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Abstract

Tuberculosis (TB) is the major cause of death from infectious diseases around the world, 

particularly in HIV infected individuals. TB vaccine design and development have been focused 

on improving Bacille Calmette-Guérin (BCG) and evaluating recombinant and viral vector 

expressed Mycobacterium tuberculosis (Mtb) proteins, for boosting BCG-primed immunity, but 

these approaches have not yet yielded significant improvements over the modest effects of BCG in 

protecting against infection or disease. On March 7–8, 2016, the National Institute of Allergy and 

Infectious Diseases (NIAID) convened a workshop on “The Impact of Mtb Immune Evasion on 

Protective Immunity: Implications for TB Vaccine Design” with the goal of defining immune 

mechanisms that could be targeted through novel research approaches, to inform vaccine design 

and immune therapeutic interventions for prevention of TB. The workshop addressed early 

infection events, the impact of Mtb evolution on the development and maintenance of an adaptive 

immune response, and the factors that influence protection against and progression to active 
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disease. Scientific gaps and areas of study to revitalize and accelerate TB vaccine design were 

discussed and prioritized. These included a comprehensive evaluation of innate and Mtb–specific 

adaptive immune responses in the lung at different stages of disease; determining the role of B 

cells and antibodies (Abs) during Mtb infection; development of better assays to measure Mtb 

burden following exposure, infection, during latency and after treatment, and approaches to 

improving current animal models to study Mtb immunogenicity, TB disease and transmission.
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1. Introduction

TB kills more people than any other single infectious disease in the world, recently 

surpassing HIV/AIDS. With the upsurge in multidrug resistant (MDR) and extensively drug 

resistant (XDR) strains of Mtb leading to a loss of therapeutic options, the lack of BCG 

efficacy against adult pulmonary TB, and BCG vaccination not being recommended by the 

World Health Organization (WHO) for children born with HIV infection, improvements in 

treatment, diagnosis, and identification of an effective TB vaccine are required [1]. Several 

of the recent vaccine candidates have not advanced through clinical development and there is 

a widely perceived need to step back and further analyze immune mechanisms and pathogen 

strategies that facilitate infection, transmission and disease by Mtb [2]. The NIAID convened 

a workshop on “The Impact of Mtb Immune Evasion on Protective Immunity: Implications 

for TB Vaccine Design” on March 7–8, 2016, with the goal of identifying novel research 

approaches that could help inform vaccine design and immune therapeutic interventions. 

Investigators from a variety of disciplines including basic and clinical TB research, 

immunology, microbiology and other infectious diseases were invited to participate in the 

workshop (Table 1). The workshop included two introductory presentations followed by 

three focused sessions. Session 1, which was chaired by Drs. Samuel Behar and Lalita 

Ramakrishnan, addressed “early infection events and the biological consequences of the 

host-pathogen interaction”. Session 2, which was chaired by Drs. Joel Ernst and Steven 

Porcelli, addressed “the impact of Mtb evolution on the development and maintenance of an 

adaptive immune response” and Session 3, which was chaired by Drs. Markus Maeurer and 

Hardy Kornfeld, discussed “factors that influence protection against or progression to active 

disease”.

To set the stage for the need for new TB vaccines and how biomedical research contributes 

to this endeavor, the workshop started with presentations by Drs. Jacqueline Shea and Lalita 

Ramakrishnan, on current challenges and strategies in vaccine research and host-Mtb 

interactions.

Dr. Shea provided an overview of the global TB epidemic and the clinical pipeline of TB 

vaccine candidates. She discussed the potential target mechanisms of action for new 

vaccination strategies such as preventing establishment of infection early, potentially in 

conjunction with preventing latent infection, or preventing disease development or its 
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reactivation (Fig. 1). The current strategy by Aeras focuses on the development of a vaccine 

to prevent TB disease in adolescents and adults, since they constitute the largest reservoir of 

potential TB patients and the majority of transmission and prevention of active disease in 

these groups may have the largest impact on the epidemic. The disappointing results of the 

MVA85A Phase 2b trial [3] highlight the need for diversification in both the selection of 

types of vaccine candidates and the routes of vaccine administration, and for improvement in 

candidate selection through more predictive animal models. While comparing candidates in 

different animal models would also ensure reproducibility and robustness, the lack of 

adequate animal models shown to be predictive of human Mtb exposure/transmission/

infection/disease continues to be a challenge. Developing an in vitro functional assay of 

vaccine effect, a correlate of vaccine-induced protection and a human challenge model 

would also help improve candidate selection. In addition, novel trial designs that incorporate 

smaller size, shorter duration, and decreased cost are also required to facilitate affordable 

clinical trials and to more rapidly identify potentially promising new approaches. Dr. Shea 

concluded by identifying the key scientific gaps that need to be addressed, including 

determining what constitutes a protective immune response, whether the response needs to 

be local or systemic, and whether different responses are needed at different stages of 

disease. She also highlighted the need to measure both the level of exposure to Mtb and the 

burden of Mtb during latency and to identify a true biomarker of infection and cure.

