drug-susceptible TB infection is 

composed of a 6-9 month antibiotic regimen of rifampicin and isoniazid. (4). However, the 

recent emergence of multi-drug resistance (MDR) and extensively-drug resistant (XDR) forms of 

TB has made it increasingly difficult to treat M.tb infection. Although additional antibiotic 

regiments are available, vaccines have recently become an increasingly attractive alternative 

method to control M.tb, and indeed the use of Bacille Calmette-Guérin (BCG) over the last 80 

years has led to an substantial decrease in M.tb burden, particularly in protection against 

disseminated childhood forms of TB.  

BCG was developed by Albert Calmette and his associate Camille Guérin at the Pasteur 

Institute de Lille when they noticed that sub-culturing of tubercule bacilli lead to a reduction in 

virulence (5). Starting with a virulent bovine strain of TB (M. bovis), they proceeded to sub-

culture the bacteria until finally by 1921 they had generated a strain that was unable to produce 

active TB when injected into various animal models. Although the protocol and strains of BCG 

used varies between countries, it is usually given once subcutaneously shortly after birth (within 

12 months) at a dose of 4x105 colony forming units per host. However, as it is a live-attenuated 

bacterium, WHO guidelines dictate that children who may be HIV-positive do not receive BCG 

(6). While there were some initial setbacks, by the 1950s BCG was used routinely in most major 

countries around the world. Currently, with the exception of a few countries such as Canada and 

the United States, it is used in more than 180 countries and over 3 billion children are immunized 

around the world (5, 7) .   

However, despite the widespread use and success of BCG in protection against childhood 

forms of disseminated TB, BCG has repeatedly been shown to have poor protective efficacy 
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towards adult pulmonary TB (8).  The failure of BCG to protect against pulmonary TB, along 

with the recent emergence of antibiotic resistant TB, underscores the need for the development 

of new vaccines and vaccination strategies that will be able to provide adequate protection 

against M.tb. Although many vaccines are currently in the developmental pipeline (9), our lack 

of mechanistic insights towards the generation of protective immunity against M.tb has severely 

impeded our progress towards this goal.  

1.1.2. Pathogenesis of tuberculosis infection 

M.tb is a facultative intracellular bacterium that spreads through aerosols containing 

viable M.tb  bacilli generated by patients displaying active TB, whereby it is inhaled and 

deposited within the lung alveoli. This is in strict contrast with latently infected individuals who 

display no apparent symptoms and are non-contagious (10). A characteristic of TB is the 

formations of granulomas within the lung and other infected organs. These granuloma structures 

are considered a hallmark of TB pathology and have been identified long before the discovery of 

M.tb itself (11). However, it was not until 1884 after the identification of M.tb that the bacilli 

was discovered within the granuloma as well, linking the lesion with M.tb itself (reviewed in 

(12)). Initially composed primarily of infected macrophages, the CD4+ and CD8+ T cells that 

eventually arrive within 3 weeks post infection surrounds the core of infected macrophage (11, 

12) and forms the perimeter of the granuloma. The secretion of activation factors such as IFN-γ 

by antigen-specific T cells results in a morphological change in the infected macrophage towards 

both an epithelial-like morphology (termed epithelioid macrophage) and giant multinucleated 

cells, which are formed from the fusion of infected macrophages (12-14). In most cases, M.tb is 

sequestered within these structures with minimal impact on host respiratory functions. However, 

disruption of these structures, usually when individuals become immune compromised, leads to 

the active TB. This is the result of disease progression, where the centres of the granulomas will 
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develop a necrotic focus due to the caseation of the macrophage centre (15). This leads to the 

eventual spreading of M.tb to other parts of the lung as well as throughout the body, further 

disrupting lung function as well as eventually causing much more severe forms of tuberculosis 

such as miliary tuberculosis or tuberculosis meningitis. These forms of TB carries with it a high 

morbidity and mortality, particularly among HIV-infected individuals (16). The loss of 

containment within the granuloma also results in the generation of aerosolized bacilli and 

subsequent transmission of M.tb (17), making these individuals highly contagious. 

Although phagocytic cells are the primary targets of infection, key to protection against 

M.tb itself is the generation of adaptive T-helper 1 (Th1) lymphocytic responses (18). 

Specifically, CD4+ IFN-γ T cells responses were found to be the primary mediators of anti-TB 

immunity (19, 20), and the induction of this response by BCG has been linked to its protective 

efficacy of the vaccine against M.tb (21). Although recent publications have put some doubt 

towards the importance of IFN-γ responses as a protective correlate (22, 23), animal models as 

well as clinical studies have repeatedly demonstrated the importance of IFN-γ in the control of 

M.tb infection (24-27). Given that CD4+ T cells are critical to the production of IFN-γ following 

pulmonary M.tb infection, the priming and generation of CD4+ T cell responses is critical to the 

generation of anti-TB responses, and eliciting this response has been a goal for anti-TB vaccine 

design for many years (9). 

1.2. Impaired generation of Th1 responses following pulmonary M.tb infection 

Despite the importance of Th1 immune responses in host anti-TB immunity, there is a 

substantial delay in the generation of such responses following infection, which are not observed 

at the site of infection for at least 3 weeks post infection (18, 28). This delay is in sharp contrast 

with other pulmonary infectious disease models such as influenza (29) and other intracellular 
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pathogens such as Listeria monocytogenes (30), in which the effector T cell populations are 

observed as early as 7-8 days post infection within the lung. The swift arrival of Th1 responses in 

these models correlate with a rapid control of the infection, and it is believed that this delay in 

Th1 induction allows M.tb to establish a foothold in the lung, thus preventing the host immune 

response from effectively controlling and eliminating M.tb. As such, the delayed induction of 

Th1 immunity has recently been recognized as another hallmark of pulmonary TB and a serious 

impediment towards the ability of the host to control M.tb infection (18, 28, 31). Given the 

importance of Th1 immunity in the control of M.tb, it is imperative to understand the mechanism 

behind the impairment of this response. Discussed below are potential checkpoints at which M.tb 

may directly or indirectly impair the generation of host Th1 responses (Summarized in Figure 2) 
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Figure 2 – Potential checkpoints in delayed priming of Th1 responses following pulmonary 

M.tb infection. The generation of Ag-specific Th1responses at the site of infection is dependent 

on many steps. A defect in any of these would result in the delayed generation of Th1 immunity. 

In particular, steps 1-4 represent key points that are important for Th1 priming (Reviewed in 

(28)).  
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1.3. Impaired initiation of early immune responses against M.tb 

In the context of pulmonary M.tb, alveolar macrophages (AM) and interstitial 

macrophages (IM) are the two major macrophage populations described within the lung (32, 33), 

and are critical to both the detection and control of M.tb. AM are found within the alveolar 

airspace, and in a steady state represent 90-95% of the cell population within that space (32, 34). 

Given their anatomical location, it is believed that the main role of AM is immune surveillance 

of the lung, and indeed this function is reflected in their high expression of Fc and TLR receptors 

used for bacterial uptake and sensing (35). AM are particularly crucial in anti-TB immunity as 

these cells reside within the airway and are among the first to respond to M.tb upon infection (32, 

36). AM are also unique from other macrophages in the lung due to their high expression of 

CD11c+, which is traditionally associated with dendritic cells (DC). Typically, CD11c is used in 

conjunction with auto-fluorescence and sialic acid-binding immunoglobulin‑like lectin (Siglec-F) 

for phenotypic identification of AM (32). Although AM typically have a low expression of 

MHC-II, upon activation the expression level of MHC-II increases significantly (32). Recent 

literature has demonstrated that AM are established shortly after birth from fetal monocytes (37), 

and are mainly replenished through self-renewal (38, 39). As such, they are relatively long-lived 

and have a turn-over rate of 40% in one year (40), and is contrary to the traditional view of a 

short lived innate phagocyte such as the monocyte which has a half life of approximately 24 

hours in circulation (39, 41). As such, AM represent a persistent innate population at the lung 

that plays a major role in anti-TB immunity. 

In contrast, IM are located within the parenchymal space (or interstitium) between the 

airways. These cells are differentiated from AM based not only from their lack of CD11c and 

Siglec-F, but also due to their expression of CD11b (32). Generally, IM are believed to be 
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replenished by circulating monocytes (41, 42), although there is also some evidence for their 

self-renewal capabilities (43). Transcriptionally, IM are very distinct from tissue-resident 

macrophages such as AM (44, 45). However, given the difficulties in the identification of IM 

(45), these cells are not as well characterized as AM in terms of their functionality apart from the 

“classical” functions of a macrophage such as phagocytosis. There is evidence to suggest that 

these cells mainly interact with DC and interstitial lymphocytes to promote immune responses 

(33, 34). Nevertheless, both macrophage populations have been demonstrated to participate in 

immune surveillance and early immune responses at the lung (32, 45, 46). 

Recognition of the bacteria by these cells is mainly mediated through the use of pattern 

recognition receptors (PRRs) such as the toll-like receptor (TLR) family members TLR-2, 4 and 

9 (47, 48) as well as the NOD-like receptor NOD2 (49) that recognize various M.tb components. 

In particular, AM express a high number of TLR molecules that serve to both recognize and 

permit the entry to M.tb into the cell (36). Recognition of M.tb by these sentinel cells initiates a 

signaling cascade that results in the translocation of NF-κB, ultimately leading to the maturation 

of the infected cell and activation of processes such as increased expression of MHC-II and co-

stimulatory molecules (50, 51).  However, there is extensive evidence demonstrating the ability 

of M.tb to inhibit the maturation process, prolonging its survival within the macrophages and 

preventing killing of M.tb (52, 53). This inhibition not only serves to impair the generation of 

M.tb antigens, but also inhibits the secretion of inflammatory cytokines such as TNF-α and IL-1β 

as well as chemokines such as MCP-1 and IP-10 (54, 55). This inhibition leads to the delay in 

key downstream immune processes, resulting in an overall delay in the initiation of the immune 

cascade (See Figure 2). 
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The eventual upregulation of early inflammatory response leads to a further recruitment 

of innate cells such as neutrophils, monocytes and DC (28). In particular, the recruitment of DC 

and other antigen presenting cells (APC) to the lung is particularly important for downstream 

Th1 activation. As discussed, the acquisition of antigen by these various APC populations result 

in the down-regulation of antigen acquisition capabilities while up-regulating molecules required 

for antigen presentation such as MHC-II as well as co-stimulatory molecules like CD40, CD80 

and CD86 (56).  In addition, maturation of M.tb-bearing DC causes them to respond to different 

sets of chemokines through the upregulation of CCR7 chemokine receptor while down-

regulating CCR5 and CCR3 (57).  This leads to a lost in responsiveness to chemokines such as 

RANTES and MIP-1α, and instead allowing them to respond to CCL19/21 secreted by the lung 

draining lymph node (dLN), inducing migration of these antigen-bearing cells to migrate to the 

dLN.  Recently, Khader et al have established the importance of IL-12p40 towards CCR7 

expression (58), highlighting the importance of this cytokine on DC migration.  The same study 

has also demonstrated that M.tb itself is able to induce the secretion of IL-12p40, suggesting that 

the bacteria may also be using this strategy to promote dissemination towards other parts of the 

body as DC typically have very poor bactericidal capabilities (59, 60). Thus DC serves as an 

ideal niche for M.tb to replicate in while being able to inhibit and delay the immune cascade 

required for the induction of adaptive Th1 responses (See Figure 2). 

1.4. Delayed induction of M.tb-specific Th1 responses at the lung dLN 

As previously discussed, the induction of anti-TB Th1 immunity is substantially delayed 

in comparison to other pulmonary infections; the earliest induction of Th1 responses is not 

observed until day 14 post infection and occurs at the lung dLN  (18, 61, 62) (also see Figure 1).  

The migration of Ag-bearing DC to the dLN is required for the priming of Th1 immune 
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responses required for host defense against M.tb. One possible mechanism explaining such 

delayed T cell priming may be due to the slow growth of M.tb species in comparison to other 

bacteria, which would delay the acquisition of a sufficient antigenic threshold required by APC 

for efficient T cell priming.  This mechanism was proposed under the observation that the 

initiation of T cell priming correlated with the emergence of a certain threshold of bacteria 

within the dLN (61, 63).  As the doubling time of M.tb is very long, the inability to efficiently 

reach a certain antigenic threshold may serve to delay DC antigen acquisition, maturation, and 

migration to the dLN, leading to a delay in T cell priming (63). In contrast to M.tb, rapidly 

growing mycobacteria such as M. smegmatis and M. abscessus have been demonstrated to 

trigger a more rapid T cell response and are thus able to efficiently clear the infection (64).   

Another mechanism has suggested that the relative virulence of M.tb may play a role in 

the impairment of antigen processing. It has been found that while highly virulent strains of M.tb 

have the ability to inhibit apoptosis and instead promote necrosis, attenuated M.tb strains tend to 

undergo apoptosis instead (65, 66). It has been suggested that the inhibition of apoptosis and the 

promotion of necrosis prevents efficient processing of antigen, which is largely held as the 

primary reason for delayed T cell priming (36, 67, 68).  However, evidence within the field and 

our own observations suggest that the relative virulence of M.tb may not be the major factor 

behind delayed T cell priming, as the kinetics of T cell activation following both virulent and 

attenuated M.tb are remarkably similar (61, 62). As such, other factors may be contributing 

towards delayed T cell priming.  

M.tb has also been demonstrated to directly inhibit processes within DC involved in 

antigen presentation including the downregulation of MHC-II expression as well as blunting 

antigen processing (69, 70). In addition, mannose-capped lipoarabinomannan (manLAM) is a 
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PRR agonist expressed by M.tb that specifically binds to DC-SIGN expressed by DC, and has 

been  demonstrated to inhibit the maturation of these cells (71). However, as recent studies have 

highlighted the heterogeneity of DC within the lung itself (discussed later in the thesis), it is not 

clear if all DC subsets are affected by M.tb in a similar fashion, and whether they all contribute 

equally to Th1 activation following pulmonary M.tb infection. 

1.4.1. The role of IL-10 in the inhibition of anti-TB Th1 activation 

 M.tb has been demonstrated to be directly involved in immune suppression, whereby the 

induction of interleukin 10 (IL-10) by M.tb has been found to suppress macrophage activation by 

CD4+ T cells (72, 73). A well characterized regulatory cytokine, IL-10 signals through a receptor 

complex consisting of two subunits: IL-10R1 induced on stimulated haematopoietic cells, and 

IL-10R2 which is constitutively expressed on most cells (74). These receptor subunits signal 

through the Janus-kinase (JAK) and signal transducer and activator of transcription (STAT) 

pathway upon binding of IL-10, and cumulate in the phosphorylation and activation of STAT3 

(74). Although there are other STATs that are also activated by this signaling cascade, it has 

been demonstrated that only STAT3 is required for the inhibitory effects of IL-10 (75, 76). 

IL-10 is produced by both myeloid cells and T cells, and a plethora of TLR agonists have 

been found to induce the expression of IL-10 including several M.tb antigens (77). Although T 

cells are able to produce IL-10 (78), DC are also an importance source of IL-10 (79). IL-10 has 

been found to inhibit many processes involved in T cell activation including migration of DC to 

the dLN (80) and antigen presentation via downregulation of MHC-II  (74), and thus may play a 

direct role in inhibiting T cell priming at the dLN during T cell priming. However, whether all 

DC populations have similar capabilities in producing IL-10 is not clear. Nevertheless, we and 

others have demonstrated that IL-10 knockout animals display an accelerated T cell activation 
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kinetics following pulmonary M.tb infection (81-83). As such, the induction of IL-10 by M.tb 

may serve as an immune evasion mechanism by M.tb to inhibit Th1 activation.  

Although the mechanism by which M.tb induces the expression of IL-10 is not clear, 

there is evidence to suggest that type I interferon may be involved. Several hypervirulent M.tb 

strains are strongly associated with the induction of type I interferon (84, 85), and recent in vitro 

evidence has demonstrated that the virulent signature of these clinical strains is due to the 

induction of IL-10 by type I interferon (86). There is also evidence to suggest that manLAM 

from M.tb is able to induce the production of IL-10 (87). Together this demonstrates that the 

induction of IL-10 by M.tb is likely a major mechanism contributing to delayed T cell activation. 

Although DC are known to produce IL-10, it is not clear whether all DC subsets are capable of 

producing IL-10 equally following pulmonary M.tb infection. Given that DC are critical in T cell 

priming, it is important to further investigate their role in T cell priming. 

1.5. Dendritic cells are critical to the activation of Th1 responses  

Central to Th1 induction are dendritic cells (DC), which were identified by Ralph 

Steinman in 1979 when his group was able to purify and identify these cells as a distinct 

population from macrophages and monocytes (88). Characterized by their long dendrites, these 

cells typically have very poor anti-bacterial capabilities (60) and are instead believed to be 

primarily responsible for alerting the immune system and linking the innate and adaptive 

immune compartment, particularly in the priming and activation of naïve T cells (18, 89). As 

previously discussed, maturation of these cells results in the upregulation of CCR7 and allows 

them to respond to chemotactic signals from the lung dLN, facilitating their migration. Once they 

arrive at the dLN, DC interact with the naïve T cells located within the dLN and initiate T cell 

priming. In particular, the arrival of these antigen-bearing DC are critical to T cell activation as 
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they provide the signals necessary for the generation of antigen specific T cells including (1) 

presentation of M.tb antigens to naïve T cells (2) co-stimulatory signals through molecules such 

as CD80/86 and (3) the secretion of T cell polarizing cytokines such as IL-12p70 (90). Upon 

recognition, the signals provided by the M.tb-loaded DC induces the naïve T cell to expand and 

polarize towards a Th1 phenotype. 

