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ABSTRACT 

 

Dissection of roles of dendritic cells in the pathogenesis of   

Mycobacterium tuberculosis and their implications                    

in novel strategies for improved control of tuberculosis 

   

Hongmin Kim 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Sung Jae Shin) 

 

 

Mycobacterium tuberculosis (Mtb) is a harmful human pathogen causing 180 

million annual deaths. To control this detrimental pathogen, a large amount of time 

and effort has been consumed but the mechanism of Mtb pathogenesis is still unclear. 

Dendritic cells (DCs) are professional antigen presenting cells mediating innate and 

acquired immunity. Acquired immunity, especially T cell immunity, is a crucial factor 

in controlling Mtb infection and disease, and DCs are an integral mediator of this 

process. Therefore, understanding the role of DCs in the pathogenesis of TB and their 

application in the development of treatments could provide a rational approach 

towards controlling TB. 



  

2 

 

Chapter I contains a literature review regarding the role of dendritic cells in 

tuberculosis pathogenesis, the current status of TB vaccines used in clinical trials, and 

the application of DCs and their properties for development of TB vaccines. 

In Chapter II we demonstrate that Mtb infection inhibits optimal Th1 responses 

by altering the function of DCs. We infected DCs with either the virulent Mtb strain 

H37Rv or the attenuated strain H37Ra to investigate the phenotypic and functional 

alterations in DCs and the resultant T cell responses. H37Rv-infected DCs suppressed 

Th1 responses more strongly than H37Ra-infected DCs. Interestingly, H37Rv, but not 

H37Ra, impaired the expression of DC surface molecules (CD80, CD86, and MHC 

class II), due to prominent IL-10 production, while augmenting the expression of 

tolerogenic molecules, including PD-L1, CD103, Tim-3, and indoleamine 2,3-

dioxygenase (IDO). These results indicate that virulent Mtb drives immature DCs 

toward a tolerogenic phenotype. Notably, the tolerogenic phenotype of H37Rv-

infected DCs was blocked in DCs generated from IL-10-/- mice and in DCs treated 

with an IL-10-neutralizing monoclonal antibody (mAb), leading to restoration of Th1 

polarization. These findings suggest that IL-10 induces a tolerogenic DC phenotype. 

Interestingly, p38 MAPK activation predominantly mediates IL-10 production; thus, 

H37Rv tends to induce a tolerogenic DC phenotype via expression of tolerogenic 

molecules in the p38 MAPK-IL-10 axis. Therefore, suppressing the tolerogenic 

cascade in DCs is a novel strategy for stimulating optimal protective T cell responses 

against Mtb infection. 
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In Chapter III, we compared vaccine efficacy of non-glycosylated Ag85A (NG-

Ag85A) expressed in Escherichia coli and glycosylated Ag85A (G-Ag85A) expressed 

in Nicotiana benthamiana. As a result, G-Ag85A induced a stronger IFN- response 

than NG-Ag85A in antigen-immunized mice, and the G-Ag85A-immunized group 

showed a greater protective efficacy on bacterial growth and histopathology at four 

and nine weeks post-infection. Importantly, the protective efficacy of G-AG85A 

immunization correlated with a remarkable generation of Ag-specific CD4+ T cells 

co-producing IFN-, TNF-, and IL-2. Taken together, these studies will provide new 

insights for the prevention and treatment of tuberculosis immunologically and may 

help develop new vaccines. 

In Chapter IV, we evaluated whether culture filtrate antigens (CFA)-pulsed-

mature dendritic cells (DCs) vaccination could potentiate the efficacy of BCG 

vaccination as a booster vaccine and in therapy with anti-TB drugs in a murine model. 

We used various mouse models for aerosol infection with Mtb and transfer CFA-

pulsed-matured DCs (CFA-DC) in order to evaluate the efficacy of CFA-DC as a 

BCG-booster vaccine or an immunotherapy with anti-TB drug treatment. Mice which 

received a BCG-prime/CFA-DC-boost vaccination promoted early recruitment of DCs 

and T cells in the mediastinal lymph node and lung. The CFA-DC-booster elicited a 

significant bacterial reduction from the early phase of infection along with remarkable 

generation of Ag-specific multifunctional CD4+ T cells co-producing TNF-, IFN- 

and IL-2. This regimen had protective efficacy against various clinical strains of Mtb, 
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and had long-lasting protective efficacy until 26 weeks from boosting. In the case of 

chemotherapy experiments, CFA-DC transfer with antibiotics resulted in significant 

reduction in bacterial burden and lung inflammation accompanied by prominent 

maintenance of Ag-specific multifunctional CD4+ T cells. In addition, mice 

administrated antibiotics with CFA-DC transfer in a latent TB model were protected 

from Mtb-reactivation for up to 35 weeks post-infection. Finally, we confirmed the 

effect of CFA-DC on the treatment course of MDR-Mtb infection. Our results provide 

new insights into the BCG-booster vaccine, and into DC-based immunotherapy with 

respect to shortening antibiotic treatment duration and prevention of Mtb-reactivation. 

Taken together, these results provide evidence for mechanisms related to disease 

progression by identifying the immune response of Mtb infected dendritic cells and 

also pave the way for designing improved vaccines and therapy by using the 

properties of DCs against Mtb infection. 

 

 

 

 

 

 

Key words: Mycobacterium tuberculosis, tuberculosis, dendritic cell, T cells, 

subunit vaccine, BCG prime-booster vaccine, adjunctive chemotherapy 



  

5 

 

 

 

 

 

 

 

 

 

Dissection of roles of dendritic cells in the pathogenesis of   

Mycobacterium tuberculosis and their implications                    

in novel strategies for improved control of tuberculosis 

 

 

 

 

 

 

 

 

 

 

 



  

6 

 

 

 

 

 

 

 

 

Chapter I. 

 

Overview of pathogenesis and tuberculosis control focusing on 

dendritic cells 
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I. Immunology of tuberculosis 

Worldwide, tuberculosis (TB) is one of the top 10 causes of death and the leading 

cause from a single infectious agent (above HIV/AIDS). Millions of people continue 

to fall sick with TB each year. Globally, the best estimate is that 10.0 million people 

(range, 9.0–11.1 million) developed TB in 2017. Mycobacterium tuberculosis (Mtb) is 

the major cause of TB and infection is commonly initiated with inhalation of small-

sized respiratory droplet nuclei (1–2 mm or less) containing Mtb. This bacteria-

containing droplet is small enough to pass down respiratory tracts, and into alveoli.1 

Once Mtb are deposited in the respiratory tract and alveoli, Mtb are taken up by 

phagocytes. Various types of receptors mediate endocytosis of Mtb, such as Fc 

receptor (FcR), complement receptor (CR), scavenger receptor class A, toll-like 

receptor (TLR) CD14, mannose receptor, and DC-specific intercellular adhesion 

molecule-3-grabbing non integrin (DC-SIGN).2 These specific receptors are 

considered to influence the sequential immune response.3,4 Various cell types are 

known to be infected by Mtb, such as alveolar macrophages, macrophages, 

neutrophils, and permissive monocytes, but alveolar macrophages are the cells 

primarily infected initially and from which Mtb is disseminated from the alveoli to the 

lung interstitium.5 Re-localization of the alveolar macrophages into the interstitium 

enables Mtb uptake by recruited macrophages and neutrophils, which construct the 

initial form of granulomas.5 Subsequently, with other cells of the acquired immune 

system, the tuberculosis antigen (Ag)-specific T cells infiltrate into the infection site, 
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resulting in the formation of a mature granuloma to control Mtb growth (Fig. 1). Once 

Mtb has infected the pulmonary system of the host, there are four possible fates. First, 

early host-immune responses could eradicate the bacilli, and these hosts do not 

develop tuberculosis. Second, after infection, Mtb could proliferate in host cells and 

cause primary tuberculosis. Third, there could be latent infection, in which the Mtb 

persist in a sub-clinical (quiescent) form. Fourth, reactivation of Mtb from dormancy 

or the quiescent phase could result in reactivation of TB (Fig. 1). 