Dr. Ramakrishnan led the participants through a discussion on how Mtb exploits and evades 

both innate and adaptive immune responses (included in Table 2). Mtb’s ancient ancestor 

was probably a soil dwelling non-pathogenic mycobacterium that evolved to acquire 

virulence. She hypothesized that bacteria such as Mtb have acquired a lipid coat to help 

mask the bacterial pathogen-associated molecular patterns (PAMPs) and thereby avoid 

engagement with toll-like or other innate receptors and limit the recruitment of microbicidal 

macrophages. She suggested that some strains of Mtb use phenolic glycolipid (PGL) to 

induce the host to produce chemokines and other secreted factors that attract macrophages 

that are more permissive for Mtb replication, thereby enabling expansion of the Mtb niche. 

She cited the example of the Mtb Beijing strains, which carry PGL and are becoming more 

common worldwide, suggesting that they have a selective advantage over other strains.

Dr. Ramakrishnan then turned her focus to the formation of lung granulomas which develop 

as a part of the immune response to Mtb infection. She pointed out that upon traversing the 

epithelial barrier, mycobacteria then exploit the process of granuloma formation to expand 

their intracellular niche. They recruit macrophages by stimulating host pathways and then 

spread into these for niche expansion. She described the granuloma as a very permissive 

environment for bacterial replication and for the recruitment and infection of new 

macrophages. Granulomas with cavitary lesions are more likely to transmit bacteria to a new 

host, and since adolescents have fewer cavitary lesions, they are less likely to transmit 

bacteria. Dr. Ramakrishnan indicated that very little is known about the mechanisms that 

trigger the exit of Mtb from the granuloma. She described some observations that too little 

or too much tumor necrosis factor (TNF) may be a factor and that overall, there is a need to 

understand the fine balance required among macrophages, chemokines and cytokines to 

restrict both bacterial replication and localization to the granuloma. Dr. Ramakrishnan 

described strategies used by Mtb to evade the adaptive immune system. These include 
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delaying DC migration and priming in the lymph node and inducing regulatory T cells 

(Tregs) that delay activation of effector T cells and their recruitment to the granuloma. All 

these evasive strategies will need to be considered when designing a TB vaccine. She also 

noted that Ab production against Mtb has long been recognized as a host response to disease 

progression, but it is unclear what role the humoral response plays in the immune defense 

against Mtb.

2. Session I: Early infection events and the biological consequences of 

host-pathogen interactions

Dr. Sam Behar set the stage for this session by introducing three T cell-based phases of Mtb 

infection: which he described as events occurring before, during or after T cell priming 

[4,5]. He briefly discussed how these events may affect the bacteria, whether heterogeneity 

of the host affects TB pathogenesis, and if early events are altered by pre-existing immunity. 

He highlighted how early events can be crucial in defining host immunity. These include: (1) 

a delay in the initiation of the T cell responses is detrimental to host defense; (2) T cell 

priming in the lymph node may expand T cells that cannot optimally recognize infected cells 

in the lung; (3) Mtb may evade T cell immunity by limiting antigen (Ag) presentation in the 

lung; and (4) the fate of infected cell and their cell death modality (apoptosis versus 

necrosis) can have an impact on T cell immunity. He also noted that T cell responses 

eliminate ~95% of the bacterial load (based on reduction from peak lung CFU). He 

suggested that heterogeneity in the type of host cells infected, in bacterial Ag expression, or 

adaptation of the bacteria to the intracellular niche, could impair T cell recognition of 

infected cells, and that these are barriers that vaccines may have to overcome [4,5].