As such, DC are critical to the activation of Th1 cells required for anti-TB immune 

responses. Although traditional definitions have broadly defined murine lung DC as 

CD11chiMHCIIhi cells (91), recent studies have further refined this definition and expanded the 

lung DC population into several subsets. Under steady state conditions, lung DC can be broadly 

divided into plasmacytoid DC (pDC) and conventional DC (cDC), which can be further 

subdivided into CD103+cDC and CD11b+cDC (see Figure 2). In addition, under inflammatory 

conditions, monocyte-derived DC (moDC) can also be found. Although moDC have a different 

origin than other DC subsets, pDC and cDC are both derived from a common DC progenitor 

(CDP) found within the bone marrow, and is characterized by the expression of Fms-like 

tyrosine kinase 3 (FLT3) (91-93). FLT3 is crucial to pDC and cDC development as the lack of 

interaction with its ligand FLT3L leads to a total lack of both lineages within the animal, 

although specific transcription factors further distinguish these populations at later stages of 

development (94, 95). Finally, a resident DC population (rDC) has also been described at the 

secondary lymphoid organs (SLO), and although similar in function to cDC are believed to 

exclusively remain in SLOs (89). However, the relative role of each of the aforementioned DC 

subsets in T cell activation following pulmonary M.tb infection is not well described. Although 

human counterparts of these DC subsets have also been identified (96), the focus on this thesis 
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will be on the findings derived from murine models. Below is a brief summary of the roles 

identified for each DC subset in T cell activation (also see Figure 3). 

 

 

Figure 3 – Differentiation of lung dendritic cell subsets is dependent on specific 

transcription factors. Although all dendritic cells (DC) share a common progenitor, each subset 

has different requirements for their final differentiation. Within the lung and lung associated 

lymphoid organs, 4 major groups have been identified: (1) plasmacytoid DC (pDC) (2) 

conventional DCs (cDC), which can be sub-divided into CD103+cDC and CD11b+cDC (3) 

monocyte-derived DC (moDC) and (4) lymphoid resident CD8α+ DC (rDC).   
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1.5.1. The role of lung plasmacytoid DC in T cell activation 

 Traditionally, pDC have been associated with viral infections as they represent a major 

source of type I IFN (97). The specialization towards viral infections is associated with their high 

expression of TLR7 and TLR9, which allows them to robustly respond to viruses and self DNA 

(98). In mice, pDC are defined using CD11c, B220, bone marrow stromal antigen 2 (BST2) and 

Siglec-H, which differs from human pDC slightly as human pDC do not express any lineage-

defining markers such as CD11c, CD19, CD14, CD16 and CD3 (99).  

Unlike cDC, pDC exit the bone marrow and can enter secondary lymphoid organs 

directly through the high endothelial venules (HEVs) and not through the afferent lymphatics 

(100), although they also traffic to peripheral tissues as well. Specifically, their migration from 

the periphery to the dLN is dependent on the expression of CCR7 (101). Although pDC have 

been found to accumulate in the lymph nodes (102), the ability of pDC to present antigens and 

prime T cells remains somewhat controversial. Currently, the consensus is that pDC are capable 

of antigen presentation to both CD4+ and CD8+ T cells, albeit less efficiently than conventional 

DC populations (103, 104). Although it is not clear whether they are directly involved in T cell 

activation following pulmonary M.tb infection, the expression of PRR such as TLR2 (105) 

would allow them to respond to M.tb antigens. Furthermore, given that the increased virulent 

nature of many clinical M.tb strains is associated with a type I IFN signature (84, 85), it is likely 

that pDC play a role in host response to M.tb.  

1.5.2. The role of conventional DC subsets in T cell activation 

Although it was previously thought that pDC shared the same progenitor as other DC 

subsets (106), a pre-DC population that was able to differentiate into conventional DC (cDC) but 

not pDC was recently identified (107). These pre-DC were found to differentiate into two 

distinct subsets: a Batf3-dependent CD103+cDC subset and a IRF4-dependent CD11b+cDC 
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subset. Recently the use of XCR1 and signal-regulatory protein alpha (Sirpα) have also been 

used to more specifically identify CD103+cDC and CD11b+cDC respectively (89). The 

expression of distinct phenotypic markers and the requirement of specific transcription factors 

(Batf3 and IRF4) would suggest that these two cDC subsets are phenotypically and 

developmentally distinct from each other. However, there is ample evidence demonstrating that 

CD103+cDC and CD11b+cDC are functionally distinct from each other as well. 

CD103+cDC can be found within the lung epithelium, where the expression of CD103 on 

these DC allows them to associate with the lung endothelium via its interaction with E-Cadherin 

(108, 109). In contrast, CD11b+cDC are found within the lung lamina propria (110). Although 

the differences in anatomical location may suggest a difference in their relative ability for 

antigen uptake, both populations have been demonstrated to efficiently acquire and delivery 

antigens to the dLN depending on the model used (56, 69, 111-114). This suggests that the 

differences in the efficiency of antigen acquisition and delivery between CD103+cDC and 

CD11b+cDC may not be due to their relative location but rather a differential requirement for 

certain DC subsets in different infection models. 

The migration of both CD103+cDC and CD11b+cDC subsets from the periphery to the 

dLN are also dependent on the expression of CCR7 (101). Specifically, the production of IL-

12p40 is critically important for the expression of CCR7, as DC from IL-12p40 deficient animals 

fail to upregulate CCR7 and migrate to the dLN (58). However, the dominant cDC subset 

responsible for antigen delivery appears to vary depending on the pathogen involved. For 

example, following house dust mite (HDM) exposure, CD11b+cDC and moDC were primarily 

responsible for the delivery of antigen to the dLN, with CD103+cDC only participating at the 

highest dose of exposure (112). Following influenza infection, although CD11b+cDC were more 
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efficient in the uptake of virus in the lung, these cells migrated poorly to the dLN. In contrast, 

CD103+cDC were able to efficiently load viral antigens and migrate to the dLN (115). Although 

this question is not as clearly addressed following pulmonary M.tb infection, there is evidence to 

suggest that CD11b+cDC may be more efficient in antigen delivery to the dLN (69). 

Following their entrance into the dLN, both DC subsets present antigens at the dLN. Both 

DC participate in the presentation of antigens to naive CD4+ and CD8+ T cells present, and this 

has been extensively demonstrated in various models. During HDM exposure CD11b+cDC and 

moDC (discussed below) but not CD103+cDC were required for priming of HDM-specific CD4+ 

T cells (112). In contrast, CD103+cDC have been shown to be important in mediating cross-

presentation of antigen and priming of CD8+ T cells (111). However, another study has 

demonstrated that at the peak of infection CD11b+cDC dominate CD8+ T cell activation (113). 

During RSV infection both CD103+cDC and CD11b+cDC migrate to the dLN and present 

antigen equally well (116). Finally, there is evidence to suggest that CD103+cDC are important 

for the induction of CD4+ regulatory T cells (Treg) through the production of TGF-β and retinoic 

acid (117), and has been demonstrated to be critical in preventing excess pathology following 

M.tb infection (118). The seemingly contradicting data demonstrates that the contribution of both 

CD103+cDC and CD11b+cDC subset to CD4+ and CD8+ T cell activation is also very pathogen 

dependent and cannot be generalized. 

1.5.3. The role of resident DC subsets in T cell activation 

 Unlike migratory cDC, resident DC (rDC) differentiate and spend their entire lives in the 

SLO (96), which include the lung dLN. In the mouse, these cells have traditionally been 

differentiated based on a relatively lower expression of CD11c and MHC-II relative to cDC 

(113). However, more recently, several groups have differentiated rDC into two major 
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populations based on the expression of CD8α and CD4, although the use of CD4 as a 

distinguishing marker is somewhat controversial (96).  

CD8α+ DC are also dependent on Batf3 for their final differentiation, demonstrating that 

they are of a similar lineage as CD103+cDC (119, 120). Although not much is known regarding 

their role in pulmonary infections, a deficiency in these cells have been implicated to be 

correlated to a loss of CD8+ T cell responses against West Nile virus (119). Furthermore, they 

have also been implicated as being critical for the production of IL-12 that is critical in the 

control of Leishmania major infection (120).  Even less is known about the CD4+ resident DC 

due to the difficulty in differentiating these cells from IRF4-dependent CD11b+ cDC as well as 

moDC, as all three populations express CD11b (96). Whether these cells are involved in T cell 

priming following pulmonary M.tb infection has not been investigated. 

1.5.4. The role of inflammatory monocytes and monocyte-derived DC in T cell activation 

Monocytes develop in the bone marrow and remain in circulation until they are recruited 

to the periphery during an inflammatory response, where they differentiate into macrophages as 

well as DC (121, 122). These monocyte derived DC (moDC) are phenotypically very similar to 

CD11b+cDC in that they share expression of CD11b, CD11c and MHCII expression, and both 

are Flt3 dependent (106).  Currently it is still very difficult to differentiate between CD11b+cDC 

which derive from the common DC progenitor (CDP) and the moDC which arise from a 

monocyte precursor, although there have been recent attempts to separate the two populations 

(106, 112). Traditional approaches have attempted to use the expression of Ly6C in conjunction 

with CD11c+, CD11b+ and MHC-II in order to separate moDC from CD11b+cDC. However, 

given that moDC quickly downregulate Ly6C upon activation it is not a reliable marker (96). A 
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study by Plantinga et al has suggested the use of CD64 and Fc epsilon receptor as a way to 

separate moDC and CD11b+cDC (112). 

moDC are recruited to the lung following respiratory viral infection as well as allergen 

exposure (123, 124), and have been shown to be important for the delivery of antigen to the dLN 

(112, 125). In regards to antigen delivery and presentation following pulmonary M.tb infection 

there has been some suggestion that these cells are important for the delivery but not the 

presentation of M.tb antigens at the dLN (69, 126). Following HDM exposure, moDC along with 

CD11b+cDC were important for antigen delivery and presentation to CD4+ T cells (112).  

However, given the prior difficulties in distinguishing between conventional CD11b+cDC and 

moDC further studies will be required to understand the role of moDC in T cell activation. 

Collectively, the above data demonstrates that although various DC subsets are present in 

the lung and lung dLN, their relative contribution to T cell activation is very pathogen dependent 

and cannot be easily generalized between models. Given the heterogeneity that exist it is 

important to understand their relative role in T cell activation following pulmonary M.tb 

infection. However, as CD11b+cDC and CD103+cDC have been demonstrated to be both critical 

towards antigen delivery and antigen presentation, the focus of this thesis will be on these two 

DC subsets. 

1.6. Delayed recruitment of T cells back to the lung leads to impaired control of M.tb  

Despite the delay in T cell activation, by 14 days post infection the host eventually 

generates a Th1 immune response against M.tb. Upon activation in the dLN, these antigen-

specific T cells expand in numbers, upregulate CD44 and downregulate CD62L (127) and 

migrate back to the site of infection at the lung between 15 to 21 days post infection. However, 

whether this delay in the migration of antigen-specific T cells back to the lung is due to a delay 
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in T cell priming or to a further impairment in the recruitment of T cells back to the lung is not 

clear (see Figure 2). Upon their arrival, these activated T cells interact with the infected 

macrophages, where the secretion of factors such as IFN-γ and TNF-α further activate infected 

macrophages in order to trigger key immune processes such as nitric oxide production and 

phagolysosome fusion essential for bacterial clearance (36). However, the delayed arrival of Th1 

responses to the lung provides M.tb with a window in which it is able to replicate relatively 

unchecked. As such, despite the eventual arrival of Th1 responses the host is unable to 

effectively clear the bacteria and is at best only able to contain it.  

1.7. Acceleration of Th1 immunity remains a goal of modern TB vaccine design  

Despite the inability of natural host Th1 immunity to effectively eliminate M.tb, 

activation of infected macrophages by Th1 cells remains a critical aspect of anti-TB host 

defence. It has been proposed that the inability of natural host Th1 immunity to adequately 

protect against pulmonary M.tb infection is due to the delay in which this response arrives at the 

lung. As such, a goal of modern TB vaccine design for many years has revolved around the 

induction and acceleration of a robust anti-TB Th1 immunity. Given that the long history of 

BCG usage (128), the goal of many vaccine platforms involves boosting existing Th1 responses 

in BCG vaccinated individuals (9). In particular, our lab has demonstrated that the use of human 

adenovirus-based TB vaccine is an effective means to enhance existing BCG responses in 

previously vaccinated hosts (129). 

1.8. AdHuAg85A – An example of a robust mucosal anti-TB vaccine platform 

Adenoviruses are double-stranded DNA viruses with genomes that are approximately 

34kbp in length. The adenovirus genome encodes a set of early transcription genes involved in 

gene regulation and replication (termed E1, E3, E4, and E5), and a set of late genes which 

primarily encode for structural genes (termed L1 through L5) (130). Given our extensive 
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understanding (and ease of manipulation) of the adenoviral genome, adenoviruses have been 

widely used as vectors for gene transfer as well as for vaccines. In fact, Adenoviruses remain the 

most widely used viral vectors for vaccine design given their excellent safety record (due to our 

ability to manipulate their genome) and their ability to drive robust adaptive T cell responses. In 

particular, human adenovirus serotype 5 (AdHu5) is the most widely used vector for vaccine 

design since they are proven to have an excellent safety record (131), are highly immunogenic, 

and are able to induce both CD8 and to a less extent CD4 T cell responses (132, 133). One of the 

most thoroughly characterized AdHu5 viral-vectored TB vaccines expresses the M.tb immune 

dominant antigen, Antigen 85A (hereby referred to as AdHuAg85A). Extensive pre-clinical 

studies in numerous animal models have demonstrated that this vaccine induces long lasting 

IFN-γ+ TNF-α+ CD8+ T cells, and to a lesser extent CD4+ T-cell responses (134, 135) . 

Furthermore, a recently completed clinical trial has further demonstrated the immunogenicity of 

the vaccine where it was able to induce polyfunctional CD4+ and CD8+ T cell responses in BCG 

immunized human volunteers (129). 

 However, our preclinical data demonstrates a critical facet in vaccine design and 

implementation: the effectiveness of AdHuAg85A is dependent on the route of vaccination. 

Specifically, our previous studies demonstrate that respiratory mucosal, but not parenteral, 

vaccination with this vaccines is able to induce long lasting protection against M.tb infection 

(134, 136). Until recently, it was believed that this was due to the ability of respiratory mucosal 

vaccination to induce a population of antigen specific T cells both in the airway and the lung 

interstitium (137). However, as intramuscular parenteral vaccination was also able to induce a 

population of M.tb-specific T cells at the lung (134), this did not seem a likely explanation.  
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The view that the presence of TB-reactive T cells in the lung is critical for protection 

ascends from prior consideration of the lung as a single compartment. The discrimination of the 

lung into multiple tissue compartments has led to a better understanding towards the anatomical 

distribution of immune responses in the lung. In addition to the airway and interstitium, the lung 

is also comprised of a dense network of pulmonary capillaries that forms a third compartment in 

the lung (137). The recent development of intravascular staining (138) has allowed for the 

identification of T cells in the lung interstitium vs T cells that remain within the lung vasculature. 

Using this technique, it was found that although both intranasal and intramuscular vaccination 

are able to induce M.tb-specific T cells at the lung, T cells generated following intranasal 

vaccination are found primarily in the interstitium and airway. This is in direct contrast to 

intramuscular vaccination, which induces T cells that are restricted to the lung vasculature (137). 

This demonstrates that only respiratory mucosal vaccination induces a bona fide antigen-specific 

T cell response in the lung. 

1.9. Modulation of the local innate compartment by respiratory mucosal vaccination 

 Although it has been shown that mucosal vaccination is able to drive Ag-specific T cell 

responses to the airway, the factors that drive T cell entry into the lung airway and interstitium 

following respiratory mucosal vaccination remains unclear. However, it is well established that 

the innate immune compartment plays a critical role in the induction and instruction of adaptive 

T cell responses. In particular, it has been suggested that APC at peripheral sites are critical for 

directing T cells to localize towards a specific tissue compartments (139). As such, the 

superiority of respiratory mucosal vaccination may also be attributed to the ability of the viral 

vector to activate innate signals in the local environment. Adenoviruses are highly immunogenic, 

and AdHu5 in particular has been demonstrated to induce various pro-inflammatory cytokines 
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such as TNF-α, IL-6 and IL-12 (140, 141). However, only respiratory mucosal vaccination 

would be able to directly modulate the local lung innate immune compartment. Given that we 

and others have identified various points in the immune cascade at which M.tb either directly or 

indirectly inhibits the innate immune response (28, 78, 142) (also see Figure 4), modulation of 

the lung innate immune compartment may represent a potential method to further enhance T cell 

responses and improve anti-TB immunity. 

 

Figure 4 – Modulation of the host innate compartment by respiratory mucosal 

AdHuAg85A vaccination. The superior protection following respiratory mucosal vaccination 

with AdHuAg85A is traditionally associated with the presence of Ag-specific T cells within the 

lung airway and interstitium. However, respiratory mucosal vaccination also results in the 

modulation of the lung local innate compartment and potentially enhances the functionality of 

these cells.   
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 However, the innate immune compartment has largely been overlooked in the design of 

novel TB vaccines. Although previous efforts have focused on the induction of an robust Th1 

response as a direct correlate to protective immunity against TB (18, 128), we have demonstrated 

that the effects a vaccine has on the innate immune compartment also plays a major role in 

determining vaccine efficacy independent of the T cell responses elicited. We have previously 

demonstrated that despite inducing higher antigen-specific T cell responses, a vesicular 

stomatitis virus (VSV)-based TB vaccine expressing Ag85A (VSVAg85A) had poorer protective 

efficacy than AdHuAg85A. It was found that this is related to the induction of type I IFN by 

VSVAg85A, which induced the production of IL-10 and dampened the killing capacity of the 

infected lung macrophages (143). In contrast, AdHuAg85A did not lead to the induction of type I 

IFN. This data demonstrates that in addition to evaluating the magnitude and breadth of adaptive 

immunity, how a vaccine formulation affects both the local and systemic innate immune 

compartment should also be considered. 

 Furthermore, there is also evidence suggesting that the innate compartment contributes to 

protection against M.tb independently of adaptive T cell responses. The earliest evidence for this 

stems from a study of a TB outbreak on a US naval ship where they found 13 individuals that 

remained protected despite the absence of M.tb-specific T cell immunity for at least 6 months 

post exposure (144). Given the enclosed nature of a typical US naval ship, it is unlikely that they 

were never exposed to M.tb. As such, a more likely explanation points to the fact that an adaptive 

immune response was not needed because the innate response itself was highly effective and 

sufficient for protection. This has since been observed in many individuals who live in constant 

exposure (ie. household contact) of M.tb yet never demonstrated the induction of anti-TB T cell 

responses or signs of infection (2). This phenomenon has recently been described in literature as 
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early clearance of M.tb (145) (also see Figure 1), and suggests an independent role in protection 

for the innate immune compartment. 