Many components of the immune system are involved in TB infection and host 

defense. Macrophages and DCs are major cell populations that could present Ag of 

the pathogen to T cells using MHC-I and -II class molecule. IFN-from activated T 

cells, induces activation of macrophages which confer a bactericidal effect through 

phagosome-lysosome fusion; generation of reactive nitrogen intermediates, 

particularly nitric oxide, and reactive oxygen intermediates;6,7 autophagy;8 and 

apoptosis.9 This could help to destroy intracellular bacilli in macrophages. Pro-

inflammatory cytokines from macrophages and DCs, such as IL-1 and IL-6, promote 

recruitment of other immune cells
10

 for effective defense. Importantly, mature 

dendritic cells with Mtb infection or Ags migrate to the draining lymph node and 

promote Ag-recognition by T cells, resulting in specific T cell polarization according 

to the infection microenvironment.11 Distinct populations of CD4+ T helper cells differ 

by the profile of produced cytokines and transcription factors, and their response to 

the different classes of pathogens. For immune response against intracellular bacteria, 

such as Mtb, interferon gamma (IFN-)-producing CD4+ type I T helper cells (Th1) 
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have been known to be key factors in restraining Mtb growth.12 Alongside the Th1 

response, the Th17 response is important for TB control by recruiting other immune 

cells,13,14 and the balance of these two responses has been reported as an important 

factor for bacterial control in chronic infection (Fig. 2).14 DCs have a crucial role in 

pathogenesis and control of TB, thus a better understanding of and additional research 

into this cell population is required.
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Figure 1. The pathogenesis of M. tuberculosis infection in animal models. Initial 

stages of infection are mediated by innate immune cells that are recruited in the 

infection site. First, primarily macrophages phagocytose the bacilli and secrete 

cytokines to induce recruitment of other innate immune cells, such as neutrophils, 

macrophages, dendritic cells, and monocytes, which develop the initial form of a 

granuloma. After bacteria are disseminated to the draining lymph node, DCs present 

the antigen of Mtb, which primes naïve T cells. Interaction of T cells with DCs 

triggers expansion and polarization of antigen-specific T cells, which are recruited to 

the lung. The recruitment of T cells, B cells, macrophages, neutrophils, and other 

leukocytes establish the bacteria-containing granuloma structure. Most infected 
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persons will remain in a latent state of infection without clinical symptoms. A small 

percentage (5–10%) of infected persons will develop active TB disease, releasing 

bacteria containing droplets by coughing, transmitting the infection. 
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II. The role of dendritic cells in M. tuberculosis infection 

Although there is only a small population of DCs, they are important immune cells 

that act as a bridge between innate immunity and acquired immunity. At steady state, 

these sentinel cells present in almost all tissue to sample and detect foreign pathogens. 

Once they detect and phagocytose a pathogen, they undergo a maturation process to 

cause effective immunity, increasing expression of MHC class I and II molecules, 

costimulatory molecules (CD80, CD86, and CD40), and chemokine receptor 7. These 

phenotypic changes allow DCs to migrate to the draining lymph node and activate T 

cell efficiently. DCs successfully present Ags to T lymphocytes with the molecules 

described above in the local lymph nodes to help T cell activation and induce 

effective cell-mediated immunity.11,15 In addition to the signaling through MHC 

molecules and costimulatory molecules, cytokines secreted from matured DCs are 

important for inducing T cell differentiation into different T cell subsets. For example, 

IL-12p70 is a key cytokine for inducing the type I CD4+ T helper cell (Th1) response 

that is important to control intracellular bacteria such as Mtb.16 IL-1, IL-6, IL-23, 

and TGF- promote Th17 response, which is another protective T cell response 

against Mtb infection.16 IL-10 and TGF-create an environment that induces 

regulatory T cell responses.17 In addition, DCs interact with natural killer cells to 

induce Th1 response to BCG in calves,18 and DCs can perform cross presentation via 

phagocyte apoptotic macrophages loaded with Mtb Ags.19 Therefore, the number and 

quality of DCs could be important in TB pathogenesis (Fig. 2). For example, TB 

patients tend to have a decreased number of DCs among their peripheral blood 
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mononuclear cells (PBMC), but after treatment with antibiotics, the number is 

recovered.20 Additionally, active TB patients have lower levels of MHC-II and CD80 

expression on DCs compared to the PBMC of healthy controls.20 DCs from hosts 

having different susceptibility (latent TB patients and active TB patients) have a 

significant genetic polymorphism associated with TB susceptibility in published 

genome-wide association study (GWAS) data.21 Urazova et al. studied 334 TB patient 

samples to analyze the association between polymorphisms of the IL12B, IL18, and 

IL27 genes and the secretion of the proinflammatory cytokines IL-12р70, IL-18, and 

IL-27 by myeloid dendritic cells (mDCs). Reduced secretion of IL-18 and IL-27 by 

mDCs was detected and the secretion of IL-12p70 was associated with the 

dissemination of Mtb.22 These reports suggest that DCs are one of the crucial cell 

populations for controlling TB. 

On the other hand, Mtb could disturb the effective immune system formation of 

DCs by the immune evasion mechanism (Table 1). Various Ags of Mtb impair optimal 

T cell responses by modulating the immune response of DCs. Mtb glycoproteins 

Rv1016c and Hip1 could inhibit DC maturation, resulting in impaired Th1/Th17 

response during mycobacteria infection.23 Latency-associated protein Acr-1 of Mtb 

could influence the functionality of DCs at the differentiation stages.24 Additionally, 

mycobacterial glycolipid Di-O-acyl trehalose promotes a tolerogenic profile in 

dendritic cells which induces sub-optimal T cell activation,25 and this tolerogenic 

profile of Mtb-infected DCs is dependent on the virulence of Mtb.26 Furthermore, 

migrations of Mtb-infected inflammatory DCs from the granuloma disseminate and 
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form new and/or larger multi-focal lesions, and Mtb-infected DCs have low 

expression levels of CCR7 compared to non-infected DCs, which may support T-cell 

capture in granulomatous tissue, and this capture may reduce Ag availability in 

draining lymph node.27 Even though Mtb-infected DCs migrate to lymph node, Mtb-

Ag export from Mtb infected DCs to bystander non-infected DCs reduces Ag 

presentation and limits CD4+ T cell activation and promotes bacterial persistence.28 

Therefore, understanding the function of dendritic cells in various environments 

caused by infection is important in controlling tuberculosis. 
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Figure 2. Protective immunity against M. tuberculosis. At the infection site, Mtb and its 

Ags cause maturation of DCs. Matured DCs migrate to draining lymph nodes to 

prime naïve T cells, matured DCs express MHC class I and II, and co-stimulatory 

molecules such as CD40, CD80, CD83, and CD86 interact with T cells. Ag-specific 

signals are mediated by T cell receptor triggering by Mtb peptide loaded MHC-class 

molecules of DCs. Polarization of T cells is mediated by cytokines secreted from DCs. 