Dr. Ludovic Desvignes proposed that early immune events can shape the outcome of Mtb 

infection [6–8] and recommended that studies of early events include assessing: (1) cellular 

diversity in terms of the cells that are infected, including the alveolar epithelium and 

lymphatic endothelium; (2) dynamics and localization of Mtb (alveoli/parenchyma/

vasculature, extracellular); (3) effects of the temporal occurrence of inflammation; (4) 

triangulation across models in terms of specimens studied (bronchoalveolar lavage (BAL)/

lung/blood); (5) early host/bacterial factors; (6) checkpoint interventions beyond 

conventional T cell-derived IFN-gamma; and (7) effects of trained innate immunity. He 

cautioned that early post-infection immune events vary depending on the animal model 

being studied and suggested that researchers in various disciplines (e.g. immunology, 

microbiology, systems and computational biology) devise multidisciplinary approaches to 

study early events in Mtb infection. This would involve using different animal models and 

incorporating knowledge from studies of other pathogens as well as non-infectious models 

(e.g. inflammation).

Dr. David Russell presented the microbiological view of early events in host-pathogen 

interactions and addressed the need for alternative experimental approaches to understand 

both TB disease progression and the inability of the host to effectively clear Mtb [9]. He 

proposed that modern microbiological readouts of pathogen fitness (e.g. fluorescent Mtb 

reporter strains) can be exploited to understand bacterial replication, disease progression and 
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acquired immunity in mice [10,11]. Advantages of this approach include: (1) they are 

immunologically-“agnostic,” requiring no assumptions be made about the immune pathways 

required for control; (2) they are host species-independent and can have equal application in 

murine, non-human primate, and human cell infection models; and (3) they provide 

information on bacterial fitness and therefore relate directly to the growth state of the 

bacterial populations. He concluded that when analyzing affected cells and TB pathogenesis, 

a loss of control or a gain of permissiveness are two ways of characterizing the disease. To 

dissect this, one may need more microbiological read-outs rather than an immunological 

focus.

Dr. Shabaana Khader discussed how the innate immune response could be targeted in 

vaccine design to induce sterilizing immunity. She described the delay in T cell recruitment 

to the lungs of mice following initial exposure to Mtb and the need for T cells to localize to 

ectopic lymphoid structures near infected macrophages to control Mtb [12]. Although BCG 

vaccination speeds up T cell recruitment to the lung, it does not significantly reduce the 

bacterial load [13,14]. Dr. Khader suggested that induction of helper T cells or inducible 

Bronchus Associated Lymphoid Tissue (iBALT) at an even earlier time point in the lung 

could control Mtb load and this could be achieved by targeting CD103+ lung dendritic cells 

(DCs). Intestinal CD103+ DCs have been shown to promote IL-22 production from Group 3 

Innate Lymphoid Cells (ILC3s) [15]. In the lung, IL-22 and IL-17 production from ILC3s 

are required for protection against Klebsiella pneumonaie and Streptococcus pneumoniae 
[16,17]. Thus, Dr. Khader presented various avenues of exploration for vaccine targeting by 

inducing ILC3s.

Dr. Behar addressed the question of whether or not prior exposure confers an advantage 

against re-challenge with Mtb using data generated from naïve and previously infected mice. 

He noted that recall of natural memory to Mtb infection elicits an intense T cell response; 

however, the resulting memory response is short lived and is only partially able to control 

Mtb (similar to memory responses elicited by vaccination) [18]. Detailed studies tracking 

the development of effector T cells from naïve or memory precursors, demonstrated that 

both naïve and central memory CD8+ T cells are initially activated in the lymph node and 

not in the lung, and their recruitment to the lung have similar kinetics. Dr. Behar concluded 

that improving the immune response to Mtb via vaccination will be a challenge given that 

memory T cell responses elicited via natural immunity or currently available vaccine 

candidates are not very effective in mediating protection against TB [19]. Panel members 

discussed whether generating tissue resident memory T cells in the lung might help advance 

efficacy of vaccines above and beyond what can be elicited for central memory T cells. 

However, they acknowledged that generating lung resident T cells through adoptive transfer 

did not result in these T cells being initially activated in the lung (they continued to be 

initially activated in the lymph node). In addition, they noted that the lung does not seem to 

be a conducive environment for T cell activation, possibly due to defects in Ag presenting 

cell (APC) function.