 Further evidence of T cell-independent protection has been demonstrated using BCG. 

Although it is not clear whether BCG-mediated protection against M.tb involves the modulation 

of the innate immune compartment, there is substantial evidence that BCG is able to provide 

protection against heterologous infections in a T cell independent manner. The first evidence 

came from a Swedish study done in 1931 demonstrating that children vaccinated with BCG were 

protected against non-TB infections (146). This has also been demonstrated in a SCID mouse 

model using Candida albicans infection, which are extremely susceptible to Candida albicans 

infection. However, despite using a vaccine derived from an unrelated pathogen, these mice were 

protected if vaccinated with BCG prior to infection with Candida albicans (147). Furthermore, 

BCG has been demonstrated to increase responses in human monocytes and NK cells through 

epigenetic modifications (147, 148). This “imprinted” phenotype has also been demonstrated in 

macrophages following lipopolysaccharide (LPS) exposure (149). Given the immunogenic 

nature of viral vectored vaccines, it is interesting to speculate whether mucosal delivery of a 

vaccine vector such as AdHuAg85A would also result in the imprinting of the local innate 

immune compartment.   

1.10. Conclusion 

 Until recently, the major direction of research towards the generation of host immunity 

against M.tb has been focused primarily on the induction of a robust Th1 response at the site of 

infection. While our understanding towards the role of Th1 response against M.tb has greatly 

improved over the last 20 years, our understanding of the role of the innate immune compartment 

in the generation of anti-TB immunity has not progressed in parallel. As previously discussed, 
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the induction of Th1 immunity is critically dependent on a robust innate immune response, 

specifically the innate mononuclear phagocytes. However, in addition to indirectly affecting anti-

TB immunity through the induction of Th1 responses, there is also evidence to suggest that these 

cells are also able to directly contribute to the elimination of M.tb even in the absence of Th1 

responses. As such, an increased understanding of how these cells contribute to the generation of 

host defence against M.tb will provide us with new tools to enhance and develop prophylactic 

and therapeutic interventions for the control and elimination of TB. 
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Chapter 2. Central hypothesis and objectives  

2.1. Rationale:  

Mycobacterium tuberculosis, the causative agent of pulmonary tuberculosis, remains one 

of the leading causes of infectious disease-based death worldwide. Protective immunity against 

M.tb is dependent on the induction of Th1 responses, and current vaccine strategies have been 

focused on enhancing this aspect of host immunity. However, our lack of understanding towards 

host immune responses against M.tb has hindered our ability to develop new vaccines towards 

this goal. One aspect of host immunity that remains poorly understood is the delayed induction 

of Th1 responses, which impairs the ability of the host to control M.tb allows the bacteria to 

establish a foothold in the lung. Although it has been well recognized that the host innate 

immune response is critical to the generation of Th1 immunity, the specific factors 

contributing to delayed Th1 activation has not been well defined. As such, we seek to determine: 

what are the defects within the innate compartment that contributes towards delayed Th1 

priming following pulmonary M.tb infection?  

2.2. Central hypothesis:  

We hypothesize that there exist defects in the innate compartment following 

pulmonary M.tb infection which contributes to delayed T cell activation. We believe that 

understanding of these factors will aid in the development of improved vaccine strategies. To 

demonstrate this, we seek to address the following objectives: 

 

 

 



29 
 

2.3. Objectives: 

1. To determine the impact of the early innate inflammatory response on the generation of Th1 

responses following pulmonary M.tb infection. 

2. To investigate the relative contribution of specific pulmonary DC subsets in the induction of 

Th1 responses following pulmonary M.tb infection. 

3. To determine the relative contribution of innate and adaptive immune responses in the early 

phase of M.tb infection in respiratory AdHuAg85A immunized hosts. 
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Chapter 3. What is the impact of the host early innate inflammatory 

response on the generation of Th1 responses following pulmonary 

M.tb infection? 

Title of Manuscript: Restoration of innate immune activation accelerates Th1 priming and 

protection following pulmonary mycobacterial infection 

Rocky Lai, Mangalakumari Jeyanathan, Christopher R. Shaler, Daniela Damjanovic, Amandeep 

Khera, Carly Horvath, Ali A. Ashkar and Zhou Xing 

Published in Eur. J. Immunol, 44(5):1375-86. 

Published in the European Journal of Immunology 

Copyright JohnWiley and Sons, License #: 4122551456691   
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 In this chapter, we examine whether the early innate inflammatory response plays a role 

in delayed T cell activation following pulmonary M.tb infection. Although it is understood that 

the early innate inflammatory response is critical for the downstream induction of adaptive T cell 

immunity, it is not clear whether any deficiencies in this compartment is responsible for the 

delayed induction of Th1 responses. Furthermore, given this dependency we also wanted to 

determine whether modulation of this immune compartment can accelerate the downstream 

immune cascade and enhance host anti-M.tb immunity. 

Please refer to the Declaration of Academic Achievement for author contribution details. 
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Chapter 4. What is the relative contribution of specific pulmonary 

DC subsets in the induction of Th1 responses following pulmonary 

M.tb infection?  

Title of Manuscript: CD11b+ dendritic cell-mediated anti-M.tuberculosis Th1 activation is 

counter-regulated by CD103+ dendritic cells via interleukin-10 

Rocky Lai, Mangalakumari Jeyanathan, Sam Afkhami, Anna Zganiacz, Joanne A Hammill, Yushi 

Yao, Charu Kaushic, Zhou Xing 

In submission to Journal of Immunology as of September 2017 
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 In this chapter, we seek to examine the relative importance of lung DC subsets in Th1 

activation following pulmonary M.tb infection. Recent studies have expanded the definition of 

lung DC into multiple phenotypically, developmentally and functionally distinct subsets. Most 

prominent and well characterized of these subsets are the conventional DC (cDC) subsets, which 

can be distinguished based on their relative expression of CD103 and CD11b (hereby referred to 

as CD103+cDC and CD11b+cDC). While the relative ability of these two cDC subsets in CD4+ 

and CD8+ T cell activation has been addressed to some degree in various pulmonary infection 

models, their relative contribution to Th1 activation following pulmonary M.tb infection has not 

been well characterized. As such, we seek to elucidate their relative contribution in the induction 

of Th1 responses following pulmonary M.tb infection.  

Please refer to the Declaration of Academic Achievement for author contribution details. 
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Abstract 

Mycobacterium tuberculosis (M.tb), the pathogen causing pulmonary tuberculosis (TB) in 

humans, has evolved to delay Th1 immunity in the lung. While the conventional dendritic cells 

(cDC) are known to be critical to the initiation of T-cell immunity, the differential roles and 

molecular mechanisms of CD11b+ and CD103+cDC subsets in anti-M.tb Th1 activation remain 

unclear. Using a murine model of pulmonary M.tb infection, we found that slow arrival of M.tb-

bearing CD11b+ and CD103+cDCs at the draining lymph nodes (dLN) preceded the much delayed 

Th1 immunity and protection in the lung. Contrary to their previously described general roles in 

Th polarization, CD11b+cDC, but not CD103+cDC, were found critically required for Th1 

activation in dLN following M.tb infection. Rather, CD103+cDC counter-regulated CD11b+cDC-

mediated Th1 activation directly by producing the immune-suppressive cytokine IL-10. Our study 

thus provides new mechanistic insights into Th immune regulation by DC subsets and helps 

develop novel vaccines and therapies.  

(Words count: 150) 
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Introduction 

Pulmonary tuberculosis (TB) by Mycobacterium tuberculosis (M.tb) is the leading 

infectious cause of global morbidity and mortality, with an estimated 10.4 million new cases and 

1.8 million deaths worldwide each year 1. Although the current TB vaccine, BCG, has been widely 

used in most parts of the world for more than 6 decades, it only protects against the severe 

childhood forms of TB but not the highly contagious adult pulmonary TB 2. Tremendous efforts 

have been made in the last few decades towards the development of novel TB vaccines to either 

boost or replace BCG 3-7.  However, these vaccine efforts have been hindered by the existing 

knowledge gap in our understanding of TB pathogenesis and protective immunity. 

 T lymphocytes, particularly Th1 cells, play a critical role in immunity against M.tb 

infection 8-10. However, M.tb has evolved the mechanisms to suppress early immune events 

involved in T-cell activation, resulting in a considerable delay in the onset of Th1 immunity in the 

lung compared to other intracellular pathogens such as influenza virus and Legionella 

pneumophila  11-14. Thus, following M.tb infection in the lung, it takes a number of days for Th1 

priming to begin in the lung draining lymph nodes (dLN) 15 and the full-blown Th1 immunity does 

not reach to and appear in the lung until about three weeks. It is believed that this significant delay 

in the initiation of Th1 immunity allows M.tb to establish a foothold in the lung, being ineffective 

in clearing or controlling infection 8, 13, 14, 16. Despite recent progress in the understanding of timing 

of events that leads to onset of Th1 immunity in the lung, the cellular immune mechanisms 

underlying the delayed Th1 responses following pulmonary M.tb infection still remain poorly 

understood.  

Dendritic cells (DC) are essential in antigen presentation to prime and activate Ag-specific 

T-lymphocytes in dLN for the initiation of adaptive immunity 17. There are the two main 
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conventional DC (cDC) subsets identified in murine lymphoid and non-lymphoid tissues, which 

have been differentiated based on the relative expression of their respective surface markers, 

CD11b and CD103 18, with equivalent cDC subsets identified also in humans 19, 20. Although much 

still remains to be unraveled, emerging evidence suggests a division of labor between CD11b+cDC 

and CD103+cDC subsets in promoting a particular type of Th polarization and responses 

depending on the nature of immune exposure and environmental signals 21, 22. In general, 

CD11b+cDC favor Th2 and Th17 immunity whereas CD103+cDC are associated with Th1 and 

CTL responses. Specifically, CD11b+cDC are involved in the initiation of Th2 activation in models 

of lung allergen exposure 23-25 and skin Nippostrongylus parasitic infection 26, or in the 

development of Th17 activation in models of lung fungal infection 27 and gut citrobacter bacterial 

infection 28. On the other hand, CD103+cDC are commonly linked to Th1 or type 1 immunity 

against intracellular parasites Toxoplasma gondii 29 or Leishmania major 30, 31 and viruses 32-34. 

Furthermore, CD103+cDC are also involved in facilitating the induction of regulatory T-cells 35, 

36, and have recently been shown to directly inhibit Th2 allergic responses via their IL-12 

production 37. Regardless of these advances, the precise roles and molecular mechanisms of 

pulmonary CD11b+cDC and CD103+cDC subsets in Th1 activation following intracellular 

infection, in particular M.tb infection, are still largely unclear 17, 21, 38, 39. Enhanced knowledge in 

this regard will be critical to unraveling the cellular and molecular mechanisms of delayed anti-

TB Th1 immunity and developing novel vaccination strategies.  

In the current study, using a murine model of pulmonary M.tb infection, we reveal that 

both infected CD11b+cDC and CD103+cDC migrate into the lung dLNs, but their migration is 

delayed up to 14 days after infection. Contrary to their previously understood roles in Th 

polarization, CD11b+cDC, but not CD103+cDC counterparts, are a critical player in Th1 priming 
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and activation following pulmonary M.tb exposure. Furthermore, we have identified a new role 

for CD103+cDC and demonstrate here that CD103+cDC play a direct regulatory role in anti-M.tb 

Th1 immunity by inhibiting CD11b+cDC-mediated Th1 priming via the production of immune-

regulatory cytokine IL-10. Our findings provide new insights into the distinct roles and functional 

plasticity of conventional DC subsets in the regulation of Th1 immunity against an intracellular 

bacterial pathogen of paramount clinical importance. 

Results 

Ag-specific Th1 cell recruitment to the lung and bacterial control are significantly delayed 

following pulmonary M.tb infection 

 To begin understanding the role of DC subsets in Th1 activation, we first characterized the 

kinetics of mycobacterial growth and T-cell responses in the lung of mice infected via pulmonary 

route with M.tb. Bacterial burden in the lung continued to increase logarithmically after infection 

and reached a plateau of ~6 logs by d21 post-infection (Figure S1A), in agreement with previous 

findings 40, 41. Of importance, the lack of control of bacterial growth was associated with the lack 

of Ag-specific Th1 responses in the lung between d5 and d14 whereas the manifestation of control 

of bacterial growth coincided with the apparent arrival of Ag-specific Th1 cells in the lung between 

d14 and d21 post-infection (Figure S1B/C). These data demonstrate a close relationship between 

delayed Ag-specific Th1 cell immunity and uncontrolled M.tb replication in the lung.   

Arrival of M.tb-infected CD11b+cDC and CD103+cDC at the dLNs is delayed and associated 

with delayed Ag-specific Th1 cell priming  

In order to determine whether the delayed appearance of Ag-specific Th1 responses in the 

lung was due to the inability of the activated Th1 cells to enter the lung or due to delayed Th1 

activation in the mediastinal lymph nodes, the lung dLN, we analyzed the kinetics of Th1 responses 
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in the dLN following M.tb infection. We found that Ag-specific Th1 activation was delayed in the 

dLN, and significant CD4+IFN-γ+T-cells were not induced until d14 post-infection (Figure 1A). 

Thus, marked Th1 responses at d14 in the dLN (Figure 1A) preceded the markedly delayed 

appearance of these cells in the lung at d21 (Figure S1B/C).  

It was shown that arrival of M.tb-bearing DC preceded the Th1 activation in the dLN 8, 38. 

Despite this, the relative migration kinetics of CD11b+cDC and CD103+cDC subsets have 

remained to be determined. As the first step towards elucidating the role of lung cDC subsets in 

Th1 activation, we analyzed the kinetics of major cDC subsets in the dLN at defined timepoints, 

d5, d10 and d14, after pulmonary M.tb infection. cDC subsets in the dLN were identified using a 

specific gating strategy as described by Ballesteros-Tato et al 42 by first excluding CD3+ T-cells 

followed by B220+ B-cells from the total live cells. From the remaining population, 

CD11ChiMHCIIhi cells were gated, which were further divided into CD103+ and CD103- subsets. 

Examination of CD11b expression on these populations revealed that CD103+ cells were negative 

for CD11b whereas CD103- cells were positive for CD11b (Figure S2). Significant increases in 

the number of both CD103+cDC and CD11b+cDC subsets were not observed in the dLN of infected 

mice until after d10 post-infection compared to uninfected mice (naïve) (Figure 1B). Importantly, 

CD11b+cDC were found in significantly higher numbers than CD103+cDC at d14.  

Previous studies show that CD11b+cDC play a role in the delivery of live M.tb from the 

lung to the dLN 38. Since we have observed the co-migration of both CD11b+ and CD103+cDC 

subsets to the dLN, we next examined the relative bacterial load within both DC subsets to assess 

their antigen delivery capabilities. To this end, CD11b+cDC and CD103+cDC were purified from 

the dLN at d10 post-M.tb infection, and the bacterial burden within each DC subset was quantified 
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using a mycobacterial CFU assay. We observed that in fact, the bacterial burden within 

CD103+cDC was significantly greater than in CD11b+cDC (Figure 1C).  

Together these data suggest that Th1 priming and activation is also significantly delayed 

in the dLN, which is associated with delayed appearance of M.tb-bearing CD11b+ and CD103+cDC 

in the dLN. Compared to CD103+cDC, CD11b+cDC are the predominant cDC subset at the time 

of Th1 priming (d14) in the local draining lymphoid tissue. 

CD11b+cDC are superior to CD103+cDC in priming and activating M.tb Ag-specific Th1 cells 

 The relative role of CD11b+ and CD103+cDC in M.tb-specific Th1 priming and activation 

is still unclear 17, 21. Given the close association between the arrival of M.tb-infected CD11b+ and 

CD103+cDC subsets at the dLN and the timing of Ag-specific Th1 priming (Figure 1A/B), we next 

examined the relative contribution of CD103+cDC and CD11b+cDC to the priming of Ag-specific 

Th1 cells. To address this, we purified and CFSE-labeled CD4+T-cells purified from naïve P25-

Tg mice engineered to express the TCR specific for an immunodominant M.tb antigen Ag85B 43. 

CFSE-labeled P25-TgCD4+T-cells were then co-cultured with either CD11b+cDC or CD103+cDC 

purified from the dLN at d14 after M.tb infection at a ratio of 1:2 DC to T-cells (Figure 2A). A 

much greater proportion of P25-TgCD4+T-cells proliferated when co-cultured with CD11b+cDC 

than with CD103+cDC (Figure 2B -histograms) regardless of a higher infectious burden in 

CD103+cDC (Figure 1C). This was demonstrated by significantly fewer CD11b+cDC-stimulated 

P25-TgCD4+T-cells rested in the G0 phase and significantly more of them undergone greater-than-

four rounds of proliferation (Figure 2B-bar graph). As expected, CFSE-labeled P25-TgCD4+T-

cells cultured on their own did not undergo any proliferation (data not shown).  

As CD4+T-cell proliferative responses alone may not suffice to attest to a Th1 polarization, 

we measured the levels of IFN-γ, a Th1 signature cytokine, in the culture supernatants as an 
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indication of the ability of either CD11b+cDC or CD103+cDC to induce M.tb Ag-specific Th1 

activation. In consistent with higher rates of proliferation of CD11b+cDC-stimulated P25-

TgCD4+T-cells, these cells released much more IFN-γ than CD103+cDC-stimulated counterparts 

(Figure 2C). Since IL-12 provides proliferative and activating signals to CD4+T-cells towards Th1 

polarization 44 and IL-12 production has been identified to be a primary mechanism by which 

CD103+cDC promote Th1 activation and counter-regulate Th2 immunity 29, 30, 37, we compared IL-

12 production by CD11b+cDC and CD103+cDC co-cultured with P25-TgCD4+T-cells. 