Activated T cells are recruited to the infection site, and accumulated DCs activate T 

cells, such as IFN-g- and IL-2-producing CD4 Th1 cells, IL-17-producing Th17 cells, 

and cytotoxic CD8 T cells. Th1 cells elicit activation of macrophages, Th17 induces 

innate immune cell recruitment to form granuloma structures, and cytotoxic T cells 

induce apoptosis of Mtb-infected macrophages, resulting in control of Mtb infection. 
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Table 1. Immune evasion mechanisms of M. tuberculosis through DC 

Factor  Mechanism Consequence Category Ref. 

ManLAMs 

binding to 

CD209 on 

DCs 

Promotion of IL-10 

secretion, reducing 

IL-12 

Decrease in IFN- 

from T cell co-cultured 

with ManLAM 

stimulated DCs 

Maturation 

and cytokines 
29 

30 

31 

glycolipid 

Di-O-acyl 

trehalose 

Decrease in IL-12 

and increase in IL-

10 and indoleamine 

2,3-dioxygenase 

Promoted expansion of 

FoxP3+ regulatory T 

cell 

Maturation 

and cytokines 

25 

hip1 mutant 

strain Mtb 

infection 

Increase in IL-12, 

CD40, CD86, 

MHC-II molecules 
via MyD88- and 

TLR2/9-dependent 

pathways 

Enhanced Th1 and 

Th17 polarization 
Maturation 

and cytokines 

32 

Mtb infection Leakage of Ags in 

Mtb infected DCs 

via kinesin 2-

dependent vesicular 

transport  

Limited Ag 

presentation to T cells 

in lymph node 

Ag 

presentation 

28 

Mtb infection Decrease in 

expression of 

CCR7 

Promoted lung 

granuloma 

dissemination, 

reducing Ag 

availability  

Migration 27 

Mtb infection Decrease in 

expression of CD18 
Limit migration ability 

to lymph node 
Migration 33 

Heat-killed 

Mtb prime 

boost 

vaccination 

Induction of 

myeloid-derived 

suppressor cells 

(MDSC) 

MDSC produced NO 

killed DCs in spleen 
Differentiation 34 

Acr1 

treatment 

Impairment of DC 

maturation 

Decreased induction of 

IFN- producing CD4 

T cells 

Differentiation 24 
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III. Current development of anti-TB vaccine and application of dendritic cells 

Various strategies have been tried to control TB, but an effective TB vaccine is 

considered the most cost-effective measure for controlling this disease. 

Mycobacterium bovis bacillus Calmette-Guérin (BCG) is the only currently licensed 

vaccine for the prevention of TB, and it is traditionally given to newborns, but the 

insufficient pulmonary protection that BCG provides against TB means that the 

development of effective novel vaccines is urgently needed.35 To overcome this 

obstacle, various approaches have been tried, such as the development of new vaccine 

candidates. Several vaccine candidates are currently in clinical trials or have recently 

completed clinical trials, showing correlation of humoral or cellular immune response 

with vaccine-induced protection against Mtb.36 Adjuvanted protein subunit vaccines, 

such as M72/AS01E and ID93+GLA-SE, induced high levels of Ag-specific IgG with 

Ag-specific CD4+ T cell producing IFN- TNF- and IL-2. Whole cell vaccines such 

as VPM1002, MTBVAC, RUTI, and MIP could induce an effective cellular immune 

response, and some of them are designed to be post-exposure or therapeutic 

vaccines.
36

 In addition, to fully utilize the advantages (safety and universality) of 

BCG currently being used, studies on recombinant BCG, BCG revaccination, and 

BCG boosting vaccines are underway.37,38 
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Because of the aforementioned characteristics of dendritic cells, efforts to produce 

effective tuberculosis vaccines have also been made using dendritic cells (Table 2). 

DCs are the only cells capable of priming naive T cells, and they could migrate upon 

Mtb infection to the draining lymph nodes and initiate primary protective Th1 

responses.39 Thus, a limited number of DCs at the site of antigen production could be 

one factor affecting protection against Mtb infection. In this context, studies have 

been conducted to improve vaccine efficacy with an increase in the number of DCs 

through the use of growth factors such as Fms-like tyrosine kinase 3 ligand (Flt3L) or 

granulocyte-macrophage colony stimulating factor (GM-CSF). DNA vaccines 

encoding Mtb-Ag fused with FLT3L or GM-CSF showed protective efficacies. 

Prophylactic vaccination with the Flt3L-Mtb32 DNA vaccine elicited significant 

protection in both the spleen and lungs against Mtb challenge, comparable to the BCG 

vaccine.40 Immunization of a DNA vaccine encoding murine FLT3L with Mtb Ag85B 

showed better protection compared to Ag85B DNA vaccine alone.41 To increase the 

efficacy of BCG, adenoviral GM-CSF transgene-based adjuvant formulation was used 

with BCG vaccination,
42

 resulting in markedly enhanced immunogenicity of BCG and 

additional protection against Mtb infection with an increased number of antigen-

presenting cells (APCs). The immunization of BCG-encoded GM-CSF43,44 or FLT3L41 

could elicit an increase in number of DCs in lung and mediastinal lymph nodes, 

following an increase in BCG-reactive IFN- secreting T cells with potent protective 

efficacy compared to BCG vaccination in a mouse model. These reports indicate that 

DCs could be an integral target for controlling TB. In addition, various Mtb proteins 
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have been reported as promising Mtb vaccine targets. For example, Mtb-Ags such as 

Rv0577, PE27, Rv3628, RpfE induce the maturation of DCs with increase of co-

stimulatory molecules and TNF-, IL-6, and IL-12p70, followed by IFN- producing 

Th1and Th17 responses.45-49 Rv0577 could induce maturation of splenic DCs and 

increased IFN- CD4 and CD8 T cells with injection of protein.45 Rv3628 that can 

induce DC maturation and Th1 response in vitro showed protective efficacy when 

used as a vaccine against the virulent Mtb K strain.47 In addition to Ag inducing 

maturation of DCs, vaccine strategy targeting DEC205+ DCs with ESAT-6 could 

induce an Ag-specific T cell response and protective efficacy in a mouse model,50 and 

direct injection of Ag85B primed DCs put forward a delayed T cell response which 

results in protective efficacy against bacterial growth and fewer inflamed lesions.50 
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Table 2. Anti-TB vaccines applied with dendritic cells and its properties 
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IV. CONCLUSION 

At present, TB remains an uncontrollable disease even though it has been around 

for 100 years since the causative agent, M. tuberculosis, was found. For a long time, a 

number of researchers has been researching with a lot of effort in a variety of ways, 

and there have been meaningful discoveries, but still they have not been able to 

confirm the decisive factor. One of the significant findings is that dendritic cells are 

able to induce the formation of immunity to TB defense, but at the same time they can 

be controlled by Mtb, which is an important target in controlling the environment 

preferred by the host/pathogen. This study is focused on finding the relationship 

between Mtb and DCs, and developing a new vaccine candidate and regimen to 

prevent and treat TB. 
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I. INTRODUCTION 

Mycobacterium tuberculosis (Mtb) is a successful human bacterial pathogen that 

causes tuberculosis (TB), one of the major causes of human death by infection.1 

Despite the great time and effort spent researching Mtb, elucidation of the 

pathogenesis of Mtb remains ongoing. A robust Th1 response has widely been 

considered essential for providing immunity against TB.2 However, Mtb possesses 

diverse immune evasion mechanisms that can overcome host defenses during 

infection. Once targeted cells of the host such as macrophages and dendritic cells 

(DCs) are infected by Mtb, these cells attempt to kill the Mtb via cellular processes 

such as autophagy and phagosome-lysosome fusion. However, if the host cells fail to 

control Mtb growth, the bacteria survive and manipulate host cells for immune 

evasion.3,4 Although the cellular mechanisms shared between immune defense and 

evasion are relatively well-studied, the phenotypic and functional alterations of Mtb-

infected immune cells are not yet clearly understood. 