Dr. Henry Boom addressed some of the mechanisms by which Mtb-infected APCs subvert T 

cell recognition and function, and potential ways that vaccines could counteract this 

inhibition. Earlier studies from his group have shown that Mtb through prolonged activation 
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via TLR2 inhibits MHC-II Ag processing and presentation in macrophages [20]. He 

discussed more recent studies demonstrating that Mtb lipoarabinomannan (LAM) and 

lipomannans (LM) are released in bacterial microvesicles from infected macrophages and 

can directly inhibit proximal TCR signaling, and induce CD4+ T cell anergy [21,22]. These 

mechanisms most likely occur during the effector phase of the T cell response and may be 

relevant to the inability of T cells to clear Mtb during primary infection and during latent 

infection in lung granulomas. These findings led Dr. Steven Porcelli to suggest that secreted 

immunomodulatory molecules such as these might be appropriately targeted by Abs, which 

might facilitate their removal from the body or neutralize their immunomodulatory effects. 

Dr. Boom further theorized that overcoming Mtb’s ability to evade T cell immune 

recognition presents a substantial obstacle for new TB vaccine strategies aimed at reducing 

establishment of latent Mtb infection and at enhancing control/elimination of established 

latent Mtb infection in the lung. For example, vaccines that stimulate robust IFN-gamma and 

IL-2 responses and provide strong co-stimulation, may be able to overcome CD4+ T cell 

anergy. The large diversity of Mtb Ags/epitopes recognized by the human peripheral T cell 

response may not be reflective of what is actually processed and presented by latent Mtb 

infected cells in the lung and elsewhere. Focusing on antigens/epitopes that are expressed by 

MHC-I/II on these infected cells, even if at low frequency, will also increase the likelihood 

of producing a successful new TB vaccine.

Dr. Bruce Klein provided insights from the perspective of fungal infections [23–25] and 

highlighted similarities between these and TB. Like TB, fungal infections result in a 

spectrum of diseases, disease progression, dysregulated immunity, latency and reactivation 

upon immune compromise. He highlighted features of fungal diseases, including early 

pathogenesis and host response, immune evasion mechanisms, adaptive immunity and 

fungal clearance. Similarities between Blastomyces and Mtb include slow doubling times, 

delayed growth in the lung of mice, dissemination outside of the lung, residence inside the 

alveolar macrophages and reshaping of the host immune response, such as loss of IL-17 and 

GM-CSF producing innate lymphocytes that are involved in mediating early control.

3. Session II: The impact of Mtb evolution on the development and 

maintenance of an adaptive immune response

Dr. Joel Ernst set the stage for how to develop a better understanding of adaptive immunity 

to Mtb with three key considerations: (1) The presence of an adaptive immune response is 

not necessarily indicative of its ability to effectively control TB; (2) Mtb has approximately 

4000 protein coding genes that are potentially recognized by the immune system; and (3) 

Mtb and humans have coevolved for millions of years, allowing the bacterium to exquisitely 

optimize its relationship with its host.

Dr. Ernst developed the hypothesis that human T cell recognition exerts little selection 

pressure on Mtb Ags based on the following findings: (1) human T cell epitopes for Mtb are 

evolutionarily hyper-conserved [26]; (2) Mtb T cell epitope analyses has revealed a paucity 

of antigenic variants and rare variable Mtb Ag [27], and sequence diversity in the pe_prgs 
genes—some of the most variable genes of Mtb—is independent of human T cell 
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recognition [28]. Furthermore, Mtb manipulates Ag expression to evade T cell recognition 

by inducing suboptimal activation of CD4 effector cells [29] and diverting secreted antigens 

from the MHC class II pathway to the export pathway, avoiding CD4 T cell recognition [30].

Dr. David Masopust focused on the role of tissue-resident memory T cells. He emphasized 

the current limitations in measuring immunity in tissues versus peripheral blood [31] and 

that techniques used to enumerate and characterize immune cells in mucosal tissues have to 

be carefully considered since analysis of memory CD8+ T cells using disaggregated tissues 

results in an underestimation of cell numbers, compared to analysis via quantitative immune 

florescence microscopy [32]. Dr. Masopust highlighted that laboratory mice are relatively 

pathogen-free compared to mice obtained from pet stores or humans, making lab mice 

immune transcriptome more similar to the transcriptome of human cord blood-derived cells 

while peripheral blood mononuclear cells (PBMCs) from pet store mice behave more like 

human adult PBMCs. Co-housing laboratory mice with pet store mice, resulted in changes to 

the microbiota of the laboratory mice, altered the phenotype and distribution of CD8+ T 

cells, increased serum Ab titers and generated a PBMC transcriptional profile similar to that 

seen in human adult PBMCs [33]. Co-housed laboratory mice were also more resistance to 

Listeria monocytogenes infection. Dr. Masopust emphasized that improvements of mouse 

models, with regard to prior pathogen and commensal microbiota exposures, may make their 

immune response to Mtb more similar to those in humans, and thus may accelerate the 

evaluation of TB vaccines.