Intriguingly, both cDC subsets were capable of significant and comparable levels of IL-12 

production even with a higher trend seen with CD11b+cDC (Figure 2D).  

The above data together indicate that although both M.tb-infected CD11b+cDC and 

CD103+cDC migrate to the local draining lymphoid tissue following pulmonary M.tb infection, 

the former is much more potent than CD103+cDC in priming and activating Ag-specific Th1 cells.  

Deficiency of CD11b+cDC severely impairs Ag-specific Th1 activation following pulmonary 

M.tb infection 

 We have thus far established that compared to CD103+cDC, a greater number of infected 

CD11b+cDC migrated to the dLN following pulmonary M.tb infection (Figure 1B), and 

CD11b+cDC, on a per cell basis, were more capable of priming M.tb Ag-specific Th1 cells (Figure 

2B/C). Therefore, we next set out to determine the role of CD11b+cDC in Th1 priming in vivo. To 

this end, we made use of IRF4-/- mice which are largely deficient in CD11b+cDC but have an intact 

CD103+cDC population in the lung 45. Indeed, we verified this to be the case in IRF4-/- mice when 

we examined these two cDC subsets at both d10 and d14 post-M.tb infection (Figure S3). In 

support of the major role of CD11b+cDC in Th1 activation (Figure 2), we found that by d10 post-

M.tb infection, lack of CD11b+cDC led to blunted Th1 priming manifested by severely diminished 
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CD4+IFN-γ+T-cell responses in the dLN of IRF4-/- mice, compared to the wild type (WT) animals 

(Figure 3A). Impaired Ag-specific Th1 priming in the dLN of CD11b+cDC-deficient animals led 

to severely reduced frequencies and numbers of CD4+IFN-γ+T-cells in the lung of these animals 

at d21 post-M.tb infection (Figure 3B) and significantly heightened bacterial loads both in the lung 

and spleen (Figure 3C/D).  

Since besides its critical role in CD11b+cDC development, IRF4 is also expressed in 

CD4+T-cells and involved in T-cell differentiation 46, it was necessary to further verify that the 

diminished Th1 activation seen in M.tb-infected IRF4-/- animals was due to CD11b+cDC 

deficiency, but not due to potential intrinsic defects in T-cells. To this end, we used a transgenic 

T-cell adoptive transfer approach. Thus, CFSE-labeled P25-Tg CD4+T-cells purified from naïve 

P25-Tg mice were intravenously transferred into IRF4-/- or WT mice. Mice were then infected with 

M.tb one day after transfer to initiate Ag presentation by endogenous cDC. The proliferation of 

adoptively transferred P25-TgCD4+T-cells were assessed in the dLN at d10 post-infection. As a 

control, we also transferred CFSE-labeled P25-TgCD4+T-cells into animals that were not 

subsequently infected with M.tb. As expected, P25-TgCD4+T-cells transferred into uninfected 

control animals did not undergo proliferation (data not shown). However, up to 50% of the P25-

TgCD4+T-cells transferred into infected WT CD11b+cDC-competent hosts had undergone one 

(G1) to five (G5) rounds of proliferation (Figure 3E). In contrast, the vast majority (80%) of P25-

TgCD4+T-cells transferred to infected IRF4-/- mice still remained in the G0 un-proliferated 

fraction. 

These data suggest that CD11b+cDC play a critical role in Th1 priming and activation in 

lung draining lymphoid tissue and subsequent Th1 immunity in the lung following pulmonary M.tb 

infection. 
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CD11b+cDC-mediated M.tb Ag-specific Th1 priming and activation is counter-regulated by 

CD103+cDC 

Although we have found a key role for CD11b+cDC in Th1 priming and activation 

following pulmonary M.tb infection, both CD11b+cDC and CD103+cDC subsets were infected by 

M.tb (Figure 1C) and co-migrated to the dLN (Figure 1B), all of which coincided with Th1 priming 

in the dLN (Figure 1A). These lines of evidence suggest that the pace and intensity of Th1 priming 

in the local lymphoid tissue may be determined by the interaction between these two cDC subsets. 

To address this question, we adopted an ex vivo co-culture system. To this end, CFSE-labeled P25-

TgCD4+T-cells purified from naïve animals were co-cultured either with CD11b+cDC alone or 

together with CD103+cDC in a 1:1 ratio. The cDC subsets were purified from the dLN of WT mice 

at d14 post-pulmonary M.tb infection. Although we observed that P25-TgCD4+T-cells proliferated 

under both conditions, contrary to our initial postulate, the interaction of CD11b+cDC with 

CD103+cDC in co-culture led to markedly reduced proliferative rates of P25-TgCD4+T-cells, 

resulting in significantly increased T-cells in the resting phase (G0) (Figure 4A). Such markedly 

reduced T-cell proliferation seen with CD11b+cDC co-cultured with CD103+cDC was 

accompanied by significantly reduced IFN-γ levels in co-culture supernatants (Figure 4B). Since 

we and others have found M.tb-infected Ag-presenting cells to be also capable of IFN-γ production 

47, 48, to confirm that reduced IFN-γ levels in co-cultures resulted directly from suppressed Th1 

activation, but not from altered DC function, we quantified CD4+IFN-γ+T-cells by intracellular 

cytokine staining and flow cytometry. In line with reduced IFN-γ levels in the culture supernatants, 

the frequency of CD4+IFN-γ+T-cells was significantly reduced by 50% when CD11b+cDC were 

co-cultured with CD103+cDC (Figure 4C). Since we have seen comparably significant production 

of IL-12 by either CD11b+cDC or CD103+cDC when cultured alone with CD4+T-cells (Figure 
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2D), we assessed and compared the net IL-12 production by CD11b+cDC with that from co-

cultures of CD11b+cDC and CD103+cDC. Surprisingly, there were remarkably reduced IL-12 

levels when CD11b+cDC were co-cultured with CD103+cDC (Figure 4D). These data, at least in 

an ex vivo setting, suggest a negative regulatory role of CD103+cDC in CD11b+cDC-mediated 

M.tb Ag-specific Th1 activation.  

To further investigate the immune regulatory relationship between CD11b+cDC and 

CD103+cDC in an in vivo setting, mice were challenged with M.tb, and CD11b+cDC and 

CD103+cDC were purified from the dLN of infected animals at d14 (Figure 5A). Purified 

CD11b+cDC, CD103+cDC, or mixed CD11b+cDC and CD103+cDC (1:1) preparations were 

adoptively transferred into naïve CD45.1 congenic animals that were already engrafted with M.tb 

Ag-specific P25-TgCD4+T-cells. The levels of CD45.2+P25-TgCD4+T-cell responses to M.tb Ag-

bearing cDCs were assessed as the total numbers of adoptively transferred CD45.2+CD4+T-cells 

in the dLN at d3 and d7 post-cDC transfer (Figure 5A). At d3, very small numbers of M.tb Ag-

specific CD45.2+CD4+T-cells were detected in the lung dLN under all three conditions, although 

there was a higher trend of T-cell responses in the animals received CD11b+cDC alone (Figure 

5B). However, by d7 while P25-TgCD4+T-cell numbers increased in both CD11b+cDC and 

CD103+cDC alone groups compared to d3, CD11b+cDC led to a much greater increase in such T-

cells than CD103+ counterparts (Figure 5B), consistent with a greater capacity of CD11b+cDC to 

drive Th1 activation seen in our ex vivo model system (Figure 2). Of importance, in the mice that 

received both CD103+cDC and CD11b+cDC, CD103+cDC significantly suppressed CD11b+cDC-

induced Ag-specific CD45.2+CD4+T-cell responses (Figure 5B).   
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Taken together, these data demonstrate that CD11b+cDC play a dominant role in Th1 

priming and activation in the lung draining lymphoid tissue following pulmonary M.tb infection 

and CD103+cDC act to negatively regulate CD11b+cDC-mediated Th1 activation.  

CD103+cDC, but not CD11b+cDC, is a significant source of IL-10 following pulmonary M.tb 

infection 

 Having established that the crosstalk between CD11b+cDC and CD103+cDC impacts the 

level of Th1 activation in dLN, we next sought to determine the molecular mechanisms. We 

decided to first focus on examining IL-12 and IL-10 production as the former is a critical Th1-

polarizing cytokine, whereas the latter is a potent immune regulatory molecule in anti-TB Th1 

immunity 44, 49. To this end, CD11b+cDC and CD103+cDC were purified from dLN of animals at 

d14 post-M.tb infection, ex vivo cultured individually, and stimulated with M.tb antigens. In basic 

agreement with the data in Figure 2D, both CD11b+cDC and CD103+cDC subsets, when cultured 

alone without T-cells, produced comparable amounts of IL-12 (Figure 6A). However, CD11b+cDC 

alone had a poor ability to produce the immune regulatory cytokine IL-10, in sharp contrast to 

significant IL-10 production by CD103+cDC (Figure 6A).  

To further investigate IL-10 production by the cDC subsets, we adopted a cDC-T-cell co-

cultured system described for Figure 2 where CD11b+cDC and CD103+cDC were purified from 

the dLN of d14 M.tb-infected mice and each was co-cultured with M.tb Ag-specific P25-Tg 

CD4+T-cells purified from naïve P25-Tg mice. IL-10 protein levels in the culture supernatants 

were quantified by ELISA. Indeed, significantly greater amounts of IL-10 were measured in the 

cultures of CD103+cDC and P25-TgCD4+T-cells than in CD11b+cDC co-cultures (Figure 6B). To 

determine the relative contribution of both cDC and CD4+T-cells to IL-10 production measured in 

the co-culture system, we performed intracellular IL-10 cytokine staining and flow cytometry 
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analysis. We found that in accordance with heightened IL-10 production measured in culture 

supernatants (Figure 6B), there were high and significantly greater frequencies of CD103+cDC 

producing IL-10 than CD11b+cDC counterparts (Figure 6C –histogram & bar graph). By 

comparison, the frequencies of P25-TgCD4+T-cells positive for IL-10 were not only tiny but were 

also very similar when cultured with either cDC subset (Figure S4), 

The above data together indicate that while both CD11b+cDC and CD103+cDC can 

produce Th1-polarizing cytokine IL-12, CD103+cDC represents the major source of immune 

suppressive cytokine IL-10.  

CD11b+cDC-mediated anti-M.tb Th1 activation is counter-regulated by CD103+cDC via IL-10 

production 

 Having demonstrated that CD11b+cDC is a robust driver of anti-M.tb Th1 activation  which 

is subject to inhibition imposed by CD103+cDC (Figures 2-5), and that the latter is a major source 

of IL-10 (Figure 6), we next set out to determine the role of IL-10 produced by CD103+cDC in 

CD11b+cDC-mediated Th1 activation. We first examined if exogenously introduced IL-10 protein 

would inhibit CD11b+cDC-mediated M.tb Ag-specific Th1 activation. To this end, CD11b+cDC 

were isolated from the dLN of M.tb-infected animals and co-cultured with CFSE-labelled P25-

TgCD4+T-cells either in the absence or presence of recombinant murine IL-10 protein (rIL-10). 

Indeed, introduction of rIL-10 inhibited the extent of CD11b+cDC-stimulated CD4+T-cells 

proliferation as indicated by significantly increased frequencies of cells in G3 and G4 but 

significantly decreased frequencies of the cells past G5 (Figure 7A). Furthermore, the presence of 

rIL-10 resulted in markedly reduced production of Th1 cytokine IFN-γ by CD4+T-cells (Figure 

7B), which was concurrently accompanied by markedly decreased production of Th1-polarizing 

cytokine IL-12 from CD11b+cDC (Figure 7C).  
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 To further examine the role of IL-10 in the inhibition of CD11b+cDC-mediated Th1 

activation, CD11b+cDC and CD103+cDC were isolated from the dLN of M.tb-infected animals, 

mixed at a 1:1 ratio, and co-cultured with CFSE-labelled P25-TgCD4+T-cells. IL-10 signalling in 

co-cultures was blocked by using an anti-IL-10 receptor mAb (anti-IL10R). IL-10R blockade led 

to increased proliferation of P25-TgCD4+T-cells as indicated by significantly decreased 

frequencies of cells in G1 to G4 phases but significantly increased frequencies of the cells past the 

G5 phase (Figure 7D). Of importance, besides increased CD4+T-cell proliferation, IL-10R 

blockade resulted in markedly increased production of Th1 cytokine IFN-γ by T-cells (Figure 7E). 

In consistent with the earlier data (Figure 4D), co-culture of CD11b+cDC with CD103+cDC led 

to markedly reduced production of IL-12 (Figure 7F), which was restored with IL-10R blockade 

(Figure 7F).  

Together these data suggest that CD103+cDC is a negative regulator of Th1 immunity and 

it inhibits CD11b+cDC-mediated anti-M.tb Th1 priming and activation via the action of immune 

suppressive IL-10. 

Discussion  

Our enhanced understanding into the cellular and molecular mechanisms underlying the 

delayed onset of Th1 immunity following pulmonary M.tb infection is critical to the development 

of effective prophylactics and therapeutics against TB. Although the host is able to mount a robust 

Th1 response to M.tb, the delay in the initiation of this response impedes effective control of the 

infection 8, 13, 14, 16 (Figure S5). Given that the initiation of Th1 immunity is dependent on innate 

immune activation, it is important to understand how the early innate immune events are impacted 

by M.tb infection in order to design the immune strategies for accelerating Th1 immunity in the 

lung 41, 50. 
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DC are critical to the initiation of Th1 cell responses as they migrate to the lung dLN to 

prime Ag-specific T-cells following pulmonary M.tb infection 38, 51, and thus may represent a 

critical checkpoint that M.tb manipulates to counter host defense. Recent progress has identified 

the heterogeneity within the previously defined CD11c+MHC-II+ conventional DCs (cDC) 

consisting of CD11b+cDC and CD103+cDC 17, 21, 22. These cDC subsets have recently been shown 

to play non-redundant roles in orchestrating specific Th activation in different immune settings 19, 

23, 24, 27, 29, 31, 32. However, the roles of both DC subsets in anti-TB Th1 activation remain poorly 

defined. Here we show a functional dichotomy between CD11b+cDC and CD103+cDC after 

pulmonary M.tb infection. We find that it takes 10-14 days for these cDC subsets to migrate to the 

lung dLN, which leads to subsequently delayed Th1 priming and Th1 immunity in the dLN and 

lung following pulmonary M.tb infection (Figure S5). Contrary to their respectively reported Th 

polarizing preferences, we find that it is the CD11b+cDC, but not the CD103+cDC counterpart, 

that is a major driver of M.tb Ag-specific Th1 activation. Rather, we provide strong evidence that 

CD103+cDC play a direct immune-suppressive role in CD11b+cDC-mediated Th1 priming via IL-

10 production. Our study has thus identified a novel immune suppressive mechanism mediated by 

a specific cDC subset and operative in the dLN that contributes to the overall delayed Th1 

immunity in the lung, following pulmonary M.tb infection. 

The cDC are adept at activating naïve T-cells and initiating adaptive immunity. Recent 

studies have described varied roles for cDC subsets in T-cell polarization depending on the 

immunologic condition. In this regard, although previous studies have reported a role for 

CD11c+CD11b+ DC in delivering viable M.tb to the dLN 38, these studies have not studied the 

specific cDC subsets involved. Here by using a more comprehensive set of cDC markers 42 we 

have identified the two major M.tb-bearing cDC subsets, CD11b+cDC and CD103+cDC, to migrate 
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to the lung dLNs following M.tb infection. However, we find the CD103+cDC to be infected by 

M.tb to a greater extent than CD11b+cDC. A similar increased susceptibility was observed in 

CD103+cDC in a model of influenza infection 52. The heightened M.tb load in CD103+cDC can be 

ascribed to their anatomic location within the epithelial layer 17 (Figure S5), providing them with 

easier access to sample the bacteria entering the airway. Up to date, CD11b+cDC have been found 

to be critical primarily to Th2 and Th17 activation in the models of allergy and extracellular 

parasitic or fungal infection 23-28, whereas CD103+cDC mainly initiate anti-intracellular parasitic 

Th1 activation 29-31 or anti-viral type 1 CD8+ effector T-cell responses 32, 53. Our study provides 

novel evidence that CD11b+cDC are the principal cDC to initiate Th1 responses to intracellular 

M.tb infection (Figure S5), contrasting with a rather weak ability to do so by CD103+cDC. Our 

findings suggest that the particular division of labor and relative roles in Th polarization between 

these two important cDC subsets are highly contextual and cannot be generalized. 

In our study, the critical role of CD11b+cDC in M.tb-specific Th1 activation is further 

supported by the findings from IRF4-deficient animals. As a result of CD11b+cDC deficiency, 

these animals demonstrated blunted Ag-specific Th1 responses and immune protection following 

pulmonary M.tb infection. The lack of Th1 priming in IRF4-/- mice is likely not due to an inherent 

inability of these mice to generate a Th1 response as CD4+T-cells from IRF4-/- mice have 

previously been shown to produce IFN-γ under Th1-polarizing conditions 54-56. As shown in our 

current study and by others 45, 57, IRF4-/- mice have intact CD103+cDC and CD8+ residential DC. 

Our data further suggests that in the absence of CD11b+cDC, CD103+cDC alone are not sufficient 

in rescuing impaired Th1 responses following M.tb infection.  

 Our study also reveals a newly identified function of CD103+cDC. Rather than being a 

critical driver of Th1 polarization, CD103+cDC play an immune suppressive role via their IL-10 
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production in the process of CD11b+cDC-driven Th1 activation in the dLN following M.tb 

infection (Figure S5). CD103+cDC have recently been demonstrated to directly counter-regulate 

allergic Th2 immunity via their IL-12 production 37. Some other immune regulatory activities of 

CD103+cDC are ascribed indirectly to their induction of Treg
 cells 35, 36, 58. Our study reveals a 

different direct immune regulatory role by CD103+cDC via their IL-10 production following 

pulmonary M.tb infection. Our study has thus identified a novel cellular and molecular mechanism 

operative in the lung draining lymphoid tissue upstream of the recruitment of anti-M.tb Th1 cells 

to the lung. Thus, both delayed DC migration from the lung to the dLN and suppressed Th1 

priming in the dLN contribute to the overall retarded onset of Th1 immunity in the lung. While 

IL-10 has been implicated in the suppression of Th1 responses to M.tb infection 49, 59, 60 and 

pulmonary DC was shown capable of IL-10 production 61, 62, the cellular source of IL-10 and its 

functionality within the dLN has never been defined. Our study provides a clear link between Th1 

suppressive activity of CD103+cDC and IL-10 production. Our data generated by using rIL-10 or 

IL-10R-blocking mAb further suggest that CD103+cDC-derived IL-10 acts on CD11b+cDC and 

Th cells to suppress Th1 activation (Figure S5). 