The genetic diversity of Mtb results in variation in virulence that induces marked 

differences in pathogenesis,5 including bacterial counts, and in immune responses, 

such as lung inflammation, chemokine and cytokine profiles,6 and cell death 

processes.7 In addition, the outcome of protective T cell immunity clearly depends on 

the Mtb strain. Thus, differences in virulence among Mtb strains may initially affect 

the function and phenotype of antigen-presenting cells (APCs), such as DCs. For 

example, the virulent strain H37Rv, but not the attenuated strain H37Ra, induces 

necrosis by disrupting the mitochondrial inner membrane,7 and H37Rv up-regulates 
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Th2-type cytokines such as IL-5, IL-10 and IL-13 compared to H37Ra in 

macrophages in vitro.6 As another example, the virulent strain S7 from South India 

suppresses the Th1 response more than the less virulent strain S10.8 Thus, 

investigating different cell death processes, cytokine secretion profiles, and effector 

expression levels in DCs in the presence of different bacterial strains of varying 

virulence is essential to determine the optimal Th1-type T cell response during the 

early phase of infection and to understand how virulent Mtb subverts host protective 

immunity. 

DCs are the most important APCs for defending Mtb infection because they prime 

and educate T cells in draining lymph nodes. Consequently, these T cells migrate to 

infected tissues to combat Mtb. Thus, the generation of protective Th1-type T cells 

against Mtb infection depends on the speed or mechanism by which different DCs 

translate and deliver information about the infection to T cells. In other words, the 

initial encounter between DCs and Mtb is the first critical step that determines the 

type and velocity of the T cell response. Thus, understanding the nature of DC 

maturation and phenotypic changes in response to Mtb strains of varying virulence is 

of great interest for the development of an effective TB vaccine and new 

immunological interventions to control Mtb infection.    

It is well documented that DCs differentiate into mature phenotype in response to 

various inflammatory stimuli, such as microbial products or cytokines, and then prime 

naïve T cells to proliferate and engage in an effective T cell immune response. In 
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general, mature DCs are characterized according to phenotypic and functional 

changes, such as enhanced expression of MHC class I and II molecules, co-

stimulatory molecules (CD80, CD86, and CD40) and a variety of innate cytokines. 

With respect to Mtb infection, DCs perform important functions in containing and 

killing Mtb by inducing T cell responses.3,9  

After DCs take up Mtb, DCs migrate to secondary lymphoid organs to prime T 

cells. Activated T cells proliferate and migrate to the site of infection. Once a 

sufficient number of effector T cells accumulate at the infection site, Mtb growth 

becomes hindered. However, T cell responses to Mtb infection are relatively delayed 

and impaired compared to T cell responses to infection with other intracellular 

pathogens.10 The mechanism underlying the delay in T cell responses to Mtb infection 

is currently uncertain, but several studies reported that IL-10 is one factor that is 

involved in this delay.11,12 The levels of immunoregulatory cytokines, such as IL-5, 

IL-10, and IL-13, are increased in monocytes and monocyte-derived macrophages in 

the presence of a virulent strain of Mtb compared to those in an attenuated Mtb 

strain.6,13 Many studies have reported that innate and adaptive cells are associated 

with pathogenesis during Mtb infection.14 However, the interaction between the DC 

phenotype according to Mtb virulence and the T cell response has not been 

thoroughly studied. 

One mechanism by which virulent Mtb might subvert T cell responses could be 

alteration of DC function and phenotype. Thus, in this study, we hypothesized that a 
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highly virulent Mtb strain would drive immature DCs towards a tolerogenic 

phenotype, thereby preventing an optimal Th1 response. To address this hypothesis, 

we infected DCs with the two most thoroughly studied laboratory-adapted reference 

strains Mtb H37Rv and H37Ra, which are virulent and attenuated strains, respectively, 

to gain insight into DC responses and consequent changes in T cell polarization. In 

addition, we dissected the precise mechanism by which virulent Mtb regulates the 

phenotype and function of DCs. These findings will help us understand how TB 

manipulates the host immune system toward pathogen-favoring conditions by 

interacting with DCs. 

 

  



  

 36   

 

II. MATERIALS AND METHODS 

1. Experimental animals and ethics statement 

Specific pathogen-free female 6- to 8-week-old wild-type (WT) C57BL/6 (H-2Kb 

and I-Ab), IL-10-/- transgenic C57BL/6, and OT-II ovalbumin peptide 323-339 

(OVA323-339) specific T cell receptor (TCR) transgenic C57BL/6 mice were purchased 

from the Jackson Laboratory (Bar Harbor, ME, USA). The experimental protocols 

used in this study were reviewed and approved by the Ethics Committee and 

Institutional Animal Care and Use Committee (Permit Number: 2014-0055) of the 

Laboratory Animal Research Center at Yonsei University College of Medicine (Seoul, 

Korea).  

 

2. Antibodies (Abs) and reagents 

Recombinant mouse granulocyte-macrophage colony-stimulating factor (GM-CSF) 

was purchased from Creagene, Inc. (Seoul, Korea), and a fluorescein isothiocyanate 

(FITC)-Annexin V/propidium iodide (PI) kit was purchased from BD Biosciences 

(San Diego, CA, USA). LIVE/DEAD®  Fixable Dead Cell Stain Kits were purchased 

from Molecular Probes (Carlsbad, CA, USA). The OT-II peptide (OVA323-339, 

ISQAVHAAHAEINEAGR) was synthesized by AbFrontier (Seoul, Korea). The anti-

phosphorylated (p-) ERK 1/2, anti-p-JNK, anti-p-p38, anti-p-Akt (Ser473), and anti-

p-GSK-3 (Ser9) monoclonal antibodies (mAbs) were obtained from Cell Signaling 
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Technology, Inc. (Beverly, Massachusetts, USA). Inhibitors of ERK (U0126), JNK 

(JNK inhibitor II), and p38 (SB203580) were purchased from Calbiochem (San Diego, 

CA, USA), and Wortmannin was purchased from Sigma–Aldrich Chemical Co. (St. 

Louis, MO, USA). HRP-conjugated anti-mouse IgG and HRP-conjugated anti-rabbit 

IgG were obtained from Calbiochem (San Diego, CA, USA). Phycoerythrin (PE)-

conjugated mAbs against CD80, MHC-II, PD-L1 (CD274), FoxP3 and GATA-3; PE-

Cy7-conjugated mAbs against CD11c and T-bet and CD25; the PerCP-Cy5.5 or 

FITC-conjugated mAbs against CD4; PerCP-Cy5.5-conjugated indoleamine 2,3-

dioxygenase (IDO); APC-conjugated mAbs against CD49b, CD86, CD103 and 

RORt; and PerCP-eFluor710-conjugated mAbs against CD223 (LAG-3) were 

purchased from eBioscience (San Diego, CA, USA). TNF-, IL-5, IL-10, IL-12p70, 

IL-17A, TGF- and IFN- enzyme-linked immunosorbent assay (ELISA) kits were 

obtained from eBioscience. Anti-mouse CD3e (145-2C11 and anti-mouse CD28 

(37.51) were also purchased from eBioscience. The neutralizing anti-PD-L1 and anti-

IL-10 mAbs (10F.9G2 and JESS-2A5, respectively) and their respective isotype 

controls rat IgG2b (LTF-2) and rat IgG1 (HRPN) were purchased from BioXCell 

(West Lebanon, NH, USA). 