Dr. Tom Ottenhoff addressed two key challenges to TB vaccine research: the approach to Ag 

selection and the lack of known correlates of protection from Mtb infection or disease. He 

indicated that candidate TB vaccine antigens should be broadly recognized by the immune 

system of different human populations, and that both the immune status of different 

populations (e.g. adults, neonates, young children, HIV infected) as well as the diversity of 

circulating Mtb strains should be evaluated. To address the lack of correlates of protection, 

Dr. Ottenhoff suggested more comprehensive unbiased approaches, including surveys of the 

entire immune space during infection and disease, akin to efforts undertaken in the HIV field 

[34]. This would involve expanding Mtb-induced immunity studies to all immune cell 

populations, including mucosal/lung resident T cells, as they may have very different 

functional profiles compared to peripheral blood T cells; as well as investigating the role B 

cells and tissue resident cells, and using functional assay based approaches such as 

mycobacterial growth inhibition assays. Dr. Ottenhoff highlighted the need for further 

investigation into the role of subdominant Ags in the immune response to Mtb, since mouse 

models have shown their protective role in cancer and in some infectious diseases, including 

TB [35]. He noted that while the majority of Mtb epitopes may be hyper-conserved, recent 

work shows that a minority of Mtb epitopes is variable between different strains. From a 

vaccine standpoint, he suggested that adjuvants or immune-modulators might offer novel 

methods to redirect the type of immune response toward hyper-conserved or subdominant 

epitopes, preventing T cell exhaustion and promoting long term functional T cell memory.

As noted above for Dr. Klein’s presentation, this workshop provided an opportunity for 

researchers outside of the TB field to share their experience with other pathogens. Dr. Amed 

Ouattara described similarities and differences in the development of malaria versus TB 
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vaccines. He described how correlates of protection are being studied in malaria by 

expressing stage-specific Ags and assessing their immunogenicity. Specifically, Abs derived 

against these stage-specific Ags are being assessed in in vitro inhibition assays. This Ag 

selection strategy requires that the candidate Ag be essential for parasite survival, be 

conserved among strains and be available to the immune system. Dr. Ouattara indicated that 

3 types of malaria vaccines are being designed, one for each of the 3 malarial lifecycle 

stages. He also noted that malaria vaccine research has benefited from the availability of an 

effective human challenge model, and that a new humanized mouse model engineered to 

generate human red blood cells and lymphocytes may be used to identify candidate malaria 

antigens.

Dr. Arlene Sharpe described immunoregulatory pathways that control T cell responses and 

how they provide opportunities for immunotherapy against TB. Several inhibitory receptors 

have been discovered on T cells including CTLA4, LAG3, PD-1, and TIM3, and the 

functions of such co-inhibitory pathways include: (1) maintaining immune tolerance; (2) 

protecting tissues from damage by immune responses; (3) tuning-down the immune 

response after a pathogen is eliminated; and (4) promoting the resolution of inflammation 

[36]. Dr. Sharpe focused on the PD-1 receptor, which is upregulated on T cells upon 

activation, resulting in reduced T cell receptor (TCR) signaling and T cell functions such as 

cytokine production and cytolysis [37]. PD-1 is also expressed on B cells, macrophages, and 

DCs and the PD-1 pathway has been exploited by tumors and pathogenic microbes to evade 

immune-mediated elimination by promoting control of inflammation, inhibiting the 

activation of self-reactive or pathogenic effector T cells, and by inducing Tregs. Abrogation 

of the PD-1 pathway induces an influx of inflammatory cells into the target tissues. Dr. 

Sharpe added that T cells can co-express multiple inhibitory receptors, rendering them 

increasingly less functional [38]. Thus, co-blockade would enable better rescue of 

dysfunctional T cells than blockage of a single inhibitory receptor. This kind of combination 

therapy is being used in cancer and may prove useful in controlling Mtb.