 In summary, we have found that it takes many days before both M.tb-bearing CD11b+ and 

CD103+cDC subsets co-arrive at the dLN, which precedes much delayed protective Th1 immunity 

in the lung following M.tb infection. CD11b+cDC, but not CD103+cDC, are essential to Th1 cell 

priming. CD103+cDC, however, dampens CD11b+cDC-induced Th1 activation via IL-10 

production in the dLN. Our study thus provides novel mechanistic insights into the distinct roles 

of cDC subsets in the regulation of Th1 immunity following an intracellular bacterial infection of 

clinical importance and holds implications in the development of effective vaccine and therapeutic 

strategies.  
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Materials and Methods  

Mice  

Female C57BL/6 mice (6-8 weeks old) were purchased from Charles River (Wilmington, 

MA, USA). P25-Tg mice (C57BL/6-Tg(H2-Kb-Tcra,-Tcrb)P25Ktk/J) were purchased from 

Jackson Laboratories (Bar Harbor, ME, USA). IRF4-/- breeding mice were kindly provided by Dr. 

Tak Mak (Princess Margaret Cancer Centre, University Health Network, Toronto, Canada) and 

bred in-house within the animal facility at McMaster University. All experimental mice were 

housed within the Level 3 Biosafety Facility at McMaster University. All experiments were 

conducted in accordance with the McMaster University Animal Research Ethics Board. 

Mycobacterium tuberculosis infection 

The M.tbH37Rv strain was prepared for infection and delivered intranasally as previously 

described at a dose of 1x104 bacteria41, 63. Bacterial burden was assessed at each experimental 

timepoint by plating serial dilutions of lung or spleen homogenates in triplicates onto Middlebrook 

7H10 plates and incubated at 37ᵒC for 15-17 days before enumeration.  

Mononuclear cell isolation and DC purification 

Mononuclear cells were isolated from the lungs, spleen and lymph nodes of M.tb infected 

mice at the indicated timepoints as described 41, 63 (see Supplemental methods for isolation of cells 

from the lymph node). All cells were resuspended in RPMI supplemented with 10% FBS, 1% Pen-

Strep and 1% L-Glutamine (cRPMI) and counted using Scepter cell counter from Millipore 

(Etobicoke, ON, CA). Dendritic cells were further purified from mononuclear cells isolated from 

the lung dLN 14 days post infection using a multi-sort approach (see Supplemental methods).  
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Cell surface and intracellular cytokine immunostaining 

Mononuclear cells isolated from the lung or lymph nodes and cultured in a 96 well plate at 

a concentration of 20x106 cells/mL stimulated with crude BCG and M.tb culture filtrate proteins 

for 24 hours as described 41, 64. The following antibodies were used for identifying immune cells 

and cellular responses: CD3-V450, CD4-PE-Cy7, CD8a-APC-Cy7, IFN-γ-APC, IL-10-APC, 

CD45-APC-Cy7, CD11b-PE-Cy7 CD11b-BV711, CD11c-APC from BD Biosciences (San Jose, 

CA, USA); MHC-II (I-A/I-E)-Alexa Fluor 700 and CD103-Biotin from eBiosciences (San Diego, 

CA, USA); Ly6C/G-Pacific Orange and Qdot800 from Invitrogen (Burlington, ON, Canada), 

CD11b-BV711 from Biolegend (San Diego, CA, USA). All flow cytometry data was collected 

using the LSRII and FACSDiva software from BD Biosciences (San Jose, CA, USA) and analyzed 

using FlowJo Software from Treestar (Ashland, OR, USA).  

Transgenic T-cell purification, CFSE labelling, and in vivo and ex vivo antigen presentation 

assays  

CD4+T-cells were further purified from the mononuclear cells isolated from the spleen and 

lymph nodes of P25-Tg mice using a Mouse CD4+T-cell negative selection kit according to 

manufacturer’s instructions (Stemcell Technologies, Vancouver, CA). Purity (>90%) was verified 

by flow cytometry on the LSRII using FACSDiva Software from BD Biosciences (San Jose, CA, 

USA). CD4+T-cells were labelled with Carboxyfluorescein succinimidyl ester (CFSE) from 

Invitrogen (Burlington, ON, Canada) at a final concentration of 5µM and either transferred i.v. 

into recipient mice or used in our antigen presentation assay (see Supplemental methods) 

 

 



68 
 

Statistical analysis  

Asterisks in the figures indicate the level of statistical significance (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001)) as determined using a two-tailed student’s T-test, One-Way or Two-

way ANOVA with a Tukey post-hoc analysis. Tests were performed using GraphPad Prism 

software (La Jolla, CA, USA). Data are expressed as mean±SD unless otherwise stated. 
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Figure legends  

Figure 1. Delayed Ag-specific Th1 cell priming in the dLN associates with delayed 

appearance of M.tb infected CD11b+cDC and CD103+cDC in the dLN. (A) Representative 

dotplots and bar graph showing frequencies and numbers of Ag-specific CD4+IFN-γ+ T-cells, 

respectively, in the dLN at designated timepoints following M.tb infection. (B) Representative 

zebraplots and bar graph showing frequencies and numbers of CD103+ and CD11b+cDC, 

respectively, in the dLN. (C) Bar graph comparing M.tb burden in CD103+ and CD11b+cDC 

purified from dLN after M.tb infection. Data are expressed as mean±SD of three mice/time/group, 

representative of 2 independent experiments.  

Figure 2. CD11b+cDC potently activate M.tb Ag-specific Th1 responses compared to 

CD103+cDC. (A) Experimental schema. (B) Representative histogram showing degrees of 

proliferation of P25-Tg CD4+
 T-cells when co-cultured with either CD103+ or CD11b+cDC. Bar 

graph comparing frequencies of P25-Tg CD4+
 T-cells in each generation when co-cultured with 

either CD103+ or CD11b+cDC. Bar graphs showing levels of IFN-γ (C) and IL-12 (D) in the 

supernatants of the co-cultures measured by ELISA. Data are expressed as mean±SD of samples 

plated in triplicates, representative of 3 independent experiments. 

Figure 3. Deficiency of CD11b+cDC severely impairs M.tb Ag-specific Th1 activation and 

immune protection. Representative dotplots and bar graphs showing frequencies and numbers of 

Ag-specific CD4+IFN-γ+ T-cells, respectively, in the dLN (A) and the lung (B) of wild type (WT) 

and CD11b+cDC deficient (IRF4-/-) mice following pulmonary M.tb infection. (C) & (D) Bar 

graphs comparing M.tb burden in the lung and spleen, respectively, of WT and IRF4-/- mice 

following M.tb infection. (E) Representative histograms showing degrees of proliferation of P25-

Tg CD4+
 T-cells adoptively transferred to WT and IRF4-/- mice. Bar graph comparing frequencies 
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of P25-Tg CD4+
 T-cells in the resting state (G0) and proliferated up to 5th generation (G1-G5) in 

WT and IRF4-/- mice. Data are expressed as mean±SD of three mice (A/B/E) or five mice 

(C/D)/group, representative of 2 independent experiments. 

Figure 4. CD11b+cDC-mediated M.tb Ag-specific Th1 priming and activation is counter-

regulated by CD103+cDC ex vivo. (A) Representative histograms showing degrees of 

proliferation of P25-Tg CD4+
 T-cells when co-cultured with either CD11b+cDC alone or 

CD11b+cDC together with CD103+cDC. Bar graph comparing frequencies of P25-Tg CD4+
 T-

cells in each generation (B) Bar graph showing levels of IFN-γ in the supernatants of co-cultures 

measured by ELISA.  (C) Representative dotplots and bar graph showing frequencies of P25-Tg 

CD4+
 T-cells producing IFN-γ when co-cultured with either CD11b+cDC alone or CD11b+cDC 

together with CD103+cDC. (D) Bar graph comparing levels of IL-12 in the supernatants of P25-

Tg CD4+ T-cells co-cultured with the indicated cDC subset. Data are expressed as mean±SD of 

triplicate samples, representative of 2 independent experiments. 

Figure 5. CD11b+cDC-mediated M.tb Ag-specific Th1 priming and activation is counter-

regulated by CD103+cDC in vivo. (A) Experimental schema (B) Bar graph showing total numbers 

of adoptively transferred P25-Tg CD4 T-cells in the dLN enumerated as an index for activation of 

Th1 responses in CD45.1 congenic mice engrafted with either M.tb-bearing CD11b+cDC alone, or 

CD103+cDC alone or both CD103+cDC and CD11b+cDC. Total numbers of transferred P25-Tg 

CD4 T-cells in the dLN were determined at 3 and 7 days after cDC engraftment. Data are expressed 

as mean±SD of three mice/group, representative of 2 independent experiments. 

Figure 6. CD103+cDC, but not CD11b+cDC, is a significant source of IL-10 following 

pulmonary M.tb infection. CD103+ and CD11b+ cDC were purified from the dLN of animals 

infected with M.tb for 14 days. (A) Bar graph showing levels of IL-12 and IL-10 in the supernatants 
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of CD103+ and CD11b+cDC cultured individually in the presence of M.tb antigens. (B) Bar graph 

showing levels of IL-10 in the supernatants of CD103+cDC and CD11b+cDC cultured individually 

in the presence of naive M.tb Ag-specific P25-Tg CD4+ T-cells purified from naïve P25-Tg mice. 

(C) Representative zebraplots and bar graph showing frequencies of CD103+cDC or CD11b+cDC 

producing IL-10 when co-cultured with naive M.tb Ag-specific P25-Tg CD4+ T-cells purified from 

naïve P25-Tg mice. Data are expressed as mean±SD of triplicate samples, representative of 2 

independent experiments. 

Figure 7. CD11b+cDC-mediated anti-M.tb Th1 activation is counter-regulated by 

CD103+cDC via IL-10. (A) CD11b+cDC were purified from the dLN of animals infected with 

M.tb for 14 days and co-cultured with CFSE-labeled M.tb antigen-specific P25-Tg CD4+ T-cells 

for 72-96 hours. Representative histogram showing degrees of proliferation of P25-Tg CD4+
 T-

cells, measured by extent of CFSE dilution in the absence (Media) or presence of rIL-10. Bar graph 

comparing frequencies of P25-Tg CD4+
 T-cells in each generation. (B) Bar graph showing levels 

of IFN-γ and (C) Bar graph showing levels of IL-12 in the CD11b+cDC and P25-Tg CD4+ T-cells 

co-culture supernatants measured by ELISA. (D) CD11b+cDC and CD103+cDC were purified 

from the dLN of animals infected with M.tb for 14 days and co-cultured together with CFSE-

labeled M.tb antigen-specific P25-Tg CD4+ T-cells for 72-96 hours. Representative histogram 

showing degrees of proliferation of P25-Tg CD4+
 T-cells, measured by extent of CFSE dilution in 

the absence (Media) or presence of anti-IL-10 receptor mAb (anti-IL10R). Bar graph comparing 

frequencies of P25-Tg CD4+
 T-cells in resting phase (G0) and generations G1-G4 and G5-G7. (E) 

Bar graph showing levels of IFN-γ and (F) Bar graph showing levels of IL-12 in the co-culture 

supernatant measured by ELISA. Data are expressed as mean±SD of triplicate samples, 

representative of 2 independent experiments. 
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Figure 1. 
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Figure 2.  
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 
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Supplementary Methods  

Mononuclear cell isolation from the lymph node 

The lungs, spleen and lymph nodes were digested as previously described 1-3.  The lungs 

were cut into small pieces and digested with 150U of collagenase type I from Gibco (Grand Island, 

NY, USA) in Hanks Buffer for 1 hr at 37˚C with agitation. Lymph nodes were teased apart on a 

petri-dish with 23-gauge needles and digested with 1 µg/mL of Collagenase Type II from 

Worthington (Lakewood, NJ, USA) in RPMI for 1 hr at 37˚C with agitation.  The digested lungs 

and lymph nodes, as well as spleens, were then crushed through a 100-µm filter from BD Falcon 

(Franklin Lakes, NJ, USA). Lungs and spleens were treated with ACK Lysis buffer for 2 minutes 

to remove all red blood cells. Cells were then resuspended in RPMI supplemented with 10% FBS, 

1% Pen-Strep and 1% L-Glutamine (cRPMI). Isolated cells were resuspended in cRPMI and 

counted using Scepter cell counter from Millipore (Etobicoke, ON, CA).  

DC purification 

Mononuclear cells were isolated from the mediastinal lymph nodes of M.tbH37Rv infected 

mice at day 14 post-infection as described. Dendritic cells were then purified using a multi-sort 

approach according to manufacturer’s instructions. Briefly, cells were labelled with CD11c-APC 

from BD Bioscience (San Jose, CA, USA) and CD103-Biotin from eBiosciences (San Diego, CA, 

USA), after which CD11chi cells were purified using 4µL of anti-APC magnetic beads from the 

anti-APC MultiSort kit from Miltenyi Biotec (Auburn, CA, USA) according to manufacturer’s 

recommendations. Purity was consistently greater than 90% as assessed by flow cytometry. 

Magnetic beads were then removed according to manufacturer’s instructions, after which CD11chi 

fraction was further separated into CD103+ (CD103+cDC) and CD103- (CD11b+cDC) populations 
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using 10µL of the anti-biotin beads from the anti-Biotin MultiSort kit from Miltenyi Biotec as 

described. DC subsets were enumerated using the Scepter cell counter from Millipore (Etobicoke, 

ON, CA). Expression of CD103 on the CD103+ fraction as well as the expression of CD11b on the 

CD103- fraction is described in Figure S6. 

Transgenic T cell purification, CFSE labelling, and in vivo and ex vivo antigen presentation 

assays  

The mononuclear cells isolated from the spleen and lymph nodes of P25-Tg mice were 

subjected to the purification of CD4+ T cells by using a Mouse CD4 T cell negative selection kit 

according to manufacturer’s instructions (Stemcell Technologies, Vancouver, CA). Purity (>90%) 

was verified by flow cytometry on the LSRII using FACSDiva Software from BD Biosciences 

(San Jose, CA, USA). Cells were resuspended to a concentration of 107 cells/mL and labelled with 

Carboxyfluorescein succinimidyl ester (CFSE) from Invitrogen (Burlington, ON, Canada) at a 

final concentration of 5µM. Cells were washed twice with 5% FBS/PBS to remove excess CFSE, 

after which they were resuspended in PBS.  Cells were then either used in antigen presentation 

assays or adoptively transferred intravenously (i.v.) into animals. For i.v. adoptive transfer, 

approximately 2-3x106 cells were resuspended in 200µL of PBS and transferred into mice via tail-

vein injection. After 24 hrs mice were infected with M.tb as described.  

In other experiments, CFSE labelled CD4+ T cells were also used to assess antigen 

presentation capabilities of each cDC subset. CD103+ cDC and CD11b+ cDC were isolated as 

described and paired with P25-Tg CD4+ T cells at a ratio of 1:2 cDC to T cell (1x105 DC to 2x105 

T cells) for 72-96 hours at 37°C. To assess the priming potential of each cDC subset, in some 

assays P25-Tg CD4+ T cells were labelled with 0.5mM CFSE as described, and proliferation of T 
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cells was assessed using FlowJo. Th1 polarization was assessed through intracellular cytokine 

staining for IFN-γ and IL-10. In addition, cell culture supernatants were also collected, and IFN-γ, 

IL-12 and IL-10 levels were measured using the respective duoset kit from R&D Systems 

(Burlington, ON, Canada). 
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Supplementary Figures  

 

 

Figure S1. Ag-specific Th1 cell recruitment to the lung and bacterial control are significantly 

delayed following pulmonary M.tb infection. (A) Bar graph showing levels of M.tb infection 

(CFU–colony forming units) in the lung at the indicated timepoints following pulmonary M.tb 

infection. (B) Representative dotplots showing frequencies of Ag-specific CD4+IFN-γ+ T-cells in 

the lung at the indicated timepoints following pulmonary M.tb infection. (C) Bar graph showing 

numbers of Ag-specific CD4+IFN-γ+ T-cells in the lung at the indicated timepoints following 

pulmonary M.tb infection. Data are presented as mean±SD of five mice (A) or three mice (B/C) 

per timepoint and group, representative of 3 independent experiments. 
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Figure S2. Gating Strategy for the identification of CD11b+cDC and CD103+cDC in the dLN. 

Gating strategy used to identify CD103+cDC and CD11b+cDC in the dLN, as described 4. In brief, 

cells were first gated to exclude CD3+ T-cells and B220+ B cells, after which CD11chi and MHCIIhi 

populations were identified. CD103+cDC and CD11b+cDC were separated from within that 

population based on the expression of CD103, after which CD11b expression was examined within 

each population for confirmation. 
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Figure S3. Differential levels of conventional dendritic cell subsets in the dLN of IRF4-/- 

animals following pulmonary M.tb infection. Bar graphs representing the total numbers of 

CD11b+cDC (A) and CD103+cDC (B) subsets in the dLN at the indicated timepoints following 

pulmonary M.tb infection (see Fig.S3 for gating strategy). Data are expressed as mean±SD of three 

mice/time/group, representative of 2 independent experiments. 