 

3. Mtb strains and culture conditions 

The Mtb H37Rv (ATCC 27294) and H37Ra (ATCC 25177) strains were obtained 

from American Type Culture Collection (ATCC, Manassas, VA). Mtb cultures and 
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single-cell suspensions of each strain were prepared as previously described.15 The 

seed lots of each strain were kept in small aliquots at −80 °C until use. After 

confirmation of the predominant presence of single cells in the final preparation based 

on acid-fast staining, the number of colony-forming units (CFUs) per 1 ml of each 

seed lot on a 7H10 agar plate was measured using a viable cell counting assay, and the 

cells were used for the subsequent experiments. 

 

4. Generation and culture of bone marrow-derived DCs (BMDCs) 

Generation and culture of DCs from murine bone marrow cells were performed in 

the presence of GM-CSF as previously described.16 Briefly, whole bone marrow cells 

isolated from C57BL/6 mice were lysed with red blood cell lysing buffer and washed 

with RPMI 1640 medium. Then, the cells were plated in six-well culture plates (106 

cells/mL) and incubated at 37 °C in a 5% CO2 atmosphere in RPMI 1640 medium 

supplemented with 100 U/mL penicillin/streptomycin (Lonza, Basel, Switzerland), 10% 

fetal bovine serum (Lonza), 50 μM mercaptoethanol (Lonza), 0.1 mM nonessential 

amino acids (Lonza), and 20 ng/mL GM-CSF. On day 8, the purity of CD11c-positive 

non-adherent cells was confirmed to be greater than 90%, and this cell population was 

used for subsequent experiments.  

 

5. Comparison of cytotoxicity between Mtb strains and determination of MOIs 
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not causing cytotoxicity to DCs 

At 8 days in culture, DCs (2 × 106 cells) were infected with H37Ra or H37Rv at a 

multiplicity of infection (MOI) of 0.5, 1, or 5. After 4 hours, amikacin (Sigma-

Aldrich, St. Louis, Missouri, USA) was applied at 20 g/ml to kill any extracellular 

bacteria. After an additional 18 hours, the DCs were harvested, washed with 

phosphate-buffered saline (PBS), and stained using an Annexin V-PI Apoptosis 

Detection Kit (BD Biosciences) according to the manufacturer’s protocol. 

Furthermore, the levels of lactate dehydrogenase (LDH) in the supernatants of Mtb-

infected DCs were assessed to evaluate DC cytotoxicity. To measure the viability of 

the DCs at prolonged time points (48, 72 and 96 hours post-Mtb infection), Mtb-

infected DCs were stained using LIVE/DEAD®  Fixable Dead Cell Stain Kits 

according to the manufacturer’s protocol and analyzed via flow cytometry. 

 

6. Comparison of Mtb uptake by DCs 

To determine whether DCs uptake a similar number of the different Mtb strains, 

both Mtb strains were labeled with the fluorescent Violet Proliferation Dye 450 

(VPD450, BD Biosciences) according to the manufacturer's instructions. Briefly, the 

Mtb strains (2 × 108 CFU/ml) were washed with PBS, diluted in 1 ml of PBS 

supplemented with 10 μM of VPD450 and incubated in a 37 °C water bath for 15-20 

minutes. Finally, the VPD450-labeled Mtb strains were washed twice in PBS, and the 
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DCs were infected at an MOI of 1 bacterium per cell and analyzed at various time 

points. After each time point, the DCs were harvested, the non-internalized bacteria 

were washed off with PBS, and 0.2% trypan blue was added to the cells. Mtb inside 

DCs were measured using flow cytometry. 

 

7. Evaluation of cell surface molecule expression on DCs using flow cytometry 

On day 8 in culture, the BMDCs were harvested and washed once. Then, 2 × 106 

DCs/ml were infected with Mtb for 4 hours. Afterwards, Amikacin was applied at 20 

g/ml. After an additional 18 hours, the harvested cells were blocked with 10% (v/v) 

normal goat serum for 15 minutes at 4 °C, followed by staining with PE-conjugated 

Abs against I-Ab (MHC-II), CD80, or PD-L1, APC-conjugated Abs against CD86, 

CD103, or Tim-3, and a PE-Cy7-conjugated Ab against CD11c for 30 minutes at 4 °C. 

Finally, the stained cells were analyzed using a BD FACSverse flow cytometer 

(Becton Dickinson, San Jose, CA, USA) and FlowJo software (Tree Star, Inc., 

Ashland, OR).  

 

8. ELISA 

Supernatants were collected 24 hours after infection and were stored at −70 °C 

until assessment of cytokine production. The levels of TNF-, TGF- IL-5, IL-10, 
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IL-12p70, IL-17A and IFN-were measured using sandwich ELISA kits (eBioscience) 

and commercially available pairs of Abs and standards according to the 

manufacturer’s protocol.  

 

9. Immunoblotting analyses and treatment of DCs with pharmacological 

inhibitors of GSK-3 and MAPK pathway members 

After infection with Mtb, DCs were lysed in 200 μl of lysis buffer containing 50 

mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 50 mM NaF, 

30 mM Na4PO7, 1 mM phenylmethanesulfonyl fluoride, 2 μg/ml aprotinin, and 1 mM 

pervanadate. Whole-cell lysate samples were resolved on SDS-polyacrylamide gels 

and then transferred to polyvinylidene fluoride membrane for 2 hours at 80 V. The 

membranes were blocked in 5% skim milk and incubated with an Ab overnight, 

followed by incubation with a corresponding HRP-conjugated secondary Ab for 1 

hour at room temperature. For detection of target protein epitopes, polyclonal Abs 

against p-ERK 1/2, p-JNK 1/2, p-p38, p-Akt (Ser473), and p-GSK-3 (Ser9) 

(dilutions of 1:2000, 1:2000, 1:2000, 1:2000, and 1:500, respectively) were used. 

Specific protein bands recognized by the Abs were visualized using the ECL Advance 

Western Blotting Detection kit (GE Healthcare, Little Chalfont, U.K.). Two hours 

before Mtb infection, inhibitors of ERK (U0126), JNK (JNK 2 inhibitor), p38 

(SB203580), or GSK-3 (Wortmannin) were applied. After 4 hours of Mtb infection, 

DCs were treated with 20 g/ml amikacin, and after an additional 18 hours, the 
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supernatants were harvested and analyzed using ELISA kits.    

 

10. T cell proliferation assay 

OVA323-339-specific CD4+ T cells were obtained from the splenocytes of OT-II mice 

a MACS column (Miltenyi Biotec, Bergisch Gladbach, Germany). These T cells were 

stained with 1.25 μM carboxyfluorescein diacetate succinimidyl ester (CFSE; 

Invitrogen). 1 hour before co-culture with T cells, DCs (2 × 106 cells/well) were 

treated with OVA323-339. Then, the DCs were co-cultured with CFSE-stained CD4+ T 

cells (2.5 × 105 cells/well) at a DC : T cell ratio of 1:5. At 3 days in co-culture, the T 

cells were stained with PerCP-Cy5.5-conjugated anti-CD4, PE-Cy7-conjugated anti-

T-bet, PE-conjugated anti-GATA-3 and anti-RORt mAbs and analyzed via flow 

cytometry. Supernatants were also harvested, and the IFN-IL-5 and IL-17A levels 

were measured via ELISA. 

 

11. T cell suppression by Mtb-infected tolerogenic DCs 

To investigate whether Mtb H37Rv-infected tolerogenic DCs are actively involved 

in T cell suppression, we conducted a T cell suppression assay using previously 

described protocols with slight modifications17-19. Briefly, BMDCs were harvested 

and infected with Mtb as described above. After 24 hours, the BMDCs (3 × 104 

cells/well) were washed and co-cultured for 72 hours with CD4+ T cells (1.5 × 105 
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cells/well) isolated from the spleen using a MACS system. CD4+ T cells were labeled 

with 1.25 μM CFSE and stimulated with immobilized anti-CD3/28. T cell 

proliferation was analyzed via flow cytometry.  