Dr. Kevin Urdahl indicated that the frequency of systemic Mtb-specific Th1 cells does not 

correlate with protection in the mouse model, and that the immune system is unable to 

eradicate Mtb despite an apparent abundance of Mtb-specific Th1 cells in the lungs. Thus, 

the simple strategy of increasing Th1 cell numbers will not result in protection [39]. He 

proposed that the rapidity of the lung Th1 response is critical and a delayed Th1 response 

allows Mtb to establish a lung niche. Furthermore, once Mtb establishes a lung niche within 

granulomas, T cell effectiveness is limited. He indicated that Ag availability restricts the 

protective capacity of T cells in two distinct ways. Reduced Ag expression during chronic 

infection limits the effectiveness of some T cells, whereas persistent Ag expression leads to 

functional exhaustion of other T cells. Dr. Urdahl questioned whether a single vaccine could 

optimally induce both rapid and durable immunity. He suggested that complementary 

vaccination approaches may be needed: the first to induce lung-resident T cells that act early 

to prevent granulomas from being established; and the second to induce central memory T 

cells that provide prolonged immunity and prevent progression of established infection.

Since Mtb is primarily an intracellular pathogen, the role of Abs in TB immunity remains a 

subject of controversy. However, recent findings have suggested that Abs may be important 
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role in modifying or controlling Mtb infections. Dr. Jacqueline Achkar noted that Abs can 

effectively control intracellular bacteria, parasites and fungi [40] and in murine TB models, 

Mtb-specific Abs reduce pathogenicity while diminished B cell and humoral function 

increases susceptibility to TB [41]. In general, there is an inverse relationship between the 

levels and several functions of Mtb-specific Abs and susceptibility to infection and disease 

in humans and animals. Abs may control infection not only via neutralization but also 

through Fc-mediated functions like antibody-dependent cellular phagocytosis (ADCP) or 

antibody-dependent cell-mediated cytotoxicity (ADCC). For example, Abs targeting the Mtb 

glycolipid cell wall Ag LAM and/or the capsular polysaccharide AM have been associated 

with protection in vivo in animal models [42,43] and in in vitro studies using samples from 

BCG vaccinated individuals [44,45].

4. Session III: Factors that influence protection against or progression to 

active disease

In the introduction to this session, Dr. Markus Maeurer indicated that BCG vaccination, 

exposure to non-tuberculous mycobacteria (NTM) and frequent Mtb exposure in high 

burden countries influence protective immune responses to Mtb infections, and these 

influences may have biological and/or clinical consequences. He highlighted other immune 

modulating factors that may be influential including cross-reactivity with other pathogens, 

the host microbiome, and early induction of autophagy in infected cells [46–48]. He then 

listed key factors to consider for eliciting more effective pulmonary anti-Mtb immune 

responses: (1) aerosol vaccination strategies; (2) activation of early myeloid cell responses; 

(3) activation of resident innate immune cells; (4) induction of lung surfactants to increase 

phagocytosis of Mtb bacilli by myeloid cells; (5) early but controlled mucus production in 

the airways and lungs to help trap invading Mtb bacilli; (6) induction of lung-resident B-cell 

responses (Abs and cytokines); (7) induction of optimal lung-resident Ag-specific T-cell 

responses; and (8) induction of fatty acid metabolism in lung-resident memory CD8+ T 

cells, which may be needed for long-term memory. Dr. Maeurer highlighted that induction 

of long-term memory responses in key anatomic locations will be crucial to successful 

immunization against TB.

Dr. Peter Andersen noted that the requirements for preventive versus post-exposure vaccines 

are different and that there are many variables to consider. A preventive vaccine would 

largely be administered to infants who are mostly Mtb-negative, whereas, vaccines targeting 

adolescents would largely be post-exposure since adolescents will have already received 

BCG, and in high burden countries 40–60% of them will already have latent TB infection 

(LTBI). Data from murine models indicated that not all preventive TB vaccines have post-

exposure activity [49] and vaccination doses and schema optimized for preventive TB 

vaccines are not suitable for post-exposure vaccination. He showed data indicating that a low 

concentration of Ag is more effective when used in a preventive vaccine given post exposure 

rather than a high dose of Ag that is optimized for a non-infected individual. Furthermore, 

immunization with a modified immunogen (e.g. deletion of the immunodominant region of 

ESAT-6) resulted in a qualitatively different immune response with an increased number of 

memory cells as compared to immunization with the unmodified immunogen [50]. He 
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highlighted several research areas that need to be addressed, including a better 

understanding of the differences between pre- and post-exposure vaccination and Ag 

selection [e.g. how Ag expression is influenced by adaptive immunity in LTBI], vaccine 

dose and delivery systems and which features of the natural immune response to Mtb seen in 

LTBIs should modulated by vaccination.