 

 

Figure S4. Similar small frequencies of P25-Tg CD4+ T-cells expressing IL-10. Bar graph 

showing frequencies of IL-10+ P25-Tg CD4+ T-cells cultured either with CD103+cDC or 

CD11b+cDC in the presence of M.tb Ag85 complex for 72-96 hours. Data are expressed as 

mean±SD of triplicate samples/group, representative of 2 independent experiments. 
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Figure S5. Conceptual illustration of identified novel cellular and molecular mechanisms 

underlying delayed Th1 immunity in the lung following pulmonary M.tb infection. The 

initiation of anti-M.tb Th1 immunity is dependent on initial innate immune responses. While the 

conventional or classic dendritic cells (cDC) are believed to be critical to the initiation of anti-M.tb 

Th1 responses, the precise roles and mechanisms of cDC subsets in anti-M.tb Th1 immunity have 

remained poorly defined. Our study finds that following pulmonary M.tb infection, both infected 

CD11b+cDC and CD103+cDC co-translocate into the lung dLN but their migration is delayed for 

10-14 days. The bacterial load in CD103+cDC is relatively higher than in CD11b+cDC perhaps 

due to their preferential intraepithelial positioning in the lung. In the dLN, compared to 

CD103+cDC, CD11b+cDC are the major cellular source of Th1-polarizing cytokine IL-12 and the 

principal cDC driving M.tb Ag-specific Th1 priming and activation. However, such CD11b+cDC-

mediated anti-M.tb Th1 activation is subject to inhibition by CD103+cDC via their production of 
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a potent immune suppressive cytokine IL-10 in the dLN. In comparison, CD11b+cDC produce 

little IL-10. CD103+cDC-derived IL-10 counter-regulates CD11b+cDC-driven Th1 activation by 

inhibiting IL-12 production from CD11b+cDC on one hand, and by directly acting on Th1 cells on 

the other. Taken together, the delayed anti-M.tb Th1 immunity in the lung results from delayed 

transmigration of antigen-bearing cDC subsets from the lung to the dLN and activate suppression 

of CD11b+cDC-mediated Th1 activation by CD103+cDC in the dLN. Our findings shed new 

mechanistic insights into the distinct roles of cDC subsets in immune regulation of Th1 activation 

against a clinically important intracellular bacterial pathogen and shall help develop effective 

prophylactic and therapeutic strategies. 

 

Figure S6 – Purity of CD103+cDC and CD11b+cDC populations isolated from the lung dLN 

14 days post M.tb infection. Mononuclear cells were isolated from the lung dLN day 14 post-

pulmonary M.tb infection and labeled with APC-CD11c and Biotin-CD103 antibodies, after which 

the CD11chi populations were purified using a MACS Multisort system directed against APC. 

After removal of the magnetic beads, the CD11chi population was further divided into two CD103+ 
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(CD103+cDC) and CD103- (CD11b+cDC) fractions using a second Multisort directed against 

biotin. Over 75% of the population in the CD103+ fraction expressed bright CD103 (A) and over 

80% of the CD103- fraction expressed high levels of CD11b (B). 
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In this chapter, we examine the relative contribution of both the innate and adaptive 

immune compartment in protection against pulmonary M.tb infection following respiratory 

mucosal vaccination with AdHuAg85A. Although we have previously demonstrated that the 

superiority of respiratory mucosal vaccination is associated with the induction of Ag-specific 

Th1 responses within the lungs, the relative contribution of the innate immune compartment to 

host anti-TB immunity is not clear. Given that it has been previously demonstrated that mucosal 

vaccination with AdHuAg85A can directly impact innate immune cells independently of T cell 

responses, we seek to elucidate their relative contribution in vaccine induced immune-protective 

outcomes. 

Please refer to the Declaration of Academic Achievement for author contribution details. 
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Abstract 

The induction of Th1 immunity has long been understood to be critical to host immunity 

against pulmonary M.tb infection. As such, current TB vaccine strategies have been designed 

around the basis of eliciting a robust Th1 immune response. In particular, the mucosal 

administration of AdHuAg85A has been demonstrated to be effective in the induction of anti-TB 

Th1 immunity and providing superior protection over parenterally administered vaccines. 

However, the relative contribution of T cell responses and innate immune responses remain 

unclear. Using a T cell depletion approach, we demonstrate that mice remain protected following 

respiratory mucosal vaccination with AdHuAg85A in the absence of T cells for at least 7 days of 

pulmonary M.tb infection. We find that this is due to an enhanced killing capacity of the innate 

immune compartment. Specifically, we find that respiratory mucosal vaccination with 

AdHuAg85A enhances the activation of alveolar macrophages (AM), and is correlated to their 

enhanced killing capacity towards M.tb. Furthermore, we find that SCID mice, which are deficient 

in T cells from birth, are also protected from M.tb during the first 7 days post infection following 

respiratory mucosal vaccination. Our study demonstrates that respiratory mucosal vaccination 

directly modulates the host innate immune compartment and enhances their functionality, 

contributing towards the early phase of protection against M.tb independent of T cell responses. 
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Introduction 

To this day, pulmonary tuberculosis (TB) continues to be a leading cause of global 

morbidity and mortality due to infectious disease, with an estimated 10.4 million new cases and 

1.8 million deaths worldwide each year (1). Although the currently approved TB vaccine, BCG, 

has proven to be successful in protecting against disseminated childhood forms of TB, it fails to 

protect against adult pulmonary TB. As a result, over one third of the world remains lately 

infected with TB (2). Thus, there is a pressing need to develop a novel vaccine that will be able 

to boost existing BCG-mediated responses.  

To date, there are over a dozen candidate TB vaccines at various stages of testing in the 

clinical trial pipeline, either designed to replace BCG or boost existing BCG responses. Viral 

vectored vaccines such as AdHuAg85A have proven particularly successful in both animal 

models and clinical trial testing (3, 4). However, irrespective of the vaccine formulation, there is 

mounting evidence demonstrating that mucosal intranasal (i.n.) vaccination provides superior 

protection against pulmonary tuberculosis in comparison to parenteral vaccination. In particular, 

we have demonstrated that the ability of AdHuAg85A to protect against pulmonary M.tb is due 

to the induction Ag-specific T cells in the lung airways and tissue following i.n. administration 

(5, 6).  

However, it has come to recent attention that T cells may not be the sole contributing 

factor in the superiority of mucosal vaccination. Although much of vaccine research into the 

generation of anti-TB immunity is focused on the induction of Ag-specific T cell responses, 

increasing evidence has suggested that the functionality of innate APC populations may also be 

critical factors in determining the protective efficacy of a given vaccine formulation. The earliest 

evidence of this stems from a study of a TB outbreak on an US naval ship where they found 13 
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individuals who remained protected despite the absence of T cell immunity for at least 6 months 

post exposure (7), suggesting that the protection was mediated by the host innate immunity. 

 Innate immune cells reside within both the lung airway and interstitium and are among 

the first to encounter and respond to foreign stimuli. Alveolar macrophages (AM) are particularly 

important as they reside within the lung airway (8), and represents one of the first targets of 

infection by M.tb (9). There is substantial evidence demonstrating the modulation of the local 

innate immune responses by respiratory mucosal vaccination. We have demonstrated that VSV is 

inferior as an TB vaccine platform due to the induction of type I IFN, which leads to an 

impairment in the M.tb killing capacity of lung APC despite inducing a more potent adaptive T 

cell response (10). In contrast, adenoviral vectors have been well established to induce potent 

inflammatory responses within the local innate compartment when administered mucosally while 

inducing relatively little type I IFN. Together, this indicates that while the induction of adaptive 

immunity at the site of infection by mucosal vaccination is a critical component to its efficacy, 

the influence it has on the local innate immune response must also be considered.  

In this study we determine the relative contribution of both the adaptive and innate 

immunity during the early phase of M.tb infection. We show that respiratory mucosal 

vaccination with AdHuAg85A confers protection against pulmonary M.tb for at least 7 days 

following infection, even in the absence of T cells. Our evidence suggests that this is due to 

enhanced activation of lung alveolar macrophages, leading to their enhanced killing capacity. 

Our study thus demonstrates that T cells may not be required for early protection against M.tb. 

Furthermore, we have evidence to suggest that T cells are not required to imprint local lung 

innate cells. 
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Results 

T cells are not required for early protection against pulmonary M.tb infection following 

intranasal vaccination with AdHuAg85A 

 To begin addressing the contribution of the innate immune response in protection against 

pulmonary M.tb following intranasal (i.n.) vaccination with AdHuAg85A, we depleted both 

CD4+ and CD8+ T cells prior to infection with M.tb. At 4 and 8 weeks post vaccination, a select 

group of naïve and immunized mice were treated with CD4 and CD8 depleting antibodies to 

deplete T cells. One day after depletion mice were infected with M.tbH37Rv i.n., after which 

bacterial burden was assessed 7 days post infection (Figure 1A). As expected, mice that were i.n. 

immunized with AdHuAg85A for both 4 weeks (Figure 1B) and 8 weeks (Figure 1C) had greater 

protection than unimmunized controls. Interestingly, we also saw a similar level of protection in 

AdHuAg85A immunized mice that were depleted of CD4+ and CD8+ T cells at both timepoints 

(Figure 1). Together, this suggests that T cells are not required for protection during the early 

phase of M.tb infection in intranasally immunized mice, and that the protective phenotype 

persists for at least 8 weeks post vaccination. 

Innate immune cells have superior killing capacity following intranasal vaccination with 

AdHuAg85A 

 Although we found that mice were protected in spite of the absence of T cells for at least 

7 days post infection, the mechanism by which these mice remained protected against M.tb 

remained unclear. To begin addressing whether the enhanced protection observed even in the 

absence of T cells was due to an increase in anti-TB killing capability by the local lung innate 

immune cells, lung cells were purified from naïve or i.n. AdHuAg85A immunized mice 4 weeks 

post vaccination, after which CD11c+ and CD11b+ cells innate immune cells were purified and 
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pooled to get a representation of the lung innate immune cells. Approximately 1 million pooled 

CD11c+/CD11b+ cell s were plated onto a 24 well plate, after which M.tbH37Rv was added to 

the cells in a 1:1 cell to bacteria ratio. After 4 hours, cells were washed with PBS to remove 

extracellular bacteria, and bacterial burden was assessed at 0hr, 24hr and 48 hr post wash. As 

expected, we found that the CD11c+/CD11b+ cells isolated from AdHuAg85A-vaccinated 

animals had superior killing capacity in comparison to naïve controls, as demonstrated by the 

higher bacterial burden detected in the naïve cell cultures (Figure 2). Together, this suggests that 

AdHuAg85A imprints local innate immune cells and enhances their M.tb bactericidal capacity in 

comparison to their naïve counterparts. 

Enhanced activation of alveolar macrophages following intranasal vaccination with 

AdHuAg85A 

 Although we have determined that innate immune cells from AdHuAg85A immunized 

animals had superior anti-TB killing capacity, given the heterogeneity within the 

CD11c+/CD11b+ innate immune cells we sought to identify the specific population responsible 

for the enhanced protection. Balb/c mice were immunized with AdHuAg85A for 4 weeks, at 

which a group of AdHuAg85A immunized mice were depleted of CD4+ and CD8+ T cells as 

described. All mice were subsequently infected with M.tb as described (Figure 1A). Lung 

mononuclear cells were isolated 7 days post M.tb infection, and innate immune cells were 

identified according to the expression of cell surface markers described in Table 1. No 

differences in the absolute number of neutrophils, natural killer (NK) cells (Figure S1) or 

alveolar macrophages (AM) was observed in the lung (Figure 3A). However, alveolar 

macrophages of AdHuAg85A immunized mice had a higher level of activation in comparison to 

naive control, as evidenced by the increased expression of MHC-II in comparison to naïve 
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controls. Furthermore, this phenotype remained unchanged even in the absence of T cells (Figure 

3B and C). Although we saw an increase in the number of dendritic cells (DC) in AdHuAg85A 

immunized mice, this increase was abolished in T cell depleted animals (Figure S2). Together, 

this suggests that the enhanced protection observed during the early phase of M.tb infection 

following AdHuAg85A vaccination is due to an increased activation of the AM population. 

AdHuAg85A is able to mediate protection of SCID mice from pulmonary M.tb infection  

 Our data suggests that AM are the key population responsible for the enhancement of 

early protection against M.tb in an AdHuAg85A immunized host. However, the mechanism 

responsible for imprinting this population remains unclear. Although we had previously 

demonstrated that T cells are not required for early protection in AdHuAg85A immunized mice 

(Figure 1), T cells were not depleted until 4 or 8 weeks post vaccination. As such, the presence 

of Ag-specific T cells may have modulated the functionality of the innate immune cells at the 

lung. In order to investigate the requirement of T cells prior to infection with M.tb, we 

immunized SCID mice, which are deficient in T and B cells, either with AdHuAg85A or PBS 

control intranasally. At 4 weeks post vaccination, we infected these mice with M.tbH37Rv and 

assessed protection 7 days post infection. Although these mice were not protected to the same 

level as wildtype Balb/c mice (Figure 1), we nevertheless saw enhanced protection in SCID mice 

immunized with AdHuAg85A (Figure 4A). Given the critical role of IFN-γ and TNF in anti-TB 

immunity, we also assessed the levels of these cytokines in the lung homogenates. Although no 

differences were observed in IFN-γ between naïve and AdHuAg85A immunized mice (Figure 

4B), there was a significant increase in TNF-α levels in AdHuAg85A immunized mice (Figure 

4C). Together, these data demonstrate that i.n. AdHuAg85A vaccination can modulate the innate 

compartment independent of T cell responses. 
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 Discussion 

 TB continues to be the leading infectious cause of global morbidity and mortality despite 

the availability of BCG as a clinically approved vaccine. The inability of BCG to provide 

complete protection against TB speaks to the urgent need for the development of novel vaccine 

formulations to either enhance or replace BCG. Traditionally, vaccine development has generally 

been focused on the induction of a robust anti-TB T cell mediated responses (3, 11), and viral 

vectored vaccines such as AdHuAg85A have proven successful in that regard for both animal 

and human models (4, 12), particularly when delivered via the respiratory mucosa.  

 Although the superiority of respiratory mucosal vaccination has been associated with the 

presence of antigen-specific T cells in the lung airway and interstitium (5, 6), one aspect that has 

remained unexplored is the involvement of the innate immune compartment. Given that the 

mucosal route of delivery would also result in direct modulation of the local lung innate immune 

compartment, we sought to understand how this may have contributed to host defence against 

M.tb independently of T cell responses. We find that following respiratory mucosal vaccination 

with AdHuAg85A, T cells are not required during the initial phase of pulmonary M.tb infection 

(Figure 1). Furthermore, we find that the innate immune cells in these mice have superior killing 

capacity compared to unimmunized animals (Figure 2). This superior protection observed in 

vaccine-exposed innate cells may be due to the enhanced activation in AM, as these cells 

demonstrate higher levels of activation compared to naïve controls (Figure 3). Although mucosal 

vaccination with AdHuAg85A also led to an increase in DC recruitment, CD4/CD8 depleting 

antibodies also resulted in a decreased number of these cells in the lung in addition to 

CD4+/CD8+ T cells (Figure S2). However, given that these mice remained protected against 

M.tb, it is likely that these cells are not critical to early host defence against M.tb. Although we 
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did not see any differences in the number of NK cells or neutrophils (Figure S1), we cannot 

dismiss their involvement in anti-TB immunity as their functionality and activation status has not 

been assessed.  

 The activation of the innate compartment by respiratory mucosal vaccination likely 

contributes to the superior protection observed in comparison to parenteral vaccination. 

Adenoviruses are highly immunogenic, and the delivery of such a powerful adjuvant through the 

respiratory mucosa would likely serve to activate the local environment and enhance the 

inflammatory signals needed to draw Ag-specific T cell responses to the site of infection. This is 

consistent with the observation that TNF-α levels were increased in SCID mice following 

mucosal vaccination with AdHuAg85A (Figure 4C). We have previously demonstrated that the 

administration of toll-like receptor (TLR) agonist to the lung of intramuscularly immunized mice 

is able to draw antigen-specific T cells from peripheral sites to the airway lumen and enhance 

protection against pulmonary M.tb (15, 16). We have also demonstrated that this approach is an 

effective method to accelerate T cell responses in the lung in an M.tb-infected host (17). As such, 

activation of the local innate environment through mucosal vaccination strategies may also serve 

as an effective means to enhance T cell recruitment to the site of infection where they are 

needed. 

 However, we have also demonstrated that respiratory mucosal vaccination can also 

enhance the bactericidal capabilities of the innate immune compartment, demonstrating a more 

direct modulation of the local innate cells by the viral vectored vaccines. We have previously 

demonstrated that although a vesicular stomatitis virus (VSV)-based vector was able to induce a 

more robust T cell response in comparison to Ad5, animals immunized with VSV were 

nevertheless more susceptible than Ad5 immunized animals. This was due to the induction of 



106 
 

type I IFN by VSV vector but not the Ad5 vector, which led to an induction of IL-10 on the 

infected innate cells and reduced their bactericidal capabilities (10). Together, this suggests that 

the lung macrophages are extremely sensitive to modulation by viral vectored vaccines. More 

importantly, lung macrophages may play a more critical role in controlling M.tb during the early 

stages of the infection than previously thought. Although BCG has not been shown to directly 

imprint lung macrophages, the use of BCG has nevertheless been shown to have a protective 

effect against a variety of non-TB heterologous infections even in the absence of T cells (18, 19).  

 We also have evidence suggesting that T cells are not required in the imprinting of the 

innate compartment. Following respiratory mucosal vaccination with AdHuAg85A, SCID mice 

were better protected against M.tb than naïve controls (Figure 4). Traditionally, infected 

macrophages are heavily dependent on the production of IFN-γ and TNF-α by recruited antigen-

specific CD4+ T cells (8, 11, 20), which leads to the upregulation of processes such as nitric 

oxide production and phago-lysosome fusion which are essential to anti-TB immunity (9, 21). 

While we do see elevated TNF-α levels in vaccinated SCID mice (Figure 4C), we observed no 

differences in the levels of IFN-γ between naïve and vaccinated mice (Figure 4B), suggesting an 

IFN-γ independent role in the activation of AM. Others have also demonstrated an IFN-γ 

independent macrophage activation (22), suggesting other mechanisms may be at play. 