 

12. Statistical analyses 

Statistical analyses were conducted using GraphPad Prism V5.0 (GraphPad 

Software, San Diego, CA, USA). Differences between two groups were analyzed 

using an unpaired Student t-test. One-way ANOVAs followed by Tukey’s multiple 

comparison tests were used to analyze data with more than two groups. All values are 

expressed as the means (± SD). Statistical significance was determined as *p < 0.05, 

**p < 0.01 or ***p < 0.001. 
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III. RESULTS 

1. Comparison of outcome depending on host susceptibility and bacterial 

virulence and immunological analysis in vivo mouse model 

To analyze the host immunological factors affecting susceptibility to Mtb infection, 

Mtb resistant strain C57BL/6 mice and Mtb susceptible strain A/J mice were 

challenged with Mtb K strain via aerosol route. After 4 weeks-post infection, infected 

mice were sacrificed for analysis. Compared to C57Bl/6 mouse, A/J mouse had the 

more severe lung lesion (Fig. 1A) and higher bacterial growth (Fig. 1B). To figure out 

immunological factors resulting in different outcome, we analyzed the composition of 

immune cells in lung by flow cytometry (Fig. 1C). As a result, decreased frequency of 

T cell, DCs and interstitial macrophages, while neutrophil were increased in lung of 

A/J mouse. Since T cell response is one of the most crucial protective factors in TB 

pathogenesis, we analyzed IFN- producing CD4+ T cells (Fig. 1D) and expression of 

T-bet, the master transcription factor of type 1 helper T cell (Fig. 1E). As a result, 

compared to C57Bl/6 mice, decreased frequency of IFN- producing CD4+ T cells 

and the expression of T-bet were observed in susceptible A/J mice, which indicated 

the relation of un-optimal T cell response and susceptibility. Because decreased 

frequency of DCs, a professional antigen presenting cell, was observed, we analyzed 

the phenotype of DCs (Fig. 1F). Interestingly, the dendritic cells of A/J mice had low 

expression of MHC-II and co-stimulatory molecules (CD80, CD86), but higher 

expression level of programed death-1 (PD-L1) molecules.  
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Figure 1. Decreased frequency of T cell and DC frequency, with unoptimal T cell 

response and inefficient DC phenotype were observed in M. tuberculosis 

susceptible A/J mouse. Mice were infected with Mtb K strain via aerosolization, and 

lungs were removed at 4 weeks post-infection for subsequent analysis. (A) The 

superior lobe of the right lung stained with H&E at 4 weeks after Mtb challenge. (B) 

The bacterial load in lung and spleen at 4 weeks after Mtb challenge. (C) The 

composition of immune cell population in lung were analyzed, IFN- producing CD4+ 

T cell (D) and T-bet expression (E) were analyzed. (F) The surface molecules (MHC-

II, CD80, CD86 and PD-L1) of DCs in Lung cells were analyzed with flow cytometry. 

n.s. = not significant, **p < 0.01, ***p < 0.001. 
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In order to compare the outcome of different virulent Mtb infection, we challenge 

hyper virulent Beijing strain MtbK or virulent H37Rv via aerosol route at 

approximately 100 CFU per mouse. After 4 weeks-post infection, infected mice were 

sacrificed for analysis. Compared to virulent H37Rv strain infected mice, the more 

severe lung lesion (Fig. 2A) and higher bacterial growth (Fig. 2B) were detected in 

hyper virulent MtbK strain infected mouse. To figure out immunological factors 

resulting in different outcome, we analyzed the composition of immune cells in lung 

by flow cytometry (Fig. 2C). Interestingly, there was no difference in frequency of T 

cell population in lung, but decreased expression level of MHC-II molecule in DCs 

which is important to activate T cell (Fig. 2C). Although the frequency of T cell in 

lung was not different between H37Rv and MtbK infected group, the T cell of MtbK 

infected mice showed lower expression of T-bet, compared to T cells from H37Rv 

infected mice (Fig. 2D), and IFN- response to PPD were significantly decreased in 

lung and spleen cells of MtbK infected mice compared to H37Rv infection group (Fig. 

2E). These results suggested that DCs might have critical role in susceptibility and 

outcome of TB by affecting the formation of T cell response.   
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Figure 2. Differential pathogenesis is induced by infection with different Mtb 

strains in virulence dependent manner. Mice were infected with Mtb strains  

(H37Rv, Mtb K) via aerosolization, and lungs were removed at 4 weeks post-

infection for subsequent analysis. (A) The superior lobe of the right lung stained with 

H&E at 4 weeks after Mtb challenge. (B) The bacterial load in lung and spleen at 4 

weeks after Mtb challenge. (C) The composition of immune cell population in lung  

were analyzed, and the master transcription factors of CD4+ helper T cells (T-bet, 

GATA-3, RORgt, and Foxp3) were analyzed with flow cytometery (D). Lung cells 

and splenocyte were re-stimulated with ESAT-6 (1 g/ml) for 12 hours, and the level 

of secreted IFN-γ in supernatant were analyzed with ELISA. n.s. = not significant,  

**p < 0.05, **p < 0.01, ***p < 0.001. 
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2. Virulent Mtb strain-infected DCs impede T cell proliferation  

As previously reported, an impaired and delayed T cell response is a unique 

hallmark of Mtb infection,20 and DCs infected with Mtb impede T cell proliferation.21 

To determine the effect of Mtb infection in DCs on the T cell response, we first 

optimized the MOI of Mtb that would not causing DC death and could therefore be 

used in subsequent experiments for flow cytometry analysis (Fig. 3A and B) and 

measurements of LDH release (Fig. 3C). Next, we confirmed that DCs were infected 

with both Mtb strains to a similar extent at an MOI of 1 bacterium per cell (Fig. 3D). 

Furthermore, at an MOI of 1 bacterium per cell, no differences in cell viability of the 

DCs infected with either Mtb strain were observed until 96 hours after infection (Fig. 

3E). We next hypothesized that the differences in the virulence of different Mtb 

strains result from variations in the ability of DCs infected with different strains of 

Mtb to activate T cells. To verify the effect of Mtb strains of differing virulence on 

the T cell expansion ability of infected DCs, we performed a syngeneic mixed 

lymphocyte reaction assay using CD4+ T cells from OT-II transgenic mice. OVA323-

339-specific transgenic CD4+ T cells were labeled with CFSE and co-cultured with 

Mtb-infected DCs at a 5:1 ratio for 3 days (Fig. 4). Interestingly, virulent Mtb strain 

H37Rv-infected DCs showed a weaker ability to induce naïve CD4+ T cell 

proliferation than attenuated H37Ra-infected DCs or non-infected OVA323-339-pulsed 

DCs (Fig. 4A and B). Next, to verify the types of T cell responses induced by Mtb-

infected DCs, the expression of transcription factors and cytokines related to Th1 (T-

bet and IFN-) and Th2 responses (GATA-3 and IL-5) and Th17 (RORt and IL-17A) 
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in co-cultured CD4+ T cells was analyzed via flow cytometry (Fig. 4C and D) and 

ELISA (Fig. 4E). Compared to H37Rv-infected DCs, H37Ra-infected DCs induced 

stronger T-bet and IFN- expression in co-cultured T cells. RORt expression in T 

cells as well as IL-17A secretion were higher in T cells subjected to Mtb-infected 