Dr. Daniel Barber indicated that it is important to determine what effector molecules are 

produced by CD4+ T cells to control Mtb infection and whether different molecules are used 

at different anatomical locations. There is some evidence that CD4 T cells can restrict Mtb 

growth in macrophages through an IFNγ-independent mechanism. To estimate the relative 

contribution of IFNγ-dependent or independent mechanisms to CD4+ T cell-mediated 

control of Mtb, T cell-deficient mice were reconstituted with WT or IFNγ−/− CD4 + T 

cells. Data showed that only ~30% of T cell-dependent suppression of bacterial growth in 

the lung is dependent on IFNγ, in contrast to >80% in the spleen. It appears that the amount 

of IFN-γ produced by individual T cells is more important than the total amount of IFN-γ in 

the lung, and that protective effects elicited by cytokines can be organ-specific. Dr. Barber 

summarized these findings by stating that susceptibility to mycobacteria is extreme in the 

absence of IFNγ, but increasing the production of IFNγ by T helper cells can also lead to 

lethal disease. Thus, CD4+ T cell-derived IFNγ can be protective in one tissue, while 

simultaneously being detrimental in another. He noted that the presence of cytokine 

receptors in the local environment also needs to be considered [51].

Dr. Bruce Levy discussed general concepts of fatty acid-derived lipid mediators, their role in 

Mtb pathogenesis and their potential for regulating the progression or resolution of Mtb 

infection. Several lines of evidence suggest lipid mediators play a pivotal role in cytokine 

regulation, mechanisms of macrophage death, T cell responses, and bacterial replication 

[52]. Among the molecules involved are arachidonic acid-derived mediators, such as 

Prostaglandin E2, Leukotriene B4 (LTB4), and Lipoxin A4 (LXA4) as well as are other 

specialized pro-resolving mediators derived from omega-3 fatty acids (e.g. resolvins, 

protectins and maresins) [53,54]. Studies in mouse models have shown that interference of 

the leukotriene pathway by using clinically available drugs (e.g. zileuton) had a neutral or 

slightly positive effect on the control of Mtb infection, although LTB4 was not effective. 

Furthermore he noted that administration of LXA4 in too high amounts or too early, led to a 

poor disease outcome in the TB mouse model. Lipid mediators can also modulate vaccine 

efficacy as they are involved in the regulation of DC function and they have effects on CD4 

T cells, B cells, NK cells, ILC2s and regulatory T cells [55–57].

Dr. Deborah Lewinsohn’s presentation focused on infant TB immunity and described the 

benefits of focusing on infants as the target population for an improved TB vaccine to 

protect infants, children, and adults. The burden of childhood TB is estimated at 1,000,000 

cases and 140,000 deaths per year [1]. TB is the cause of 50% of pneumonia deaths in 

children from TB endemic areas and those children who survive TB suffer from significant 

morbidity. Dr. Lewinsohn indicated that studying infants with primary Mtb infection is 

important for the design of effective vaccines and immunodiagnostics for infants and 

children, as well as for understanding the immune response to primary infection in adults. 

There is also a need to have an animal model of infant TB, such as an infant macaque model, 
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to model the human infant TB immunity. A number of vaccine studies from South Africa 

have shown that one can elicit robust innate and adaptive immune responses in children, 

although their T cell responses are less robust than those of adult T cells [58]. Dr. Lewinsohn 

commented that this finding highlights the importance of conducting phase 1 trials in the 

population of interest.

Dr. Erwin Schurr provided an overview of the current understanding of the genetics of host 

protection from Mtb infection following prior exposure to mycobacteria or BCG 

vaccination. A combination of genome-wide approaches to assess the contribution of host 

genetics to immunity has shown that there is a high level of inheritability of protection (25–

90%) [59]. Epidemiological studies found that individuals with LTBI or with TST-positivity 

were protected against secondary infection and progressive disease. Furthermore, TB 

patients who have been cured of TB have a five-fold higher risk for reinfection and 

development of TB compared to the general population [60]. Overall, the genetic loci for TB 

susceptibility that have been identified thus far are not classical immune response genes and 

he noted that the genetic and/or epigenetic basis for these types of important observations 

will need to be determined through prospective cohort studies [61]. Dr. Schurr stated that for 

all types of studies, whether genetic or immunologic, having robust data on phenotype 

definition is key (dose, age, gender), and for genetic studies, research on extreme phenotypes 

may provide the most useful information.