 In summary, we have identified a mechanism for enhanced protection following 

respiratory mucosal vaccination that is separate from its ability to induce a population of antigen-

specific T cells at the site of infection. Our study highlights the importance of the innate immune 

compartment as a distinct and separate contributor to host defence and provides rationale for 

targeting this compartment as a complementary strategy to enhance the efficacy of existing 

vaccine platforms. 
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Materials and Methods 

Mice  

Female Balb/c mice (6-8 weeks old) were purchased from Charles River (Wilmington, MA, 

USA). All experimental mice were housed within the Level 3 Biosafety Facility at McMaster 

University. SCID mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). All 

experiments were conducted in accordance with the McMaster University Animal Research Ethics 

Board. 

Mycobacterium tuberculosis infection and AdHuAg85A intranasal vaccination 

The M.tbH37Rv strain was prepared for infection and delivered as previously described 

(16, 17, 23). Briefly, M.tb was grown in 7H9 media supplemented with Middlebrook oleic acid–

albumin–dextrose–catalase enrichment, 0.002% glycerol, and 0.05% Tween-80 for 10–15 days, 

aliquoted, and stored in −70°C until use. Prior to use, M.tb was washed twice with PBS containing 

0.05% Tween-20, after which it was passed through a 27-gauge syringe to ensure single cell 

suspension, after which the bacteria was delivered. Mice were infected with either 1x104 M.tb 

intranasally. Bacterial burden was assessed at each experimental timepoint by plating serial 

dilutions of lung or spleen homogenates in triplicates onto Middlebrook 7H10 plates and incubated 

at 37ᵒC for 15-17 days before enumeration. Balb/c mice were immunized intranasally (i.n.) with 

5x107 PFU of a replication-deficient human adenovirus-based TB vaccine (AdHuAg95A).  

In vivo T cell depletion 

At 28 or 56 days post vaccination, mice were injected intraperitoneally (i.p.) with 200 µg 

of anti-CD4 (clone GK1.5) and anti-CD8 (clone 2.43) or an IgG isotype control from Sigma-

Aldrich (St. Louis, MO, USA). A second 100 µg dose was administered i.p. 2 days after.  
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Depletion was verified using flow cytometry on the LSRII using FACSDiva Software from BD 

Biosciences (San Jose, CA, USA). 

Mononuclear cell isolation and purification 

The lungs were digested as described (41, 63, 64).  The lungs were cut into small pieces 

and digested with 150U of collagenase type I from Gibco (Grand Island, NY, USA) in Hanks 

Buffer for 1 hr at 37˚C with agitation. The digested lungs were then crushed through a 100-µm 

filter from BD Falcon (Franklin Lakes, NJ, USA). Lungs were treated with ACK Lysis buffer for 

2 minutes to remove all red blood cells. Cells were then resuspended in RPMI supplemented 

with 10% FBS, 1% Pen-Strep and 1% L-Glutamine (cRPMI). Isolated cells were resuspended in 

cRPMI and counted using Scepter cell counter from Millipore (Etobicoke, ON, CA). 

The purification of CD11c+ cells were performed as previously described (16) using MS 

column on the OctoMax separator according to manufacturer’s instructions from Miltenyi Biotec 

(Auburn, CA, USA). Purity was assessed using flow cytometry on the LSRII using FACSDiva 

Software from BD Biosciences (San Jose, CA, USA). 

Cell surface and intracellular cytokine immunostaining 

T cell responses were analyzed using mononuclear cells isolated from the lung or lymph 

nodes and cultured in a 96 well plate at a concentration of 20x106 cells/mL as previously 

described (41, 64, 65). For intracellular cytokine staining, cells were stimulated with 2µg of 

crude BCG and M.tb culture filtrate proteins for 24 hours. At the 18 hours, Golgi plug (5 µg/ml 

brefeldin A BD Bioscience, Burlington, ON, CA) was added to the culture at a concentration of 

5µgl/mL. After incubation, cells were stained with blocked with CD16/CD32 for 15 minutes at 

4°C, and stained with cell surface antibodies. In some cases, cells were washed and permeablized 

with Cytofix/cytoperm (BD Bioscience, Burlington, ON, CA), after which cells were stained 
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with intracellular cytokine antibodies. The following antibodies from BD Biosciences (San Jose, 

CA, USA) were used: CD3-V450, CD4-PE-Cy7, CD8a-APC-Cy7, IFN-γ-APC.  

Immunoprofiling of innate immune cells were also performed by staining for cell surface 

markers as described using the following antibodies:  CD45-APC-Cy7, CD11b-PE-Cy7, CD11c-

APC from BD Biosciences (San Jose, CA, USA); MHC-II (I-A/I-E)-Alexa Fluor 700 and 

CD103-Biotin from eBiosciences (San Diego, CA, USA); Ly6C/G-Pacific Orange and Qdot800 

from Invitrogen (Burlington, ON, Canada). All flow cytometry data was collected using the 

LSRII and FACSDiva software from BD Biosciences (San Jose, CA, USA) and analyzed using 

FlowJo Software from Treestar (Ashland, OR, USA). 

Mycobacterial killing assay 

 Cells were isolated from naïve or i.n. AdHuAg85A immunized mice at 4 weeks post 

vaccination, after which CD11c+/CD11b+ cells were isolated from the lungs as described. Cells 

were plated at a density of 1x105 cells per well in a 24 well plate, after which the cells were 

infected with M.tbH37Rv at a 1:1 ratio at 37°C. 4 hours post infection extracellular bacteria were 

removed, after which bacterial burden was assessed at 24 hour and 48 hour using a CFU assay. 

Cytokine and chemokine measurement 

Cytokine and chemokine levels within lung homogenates were determined using IFN-γ 

and TNF-α duo-set ELISA kit from R&D Systems (Burlington, ON, Canada). 

Statistical analysis  

Asterisks in the figures indicate the level of statistical significance (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001)) as determined using a two-tailed student’s T-test, One-Way 

ANOVA or Two-way ANOVA with a Tukey post-hoc analysis. Tests were performed using 
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GraphPad Prism software (La Jolla, CA, USA). Data are expressed as mean±SD unless 

otherwise stated. 

References 

1. WHO, Global Tuberculosis Report 2016.  (2016). 

2. S. H. Kaufmann, Tuberculosis vaccines: time to think about the next generation. Semin Immunol 

25, 172-181 (2013). 

3. Z. Xing, M. Jeyanathan, F. Smaill, New approaches to TB vaccination. Chest 146, 804-812 

(2014). 

4. F. Smaill, M. Jeyanathan, M. Smieja, M. F. Medina, N. Thanthrige-Don, A. Zganiacz, C. Yin, A. 

Heriazon, D. Damjanovic, L. Puri, J. Hamid, F. Xie, R. Foley, J. Bramson, J. Gauldie, Z. Xing, A 

human type 5 adenovirus-based tuberculosis vaccine induces robust T cell responses in humans 

despite preexisting anti-adenovirus immunity. Sci Transl Med 5, 205ra134 (2013). 

5. J. Wang, L. Thorson, R. W. Stokes, M. Santosuosso, K. Huygen, A. Zganiacz, M. Hitt, Z. Xing, 

Single mucosal, but not parenteral, immunization with recombinant adenoviral-based vaccine 

provides potent protection from pulmonary tuberculosis. J Immunol 173, 6357-6365 (2004). 

6. R. Lai, S. Afkhami, S. Haddadi, M. Jeyanathan, Z. Xing, Mucosal immunity and novel 

tuberculosis vaccine strategies: route of immunisation-determined T-cell homing to restricted 

lung mucosal compartments. European respiratory review 24, 356-360 (2015). 

7. V. N. Houk, J. H. Baker, K. Sorensen, D. C. Kent, The epidemiology of tuberculosis infection in 

a closed environment. Arch Environ Health 16, 26-35 (1968). 

8. T. Hussell, T. J. Bell, Alveolar macrophages: plasticity in a tissue-specific context. Nat Rev 

Immunol 14, 81-93 (2014). 

9. J. Pieters, Mycobacterium tuberculosis and the macrophage: maintaining a balance. Cell Host 

Microbe 3, 399-407 (2008). 

10. M. Jeyanathan, D. Damjanovic, C. R. Shaler, R. Lai, M. Wortzman, C. Yin, A. Zganiacz, B. D. 

Lichty, Z. Xing, Differentially imprinted innate immunity by mucosal boost vaccination 

determines antituberculosis immune protective outcomes, independent of T-cell immunity. 

Mucosal Immunol 6, 612-625 (2013). 

11. A. M. Cooper, Cell-Mediated Immune Responses in Tuberculosis. Annual Review of Immunology 

27, 393-422 (2009). 

12. J. Wang, M. Santosuosso, P. Ngai, A. Zganiacz, Z. Xing, Activation of CD8 T cells by 

mycobacterial vaccination protects against pulmonary tuberculosis in the absence of CD4 T cells. 

J Immunol 173, 4590-4597 (2004). 

13. N. Tatsis, H. C. Ertl, Adenoviruses as vaccine vectors. Molecular therapy : the journal of the 

American Society of Gene Therapy 10, 616-629 (2004). 

14. D. A. Muruve, The innate immune response to adenovirus vectors. Human gene therapy 15, 

1157-1166 (2004). 

15. M. Santosuosso, S. McCormick, E. Roediger, X. Zhang, A. Zganiacz, B. D. Lichty, Z. Xing, 

Mucosal luminal manipulation of T cell geography switches on protective efficacy by otherwise 

ineffective parenteral genetic immunization. J Immunol 178, 2387-2395 (2007). 

16. C. N. Horvath, C. R. Shaler, M. Jeyanathan, A. Zganiacz, Z. Xing, Mechanisms of delayed anti-

tuberculosis protection in the lung of parenteral BCG-vaccinated hosts: A critical role of airway 

luminal T cells. Mucosal Immunol 5, 420-431 (2012). 

17. R. Lai, M. Jeyanathan, C. R. Shaler, D. Damjanovic, A. Khera, C. Horvath, A. A. Ashkar, Z. 

Xing, Restoration of innate immune activation accelerates Th1 cell priming and protection 

following pulmonary mycobacterial infection. Eur J Immunol, (2014). 44, 1375-86  



111 
 

18. J. Kleinnijenhuis, J. Quintin, F. Preijers, L. A. Joosten, C. Jacobs, R. J. Xavier, J. W. van der 

Meer, R. van Crevel, M. G. Netea, BCG-induced trained immunity in NK cells: Role for non-

specific protection to infection. Clin Immunol 155, 213-219 (2014). 

19. C. Naeslund, Experience de vaccination par le BCG dans la province de Norrbotten (Suede). 

Revue de la Tuberculose 12, 617-636 (1931). 

20. J. Chan, Y. Xing, R. S. Magliozzo, B. R. Bloom, Killing of virulent Mycobacterium tuberculosis 

by reactive nitrogen intermediates produced by activated murine macrophages. J Exp Med 175, 

1111-1122 (1992). 

21. J. A. Philips, J. D. Ernst, Tuberculosis pathogenesis and immunity. Annu Rev Pathol 7, 353-384 

(2012). 

22. K. N. Couper, D. G. Blount, J. C. Hafalla, N. van Rooijen, J. B. de Souza, E. M. Riley, 

Macrophage-mediated but gamma interferon-independent innate immune responses control the 

primary wave of Plasmodium yoelii parasitemia. Infect Immun 75, 5806-5818 (2007). 

23. M. Jeyanathan, N. Thanthrige-Don, S. Afkhami, R. Lai, D. Damjanovic, A. Zganiacz, X. Feng, 

X. D. Yao, K. L. Rosenthal, M. F. Medina, J. Gauldie, H. C. Ertl, Z. Xing, Novel chimpanzee 

adenovirus-vectored respiratory mucosal tuberculosis vaccine: overcoming local anti-human 

adenovirus immunity for potent TB protection. Mucosal Immunol 8, 1373-1387 (2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 



112 
 

Figures 

Figure 1 

 

 

 

 

 

 

 

 



113 
 

Figure 2 

 

 

 

 

 

 

 

 

 

 

 



114 
 

Figure 3  

 

 

 

 

 

 

 



115 
 

Figure 4 

 

 

 

 

 

 

 



116 
 

Figure S1 
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Figure S2 
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Table 1 

Cell type Markers 

Alveolar Macrophages (AM) CD45+Gr-1-DX5-AF+CD11c+ MHC-II+/- 

Dendritic cell (DC) CD45+Gr-1-DX5-AF-CD11c+MHC-II+ 

Neutrophils CD45+Gr-1+CD11b+ 

NK cells CD45+Gr-1-DX5+CD11b+ 

 

 

 

 

 

 

 

 

 

 

 



119 
 

Figure 1 – Respiratory mucosal vaccination protects mice from pulmonary M.tb challenge 

in the absence of T cells for at least 7 days. (A) Experimental schema describing how the 

experiment was carried out. Mice were immunized i.n. with AdHuAg85A for either (B) 4 weeks 

or (C) 8 weeks. In some groups T cells were depleted, after which mice were challenged with 

M.tbH37Rv. Bacterial burden was assessed 7 days post infection in the lung. Data are expressed 

as mean±SD of three mice/time/group, representative of 2 independent experiments. 

Figure 2 – Lung innate cells exposed to AdHuAg85A have enhanced bactericidal abilities 

against M.tb. Mice were immunized with AdHuAg85A for 4 weeks as described, after which 

CD11c+/CD11b+ cells were isolated from the lung using MACS purification. Cells were then 

infected with M.tb at a 1:1 ratio. After 4 hours, extracellular bacteria were removed, and bacterial 

burden in the cells were assessed at 0, 24 and 48 hours post infection. Data are expressed as 

mean±SD of three mice/time/group, representative of 2 independent experiments. 

Figure 3 – Alveolar macrophages have an activated phenotype following respiratory 

mucosal vaccination with AdHuAg85A, regardless of the presence of T cells. Mice were 

immunized i.n. with AdHuAg85A, after which select groups were either depleted for T cells, 

infected with M.tb or both. Mononuclear cells were isolated from the lung at days 7 post 

infection, and the (A) total number of AM and (B) total number of MHC-II+ AM were 

enumerated using flow cytometry. (C) Representative dot plot demonstrating the relative MHC-

II expression on AM in each group. Data are expressed as mean±SD of three mice/time/group, 

representative of 2 independent experiments. 

Figure 4 – Respiratory mucosal vaccination protects mice from pulmonary M.tb challenge 

in SCID mice for at least 7 days. SCID mice were immunized i.n. with AdHuAg85A for 4 
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weeks, after which mice were challenged with M.tbH37Rv. (A) Bacterial burden was assessed 7 

days post infection in the lung. The levels of (B) IFNγ and (C) TNF-α were also assessed in the 

lung homogenates at this timepoint using ELISA. Data are expressed as mean±SD of three 

mice/time/group. 

Figure S1 – Number of neutrophils and NK cells following respiratory mucosal vaccination 

with AdHuAg85A. Mice were immunized i.n. with AdHuAg85A, after which select groups 

were either depleted for T cells, infected with M.tb or both. Mononuclear cells were isolated 

from the lung at days 7 post infection, and the (A) total number of neutrophils and (B) NK cells 

were enumerated using flow cytometry. Data are expressed as mean±SD of three 

mice/time/group, representative of 2 independent experiments. 

Figure S2 – Number of DC following respiratory mucosal vaccination with AdHuAg85A. 

Mice were immunized i.n. with AdHuAg85A, after which select groups were either depleted for 

T cells, infected with M.tb or both. Mononuclear cells were isolated from the lung at days 7 post 

infection, and the total number of DC enumerated using flow cytometry. Data are expressed as 

mean±SD of three mice/time/group, representative of 2 independent experiments. 
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Chapter 6. Discussion  

6.1. Contributions to the field  

Currently, BCG is the only clinically approved vaccine against TB. However, the 

substantial global burden of TB despite the use of BCG speaks to the ineffectiveness of current 

strategies used to control or eliminate the pathogen. Although multiple vaccine platforms are 

currently in development for the control of TB (9), our lack of understanding towards the 

correlates of protection against M.tb has hindered our progress in this regard (9, 150). Traditional 

strategies have involved targeting specific immunodominant epitopes expressed by M.tb to 

generate a robust Th1 immune response (9, 151). However, often ignored in the consideration of 

vaccine efficacy is the role of the innate immune compartment in host immunity against M.tb. 

The innate immune compartment serves as a critical aspect of anti-TB host immunity both in its 

capacity as the inducer of downstream adaptive T cell responses as well as being the primary 

effector population responsible for direct bacteria killing. Furthermore, given the ample amount 

of literature demonstrating the ability of M.tb to inhibit the functionality of the innate 

compartment (28, 36, 78), this becomes a critical area of research. 

 In Chapter 3, we have demonstrated that following pulmonary M.tb infection there is a 

substantial delay in the induction of early innate inflammatory factors such as TNF-α and IL-12. 

This lack of early inflammatory signals results in a delay in downstream immune responses 

including the migration of antigen-bearing DC as well as the activation of antigen-specific T cell 

responses. Furthermore, we demonstrated that enhancement of that early inflammatory response 

using a TLR4 agonist FimH led to an acceleration of downstream immune cascade, resulting in 

an earlier arrival of antigen-specific T cells at the site of infection in the lung and enhanced 

bacterial control. These findings demonstrate the importance of early innate inflammatory 
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responses in the generation of anti-TB Th1 immunity, and suggest that modulation of this 

compartment may be a viable strategy to enhance the ability of the host to generate anti-TB Th1 

immunity. 

 In Chapter 4, we delved further into the mechanisms behind the generation and delay of 

anti-Th1 immunity. Specifically, we sought to understand the relative contribution of two 

recently identified migratory DC subsets, CD11b+cDC and CD103+cDC, in the delayed 

generation of Th1 immunity. We found that following pulmonary M.tb infection, both 

CD11b+cDC and CD103+cDC migrated to the dLN and were involved in the delivery of antigen 

to the dLN. However, it was CD11b+cDC, but not CD103+cDC, that was required for the 

generation of Th1 responses in the dLN. Instead, CD103+cDC counter-regulated Th1 induction 

through the production of IL-10. These findings demonstrate a dichotomy in the functions of 

distinct DC populations upon pulmonary M.tb infection and identifies both the cell population 

responsible for Th1 activation and the one that may be involved in inhibiting it. 