DCs, but there was no difference between the two strains. T cells co-cultured with 

non-infected OVA323-339-pulsed DCs showed the highest expression levels of GATA-3, 

but the overall expression levels of GATA-3 and IL-5 were not intense in every 

sample (Fig. 4D and E). No detectable expression of CD25+FoxP3+ Treg and 

CD4+LAG-3+CD49b+CD25-Foxp3- type 1 regulatory T cell (Tr1 cells) as well as no 

secretion of IL-10 and TGF-from T cells co-cultured with Mtb-infected DCs were 

observed (data not shown). These results suggest that virulent Mtb-infected DCs were 

not able to induce an effective CD4+ T cell response. 
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Figure 3. The virulent Mtb strain H37Rv displayed greater cytotoxicity to DCs 

than the attenuated Mtb strain H37Ra. (A and B) Immature BMDCs were cultured 

in the presence of GM-CSF (20 ng/ml). Then, BMDCs (2 x 106 / well) were infected 

with Mtb H37Ra or H37Rv for 24 hours at an MOI of 1 or 5 bacteria per cell. (A and 

B) At 24 hours post-infection, the BMDCs were stained with Annexin V-PI to 

evaluate cytotoxicity. (C) LDH release from the infected cells was analyzed 24 hours 

after infection. (D) BMDCs (2 × 106 / well) were infected with the VPD450-labeled 
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Mtb strains at an MOI of 1 and analyzed at various time points (1, 2 and 4 hours). At 

each indicated time point, cells were harvested, washed with PBS, and treated with 

0.2% trypan blue. Flow cytometric quantitation of the Mtb infection rate in BMDCs at 

4 hours post-infection was analyzed via flow cytometry. (E) BMDCs (2 × 106 / well) 

were infected with either H37Ra or H37Rv at an MOI of 1 bacterium per cell and 

analyzed at various time points (48, 72 and 96 hours post-infection). At each 

designated time-point, BMDCs were harvested and stained with LIVE/DEAD®  

Fixable Dead Cell Stain Kits, and the viability of the BMDCs was measured using 

flow cytometry. The bar graphs present the mean ± SD (n = 3 samples) of one 

representative experiment of two independent experiments. n.s. = not significant, ***p 

< 0.001, one-way ANOVA. NI-DCs: non-infected DCs, Ra-DCs: H37Ra-infected 

DCs, Rv-DCs: H37Rv-infected DCs. 
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Figure 4. Virulent Mtb-infected DCs impede effective T cell proliferation. At 24 

hours after infection with Mtb at an MOI of 1, DCs were pulsed with 0.5 μg/ml 

chicken ovalbumin peptide (OVA323-339) for 1 hour. OVA323-339-specific CD4+ T cells 

from OT-II transgenic mice were isolated using a MACS system and were stained 

with 1.25 μM CFSE; OVA323-339 pulse-treated DCs were co-cultured with isolated T 

cells for 72 hours. (A and B) Proliferation of T cells was analyzed via flow cytometry. 

The proliferation rate is shown in the histogram and as the proliferation index. (C and 

D) After 72 hours of co-culture with DCs, T cells were harvested and stained with 
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anti-CD4, anti-T-bet, anti-GATA-3 and anti-RORt antibodies to analyze the T cell 

polarization via flow cytometry. T-bet-, GATA-3- and RORt-expressing CD4+ T cells 

are shown in the histogram (C) and bar graphs (D). (E) The IFN- IL-5 and IL-17A 

secretion levels were determined by ELISA. TGF- IL-10, Tregs (CD25+FoxP3+) and 

Tr1 cells (CD4+LAG-3+CD49b+CD25-Foxp3-) were not detected (data not shown). All 

data are expressed as the mean ± SD (n = 3 samples) of one representative experiment 

of three independent experiments. n.s. = not significant, *p < 0.05, **p < 0.01 and ***p 

< 0.001, one-way ANOVA. no OVA+NI-DCs: non-pulsed non-infected DCs, 

OVA+NI-DCs: OVA-pulsed non-infected DCs, OVA+Ra-DCs: OVA-pulsed H37Ra-

infected DCs, OVA+Rv-DCs: OVA-pulsed H37Rv-infected DCs 
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3. Mtb infection promotes a tolerogenic DC phenotype in a virulence-dependent 

manner 

To investigate the reason that virulent Mtb H37Rv-infected DCs ineffectively 

induced T cell responses, we measured the expression levels of surface molecules 

related to T cell activation on DCs (Fig. 5). The gating strategy for each surface 

molecule and enzyme is shown in Figure 5A. H37Ra-infected DCs displayed 

increasing expression of CD80 and CD86 as the MOI increased, but H37Rv-infected 

DCs presented reduced expression of CD80 and CD86 as the MOI increased. H37Rv 

but not H37Ra repressed the expression of MHC-II as the MOI increased. Moreover, 

both Mtb strains up-regulated CCR7 compared to its expression in non-infected DCs, 

and H37Rv-infected DCs exhibited up-regulation of CCR7 in an MOI-dependent 

manner (Fig. 5B). Next, the expression of inhibitory molecules such as PD-L1, Tim-3, 

CD103, and IDO was analyzed via flow cytometry (Fig. 5C). H37Rv-infected DCs 

displayed higher expression of PD-L1, Tim-3, CD103 and IDO than H37Ra-infected 

DCs, and infection at higher MOIs further induced these molecules. These results 

suggest that the virulent Mtb strain H37Rv induces more a tolerogenic DC phenotype 

than the attenuated Mtb strain H37Ra. 
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Figure 5. The virulent Mtb strain H37Rv induces a tolerogenic DC phenotype in 

an MOI-dependent manner. DCs were infected with Mtb at an MOI of 0.5 or 1. At 

24 hours post-infection, the levels of DC surface molecules and tolerogenic molecules 

were analyzed. The harvested cells were stained with mAbs against CD11c, CD80, 

CD86, MHC class II, CCR7, PD-L1, CD103, Tim-3, and IDO and analyzed by flow 

cytometry. The gating strategies for each molecule are shown in (A), and the 

expression levels of these molecules are shown in bar graphs (B and C). The 

significance of the differences in expression between Mtb strains and between MOIs 
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is indicated. All data are expressed as the mean ± SD (n = 3 samples) of one 

representative experiment of three independent experiments. +p < 0.05, +++p < 0.001 

between Mtb infected-DCs and non-infected DCs; #p < 0.05, ##p < 0.01, ###p < 0.001 

between MOIs of the same strain; n.s. = not significant; *p < 0.05, **p < 0.01 and ***p 

< 0.001 between H37Ra-infected DCs (Ra-DCs) and H37Rv-infected DCs (Rv-DCs). 