5. Conclusion

The workshop concluded with a vigorous discussion highlighting a number of scientific 

opportunities to gain greater insights into the impact of Mtb immune evasion on protective 

immunity and their implications for TB vaccine design (see Table 3). There was recognition 

that it is both important and challenging to improve our understanding of innate and adaptive 

immune responses to Mtb in the lung. More studies are needed to assess the role of B cells 

and functional Abs, unconventional T cells, trained immunity and the microbiome following 

Mtb infection and vaccination. Developing improved animal models (that more closely 

mimic human Mtb infection) as well as functional assays for studying the immune response 

to Mtb, will be crucial for effectively guiding future vaccine design. An additional focus on 

Ag selection and an increased understanding of the impact of prior Mtb exposure on vaccine 

responses are also needed. Investigational vaccine studies in humans need to be designed to 

not only evaluate the candidate vaccine but to understand fundamental immunological 

questions. It was noted that a survey of the entire immune space akin to efforts that have 

been made in HIV might also help break through the barrier in identifying correlates of 

protective immunity in TB. In summary, to significantly advance our efforts in the design 

and development of improved TB vaccines and vaccination strategies, novel research 

approaches, including those that focus on Mtb immune evasion strategies and protective 

immunity need to be designed, supported, and undertaken.
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Fig. 1. 
Strategies for TB vaccine development.
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Table 2

Examples of Mtb immune evasion strategies discussed at the workshop.

Host defense strategies Mycobacterial counterstrategiesa

Recruit microbicidal macrophages to 
site of infection

• Mask PAMPS with cell surface lipids to avoid recruitment of TLR-signaled 
microbicidal macrophages

• Recruit growth-permissive macrophages through induction of the monocyte 
chemokine CCL2

Promote phagosome – lysosome fusion • Avoid and/or tolerate Mtb phagosome-microbicidal lysosome fusion

Aggregate macrophages into 
epithelioid granulomas to restrict and 
contain mycobacteria

• Use early granuloma for intracellular expansion through macrophage-to-macrophage 
spread

• Activate granuloma-specific genes that may help mycobacteria to survive in the 
granuloma

• Vascularize the granuloma to make it conducive to bacterial growth

Processing and presentation of 
bacterial Ags

• Inhibit MHC-II Ag processing and presentation

• Divert secreted Ags from the MHC class II pathway to the export pathway, to avoid 
CD4 T cell recognition

• Alter Ag expression to evade T cell recognition by inducing suboptimal activation of 
CD4 effector cells

• Avoid focusing T cell immune responses to conserved and/or subdominant regions

Activation of T cells to control 
infection

• Release PAMPs to inhibit TCR signaling and induce CD4 + T cell anergy

• Delay DC migration to lymph nodes in order to delay generation of effector T cells

Increase microbicidal capacity of the 
granuloma by recruiting effector T 
cells to it

• Induce antigen-specific Treg cells that delay effector T cell priming, and recruitment to 
granuloma

• Downregulate key mycobacterial antigens so as to render infected macrophages 
“invisible” to pathogen-specific effector T cells

• Induce suppressive factors (e.g., NO, IL-10, and TGFb) that restrict effector T cell 
function

a
[4,62–64].
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Table 3

Scientific gaps and opportunities in TB research.

Immunology

• Evaluate in depth, innate and adaptive immune responses to Mtb in the lung (including role of resident memory T cells)

• Determine the role of B cells and functional Abs during Mtb infection and delineate their functions

• Assess role of unconventional T cell types in Mtb infection and following vaccination

• Expand type and combinations of Ags to be included in TB vaccine candidates and develop a better understanding of the effect of 
quality versus quantity in Ag selection, choice of adjuvant and delivery systems. Determine Ags recognized in the lung at 
different stages of Mtb infection

• Evaluate potential role of microbiome in Mtb- or TB vaccine- induced immunity and TB disease progression

• Assess role of trained immunity and whether it could be harnessed for TB vaccine development

Model/assay development

• Improve animal models to better mirror human Mtb infection and kinetics of development of TB disease, for use in both basic 
and pre-clinical research including vaccine candidate selection

• Develop microbial readout assays to measure bacillary burden during disease progression and following treatment

Human studies

• Study the dynamics of Mtb vaccine-induced responses in humans of various age groups to understand how they differ in pre- and 
post-exposure vaccination and in the presence of immune modulating co-morbidities (e.g. diabetes)

• Design human experimental vaccines studies to answer critical immunological questions in addition to continue evaluating 
vaccine candidates with a defined clinical path

• Comprehensively survey entire immune space during Mtb infection and TB disease akin to efforts that have been made in the 
HIV field
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