 In Chapters 3 and 4, we established the importance of the innate immune compartment 

in the generation of anti-TB Th1 immunity following pulmonary M.tb infection. Previous work 

has identified that respiratory mucosal vaccination is able to provide superior protection against 

pulmonary M.tb infection in comparison to parenteral vaccination. While this is generally 

attributed to the presence of antigen-specific T cells in the lung and airway (134), it is unclear 

whether the innate immune compartment is also similarly modulated following respiratory 

mucosal vaccination. As such, in Chapter 5, we wanted to examine the relative contribution of 

both the innate and adaptive immune compartment in mediating anti-TB killing following 

respiratory mucosal vaccination with AdHuAg85A. We found that following respiratory mucosal 

vaccination with AdHuAg85A, mice were protected against M.tb during the first 7 days post 
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infection even in the absence of T cells. Furthermore, this was attributed to an enhanced 

activation in the lung AM population in AdHuAg85A vaccinated mice, leading to an enhanced 

mycobacterial killing capacity of these cells. Finally, we provided evidence demonstrating that T 

cells were not required to imprint the local lung innate cells as SCID mice were similarly 

protected following i.n. vaccination with AdHuAg85A. These findings demonstrate that in 

addition to inducing an antigen-specific T cell population at the lung, respiratory mucosal 

vaccination also modulates the lung local innate immune population independently of T cells and 

enhances its anti-TB functionality independently of T cell responses. 

6.2. Modulation of innate immunity can lead to the acceleration of T cell priming 

Our results from chapter 3 have identified the early inflammatory response following 

pulmonary M.tb infection as a mechanism for delayed T cell activation. M.tb has been known to 

suppress many aspects of cellular function involved in T cell activation including the 

downregulation of MHC-II as well as antigen processing pathways (50, 51, 152). Furthermore, it 

has been demonstrated in an ex vivo setting that M.tb is able to suppress the secretion of 

inflammatory cytokines such as TNF-α and MCP-1 (54, 55). However, we are the first to 

examine the inflammatory responses in vivo during the early stages of pulmonary M.tb infection. 

A 5-10 day delay in the initiation of the inflammatory cascade would explain the characteristic 2 

week delay in T cell priming at the draining lymph node following pulmonary M.tb infection, as 

the timing of T cell priming would be dependent on the initiation of the early inflammatory 

response.   

However, rather than a lack of inflammatory responses some groups have previously 

attributed delayed T cell priming to a lack of sufficient antigenic load during the early phase of 

M.tb infection (61, 63), which in turn is attributed to the virulence of M.tb itself (153). This is 
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based on the observation that while cells infected with attenuated M.tbH37Ra undergo apoptotic 

cell death pathways, virulent M.tbH37Rv infection tends to promote necrotic cell death, thus 

preventing the efficient generation of M.tb antigens (67, 68). However, given that we have 

observe similar kinetics following both M.tbH37Ra and M.tbH37Rv infection (chapter 3 and 4), 

this is likely not the explanation for delayed T cell priming. 

Instead, delayed T cell priming may be attributed to the ability of M.tb, or rather the 

entire M.tb family of mycobacterial subspecies, to suppress the early innate inflammatory 

response. Slow growing mycobacterial species, which include various M.tb strains as well as the 

BCG strain M. bovis, display the characteristic delay in T cell activation and persist for a long 

time within the host. On the other hand, fast growing mycobacterial species such as M. 

smegmatis or M. abscessus evoke a fast T cell response and are rapidly cleared (154, 155). One 

key difference between these two types of mycobacteria is the difference in the capping of the 

lipoarabinomannan (LAM) on the cell wall of the bacterium. Specifically, slow growing 

mycobacterial species have a mannose cap (manLAM) in comparison to the phosphor-myo-

inositol (PI) capped LAM of the fast-growing species (156, 157). Interestingly, manLAM has 

been demonstrated to be highly immunosuppressive (154), and recently it has been demonstrated 

that it is able to induce the production of soluble TNF receptor without the production of TNF-α 

itself (158), thereby blocking immune activation and suggesting that this may be a mechanism by 

which M.tb inhibits early inflammatory responses. 

 As such, one goal of anti-TB vaccine design revolves around the acceleration of T cell 

kinetics in order to enhance Th1 responses in the lung. Our findings described in chapter 3 have 

indicated that the use of the TLR4 agonist FimH may be a viable strategy to enhance early innate 

inflammatory responses following M.tb infection, as it has been demonstrated to enhance early 
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innate inflammatory responses and accelerate T cell immunity. Although the use of TLR agonists 

as an immune adjuvant is not a new concept, many are associated with significant side-effects or 

toxicity (159, 160). In contrast, FimH has been demonstrated to be a safe and effective immune 

modulator, and is particularly amenable for mucosal application as it is safe and induces 

minimum lung pathology (161, 162). FimH may be useful for accelerating T cell activation as 

we have observed accelerated T cell kinetics following FimH administration, which is also 

correlated with enhanced recruitment of APC to the lung.  

6.3. Conventional DC subsets have divergent roles in Th1 activation following pulmonary M.tb 

infection 

 Our results from chapter 3 also demonstrated that the administratiopn of FimH lead to 

the enhanced migration of lung DC. Given the central role for DC in T cell activation, the focus 

of chapter 4 was to investigate the role of lung DC in Th1 activation following pulmonary M.tb 

infection. Although classically defined as simply being CD11c+MHC-II+ cells, recent efforts 

have refined the definition of DC, and have since identified different subsets within the previous 

umbrella of DC. Within the lung, two major populations, consisting of CD11b+cDC and 

CD103+cDC, have been shown to play non-redundant roles in orchestrating specific T cell 

activation in various models (111, 112, 120, 163-165). However, little is known about the role of 

these specifics DC subsets following pulmonary M.tb infection. We elected to focus on 

CD11b+cDC and CD103+cDC as these DC subsets are by far the best characterized and 

understood in literature, and have been demonstrated to be instrumental towards antigen 

presentation and T cell priming (89, 96). 

Although a previous study had alluded to a role for CD11b+cDC in the delivery of M.tb 

antigens to the dLN (69), our study demonstrates both DC subsets play a role in the delivery of 
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M.tb antigens to the dLN. Both DC subsets have previously demonstrated an ability to activate 

both CD4+ and CD8+ T cells in different settings. To date, CD11b+cDC have been found to be 

critical primarily in Th2 and Th17 activation in models of allergy and extracellular parasite or 

fungal infection (112, 163, 164, 166-168), whereas CD103+cDC have been found to initiate anti-

intracellular parasitic Th1 activation (165, 169) or anti-viral CD8+ T cell responses (111, 114, 

115). Whether the preferential priming target of each DC subset is due to inherent differences in 

each DC subset is unclear. However, transcriptionally they are very distinct as CD11b+cDC are 

dependent on IRF4 for their final differentiation, whereas CD103+cDC are dependent on IRF8 

and Batf3 (106, 169, 170). Furthermore, a gene analysis of each DC subset has observed a 

clustering of MHC-II associated genes around IRF4, whereas MHC-I associated genes clustered 

around IRF8 (171). Together, this suggests that each cDC lineage may specialize towards the 

activation of a specific T cell subset. However, CD11b+cDC have also been found to prime and 

activate CD8+ T cells (113). Furthermore, during RSV infection both DC subsets present antigen 

equally well (116). Altogether, the divergent roles of CD11b+cDC and CD103+cDC observed in 

literature suggest that the relative ability to activate CD4+ or CD8+ T cells by either DC subset is 

highly contextual and therefore cannot be generalized.  

Interestingly the role of either DC subset in T cell activation has never been fully 

characterized following an intracellular bacterial infection. Using pulmonary M.tb in our model, 

we have found that CD11b+cDC are the primary cell population responsible for the activation of 

Th1 cells, which is further confirmed by using IRF4-/- animals that are deficient in CD11b+cDC. 

In contrast, we have observed a more regulatory role for CD103+cDC following pulmonary M.tb 

infection. Certain immunoregulatory activities of CD103+cDC have been demonstrated to be 

important for the induction of Tregs (117, 118, 172). However, our study has revealed a more 
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direct mechanism for CD103+cDC in the inhibition of Th1 activation through the secretion of IL-

10. While IL-10 has been implicated in the suppression of Th1 responses following M.tb, the 

cellular source within the dLN has never been previously defined. As such, our study provides a 

link between IL-10 and suppression of Th1 activation by identifying CD103+cDC as a cellular 

source in the dLN during T cell priming.  

In addition to playing a role in T cell activation, DC may also act as a natural reservoir 

for M.tb, as DC are in general unable to kill phagocytosed M.tb bacilli (173, 174). Their inability 

to kill M.tb makes them a perfect target for manipulation by the bacteria. Upon pulmonary M.tb 

infection, we find that CD103+cDC have a higher bacterial burden at the dLN in comparison to 

CD103+cDC (chapter 4). A similar increased susceptibility of CD103+cDC was observed in a 

model of influenza infection (175). This may highlight an increased susceptibility of 

CD103+cDC to the entry of M.tb in comparison to CD11b+cDC. On the other hand, this may 

simply be attributed to the anatomical location of CD103+cDC as these cells are found within the 

epithelial layer (176) and would therefore have greater access to pathogens within the airway 

than CD11b+cDC. The increased production of IL-10 by CD103+cDC would lead to the 

suppression of processes involved in bacterial killing such as the production of reactive oxygen 

and nitrogen species (73, 177), and may explain why DC have been found unable to kill M.tb in 

the past. However, the difference in IL-10 production between CD103+cDC and CD11b+cDC 

may also reflect a difference in bactericidal capabilities between these two DC subsets.  

Together, our results from chapter 3 and chapter 4 provide a target for manipulation to 

enhance and accelerate Th1 immunity, and provide us with further rationale to use innate 

modulation as a means by which we can accelerate Th1 immunity. Given the production of IL-10 

by CD103+cDC, it is tempting to suggest that blockade or removal of this population may be a 
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means to accelerating Th1 immunity. However, it has been demonstrated that CD103+cDC are 

critical in the production of IL-12 (169, 178), which is required for the polarization of Th1 cells. 

As such, the removal of this cell population may instead further impair the generation of Th1 

responses. Instead, an alternative strategy for accelerating T cell activation may be the use of 

FimH, as we have already demonstrated its role in accelerating the migration of DC to the dLN 

(chapter 3). Interestingly, we have also demonstrated that the administration of FimH lead to a 

specific acceleration of CD11b+cDC migration but not CD103+cDC (unpublished data). Given 

that in chapter 4 we have demonstrated the critical role for CD11b+cDC in Th1 priming, the use 

of FimH may allow us to specifically manipulate this key DC population needed for Th1 

activation. However, further study would be required to identify the specific mechanism by 

which FimH specifically accelerates the migration of CD11b+cDC.  

6.4. The innate compartment contributes to host defense against M.tb independent of T cell 

responses 

 Our results from chapter 3 and chapter 4 highlight a potential target of manipulation for 

accelerating Th1 immunity, and provide us with a strategy by which this may be achieved. The 

success of BCG is often linked with its ability to accelerate Th1 immunity by at least one week 

(7, 18), However, despite this acceleration in T cell responses BCG efficacy wanes over time and 

is unable to protect against pulmonary TB. This suggests that the acceleration of T cell responses 

alone is not sufficient to mediate protective immunity against pulmonary TB. As such, modern 

vaccination strategies have sought to build upon the success of BCG and now seek to further 

accelerate or enhance the quality of Th1 immunity as a means to enhance protection against 

pulmonary M.tb (7, 9).  
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Given that BCG is delivered parenterally, it is likely that the vaccine is unable to directly 

modulate the lung compartment. This is likely one reason for the failure of BCG to mediate long 

lasting protection against pulmonary M.tb, as we and others have demonstrated the superiority of 

mucosal vaccination over parenteral vaccination in the induction of long term memory responses 

(134, 137, 179). Our lab has demonstrated that the use of an adenovirus serotype 5 based 

mucosal vaccine expressing an M.tb immunodominant protein Ag85A (hereby referred to as 

AdHuAg85A) is particularly effective in providing protection against M.tb. Although our clinical 

data and animal models have demonstrated that it is particularly effective in generating long 

lasting IFN-γ+ TNF-α+ CD8+ T cells, and to a lesser extent CD4+ T-cell responses (129, 134, 135, 

180-182), our preclinical data has demonstrated the effectiveness of AdHuAg85A can be further 

enhanced if delivered mucosally. We have demonstrated that respiratory mucosal vaccination 

with AdHuAg85A is able to induce a population of Ag-specific T cells in the airway and the 

lung and superior protection over traditional parenteral vaccination. However, the immunogenic 

nature of adenoviral vectors (140, 141) makes it likely that the local innate immune compartment 

is also similarly activated. Given that our data from chapter 3 and chapter 4 suggests targeting 

the innate immune compartment as a complementary approach to traditional vaccine platforms, 

we sought to address how respiratory mucosal vaccination with AdHuAg85A would modulate 

the local innate compartment.  

Collectively, our results from chapter 5 demonstrate the importance of the innate 

immune compartment in direct killing of M.tb independent of T cell responses following 

respiratory mucosal vaccination. Although previously it was thought that the enhanced protection 

observed is likely due to the specific presence of antigen-specific T cells within the lung tissue 

itself, our data demonstrates that this may also be due to an enhanced innate immune response, as 



130 
 

modulation of the innate compartment not only accelerated their antigen delivery and 

presentation capacity (Chapter 3), but also enhanced their bactericidal capabilities (Chapter 5). 

As such, when evaluating the efficacy of a mucosally administered vaccine, the effects a specific 

vaccine formulation has on the local innate immune compartment should also be considered. Our 

lab has also demonstrated that the effects of the vaccine platform has on the innate compartment 

can greatly impact the efficacy of given vaccine formulation even when it is able to induce a 

robust adaptive Th1 immunity (143).  

The importance of the innate immune compartment is not only restricted to T cell 

priming or direct killing of M.tb. A recent study has demonstrated that lung DC were able to 

specifically recruit T cells back to the lung in comparison to DC from other compartments 

through the upregulation of a chemokine receptor CCR4 (183), demonstrating that the local 

innate immune cells are also critical in directing T cell responses to specific tissue 

compartments. Our lab and others have also identified other markers such as VLA-1, CCR5 and 

CXCR3 (184, 185). Although we have demonstrated an increase in chemokine receptors 

following respiratory mucosal vaccination with AdHuAg85A in comparison to parenteral 

vaccination (data not shown), it is not clear which DC subset, if any, is involved in conferring 

this imprinted phenotype. Our study has identified CD11b+cDC as a potential DC subset 

responsible for recruiting antigen-specific T cells back to the lung, as these cells are critical to 

the induction of Th1 immunity at the dLN following M.tb infection (Chapter 4), and there 

appears to be an increased presence of CD11b+cDC in the lung and lung dLN following 

respiratory mucosal vaccination with AdHuAg85A (data not shown). Further study is required to 

determine how intranasal AdHuAg85A vaccination modulates the lung DC population and 

whether this affects their ability to draw antigen-specific T cells to the lung.  
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 Although traditional vaccine immunology has suggested that only the adaptive immunity 

is capable of memory responses, there is mounting evidence suggesting that the innate immune 

compartment can also be educated against a pathogen. Termed trained innate immunity, this 

concept revolves around the idea that exposure of the innate compartment can be influenced by 

previous encounters to pathogens or their byproducts, thereby modulating their response in 

comparison to an “uneducated” host innate immune system (186). The earliest evidence of this 

stems from a study of a TB outbreak on an US navel ship where they found 13 individuals who 

remained protected despite the absence of anti-TB T cell immunity for at least 6 months post 

exposure (144), suggesting that the protection was mediated by the host innate immunity 

independently of T cells. Since then, BCG has also been shown to modulate innate monocytes 

and NK cells through epigenetic changes that persist for at least 6 months (147, 148). However, 

as BCG is delivered parenterally, it is not clear whether it is able to modulate the lung local 

innate cells, and if so for how long. Given the enhanced activation seen in the innate immune 

cells following intranasal AdHuAg85A vaccination (Chapter 5), it is likely that mucosal 

delivery of a vaccine may allow for long term epigenetic modifications of the innate 

compartment. 

6.5. The importance of examining the innate compartment in current and future clinical vaccine 

trials  

 The induction of Th1 immunity remains critical in anti-TB immunity, and as such will 

continue to be a central part of anti-TB vaccine design. Our work has demonstrated the 

importance of the innate compartment towards the generation of anti-TB Th1 immunity as well 

as the direct control of M.tb. As such, equal consideration must be given towards the innate 

immune compartment when evaluating the efficacy of a vaccine platform. We believe that the 

ability of respiratory mucosal vaccination to manipulate the local lung innate immune 
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compartment makes it a superior route of vaccination than traditional parenteral vaccination 

strategies. Currently, we are in the middle of an effort to examine the efficacy of respiratory 

AdHuAg85A delivery in BCG immunized human volunteers. However, as a result of the work 

encompassed by this thesis, we will also be evaluating the innate immune responses in addition 

to traditional Ag-specific T cell responses in these volunteers. This new information will provide 

us with more tools to evaluate and predict the protective efficacy of our vaccine formulation and 

delivery strategy. However, we believe in the necessity of evaluating the innate immune 

compartment in all future vaccine trials irrespective of the formulation or the route of delivery, as 

this will provide us with more information towards generating protective immunity against any 

given disease. 
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restricted lung mucosal compartments  

Title of Review: Mucosal immunity and novel tuberculosis vaccine strategies: route of 

immunisation determined T-cell homing to restricted lung mucosal compartments 

Rocky Lai, Sam Afkhami, Siamak Haddadi, Manglakumairi Jeyanathan, Zhou Xing 

Published in European Respiratory Review 2015. 24(136): 356-60. 

Reprinted with permission 

  



146 
 

 



147 
 

 



148 
 

 



149 
 

 



150 
 

 