NI-DCs: non-infected DCs. 
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4. The virulent Mtb strain induces marked IL-10 production in DCs 

Cytokine signaling is a crucial regulator of DC-T cell interactions. To verify the 

cytokine profiles of DCs infected with different Mtb strains, the TNF-, IL-10 and 

IL-12p70 levels in cell culture supernatants were measured (Fig. 6). After 24 hours of 

Mtb infection at an MOI of 0.5 or 1, H37Rv-infected DCs secreted two-fold greater 

levels of TNF- than H37Ra-infected DCs (Fig. 6A). Remarkably, H37Rv-infected 

DCs induced 3-fold greater secretion of IL-10 than H37Ra-infected DCs; however, 

IL-12p70 was not detected in cells infected with either Mtb strain. To evaluate the 

kinetics of each cytokine, DCs were infected with either Mtb strains at an MOI of 1, 

and the TNF-, IL-10, and IL-12p70 levels were then measured via ELISA at 2, 4, 8, 

12, and 24 hours after infection (Fig. 6B). TNF- was secreted at high levels at the 

early time points, and the secreted level of TNF- peaked at 8 hours after infection in 

DCs infected with both Mtb strains. IL-10 secretion increased rapidly beginning from 

4 hours after infection; in particular, H37Rv-infected DCs showed high secreted IL-

10 levels, which peaked at 12 hours after infection. IL-12p70 was not detected at any 

time point (Fig. 6A and B). Interestingly, the phenotype of DCs infected with H37Rv 

showed a similar phenotype (Fig. 5) and cytokine profile (Fig. 6) to those of 

tolerogenic DCs. 
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Figure 6. DCs infected with the virulent Mtb strain H37Rv induce early and 

marked production of IL-10. (A) The supernatant was collected from DCs infected 

with Mtb for 24 hours, and the levels of TNF-, IL-10, and IL-12p70 were 

determined via ELISA. (B) To analyze cytokine kinetics, DCs were infected with 

bacilli at an MOI of 1, and supernatants were harvested at various time points. The 

cytokine levels in supernatants were determined via ELISA. All data are expressed as 

the mean ± SD (n = 3 per designated time point) of one representative experiment of 

three independent experiments. ***p < 0.001 between H37Ra-infected DCs (Ra-DCs) 

and H37Rv-infected DCs (Rv-DCs). NI-DCs: non-infected DCs. 
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5. The virulent Mtb strain-mediated conditioning of DCs into a tolerogenic 

phenotype is mediated by the IL-10 cascade 

Virulent H37Rv-infected DCs displayed a tolerogenic phenotype that impeded T 

cell proliferation and polarization. Among the factors induced by Mtb infection in 

DCs, IL-10 showed dramatically increased secretion from H37Rv-infected DCs 

compared with H37Ra-infected DCs beginning from early time points after infection 

(Fig. 6). Moreover, previous studies have reported that IL-10 induces immune 

tolerance via DCs or tolerogenic DCs in vitro.22,23 Thus, we focused on IL-10 as a 

modulator of the tolerogenic DC phenotype. To verify the effect of IL-10 on the 

phenotype of Mtb-infected DCs, H37Rv and H37Ra were infected into DCs at an 

MOI of 1, followed by treatment of the cells with an anti-IL-10 mAb. At 24 hours 

after infection, the levels of cytokines (IL-10 and TNF-) and DC surface markers 

(MHC-II, CD80, CD86, CD103, Tim-3, and PD-L1) were analyzed (Fig. 7). The anti-

IL-10 neutralizing Ab functioned properly (Fig. 7A). The Mtb infection-induced 

impairment in the expression of maturation markers, such as MHC-II, CD80, and 

CD86 in DCs was ameliorated by treatment with the anti-IL-10 neutralizing Ab (Fig. 

7B), whereas the expression of tolerogenic molecules, such as Tim-3, CD103 and PD-

L1 were decreased by by the anti-IL-10 neutralizing Ab in DCs treatment (Fig. 7C). 

To confirm these results, we generated DCs from bone marrow cells of IL-10-/- 

mice and obtained similar results. WT-DCs and DCs derived from IL-10-/- mice (IL-

10-/--DCs) were infected with H37Rv or H37Ra at an MOI of 1 for 24 hours. 
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Afterwards, the expression of surface molecules such as CD80, CD86, MHC-II, 

CD103, Tim-3, and PD-L1 was analyzed via flow cytometry, and the production of 

cytokines such as IL-10, IL-12p70, and TNF- was analyzed via ELISA (Fig. 8). The 

Mtb infection-induced impairment in the expression of maturation markers such as 

MHC-II, CD80, and CD86 in WT-DCs was ameliorated in IL-10-/--DCs (Fig. 8A), 

whereas the expression of tolerogenic molecules such as CD103, Tim-3, and PD-L1 

were increased in Mtb-infected WT-DCs but decreased in IL-10-/--DCs (Fig. 8B). 

TNF-secretion level was higher in IL-10-/--DCs by infection with either Mtb strain. 

Although WT-DCs did not produce IL-12p70, IL-10-/--DCs secreted IL-12p70. 

Furthermore, H37Rv-infected IL-10-/--DCs produced 4-fold higher IL-12p70 levels 

than H37Ra-infected IL-10-/--DCs (Fig. 8C). The restoration of the expression levels 

of these molecules in DCs by blocking IL-10 signaling was more significant 

following virulent H37Rv infection than following attenuated H37Ra infection. 
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Figure 7. Blocking the IL-10 cascade using a neutralizing mAb restores the 

activated phenotype of DCs despite infection with virulent Mtb. Before Mtb 

infection, an anti-IL-10 neutralizing Ab (Anti-IL-10) or an isotype control Ab (IgG 

isotype) was applied for 2 hours. Afterwards, the DCs were infected with Mtb (H37Ra 

or H37Rv strain) at an MOI of 1. (A) To verify the effects of the anti-IL-10 

neutralizing mAb and the isotype control mAb, the levels of IL-10 and TNF- in the 

supernatants were assessed via ELISA. (B and C) The levels of DC surface 

stimulatory molecules (MHC class II, CD80, CD86) and tolerogenic molecules 

(CD103, Tim-3, PD-L1) were analyzed via flow cytometry. All data are expressed as 
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the mean ± SD (n = 3 samples) of one representative experiment of three independent 

experiments. n.s. = not significant; *p < 0.05, **p < 0.01, and ***p < 0.001, between 

IgG-treated DCs and anti-IL-10 mAb-treated DCs. NI: non-infected DCs, Ra: H37Ra-

infected DCs, Rv: H37Rv-infected DCs. 
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Figure 8. Absence of IL-10 from DCs restores the phonotypic and functional 

activation of DCs despite infection with virulent Mtb. DCs were derived from WT 

or IL-10-/- mice. Then, the DCs were infected with Mtb (H37Ra or H37Rv strain) at 

an MOI of 1. At 24 hours after infection, the levels of the DC surface molecules 

CD80, CD86, MHC class II (A) as well as PD-L1, CD103, and Tim-3 (B) were 

analyzed via flow cytometry. (C) The secreted levels of TNF-, IL-10, and IL-12p70 

were determined via ELISA. All data are expressed as the mean ± SD (n = 3 samples) 

of one representative experiment of three independent experiments. n.s. = not 
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significant; *p < 0.05, **p < 0.01, and ***p < 0.001, between Mtb-infected WT-DCs 

and Mtb-infected IL-10-/--DCs. NI: non-infected DCs, Ra: H37Ra-infected DCs, Rv: 

H37Rv-infected DCs. 
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6. IL-10 secretion from DCs infected with the virulent Mtb strain is mediated by 

the predominant activation of the p38 MAPK and is partially regulated by the 

ERK 1/2 signaling pathway 

It has been well documented that IL-10 production in response to mycobacterial 

infection is mainly mediated by two signaling pathways, the ERK1/2 MAPK and 

GSK-3 in macrophages.24,25 To determine the role of different signaling pathways in 

Mtb-induced IL-10 secretion of BMDCs, we examined the activation of various 

MAPKs and GSK-3, all of which are involved in the production from IL-10 in 

response to Mtb infection (Fig. 9). We observed the most significant phosphorylation 

of p38 MAPK in H37Rv-infected DCs. In contrast, there were relatively lower levels 

of ERK1/2 MAPK phosphorylation compared to that of p38 MAPK, and no 

phosphorylation of JNK in DCs infected with either strain. We also observed that 

GSK-3 (Ser9) and its upstream, Akt showed more significant phosphorylation 

following H37Rv infection than following H37Ra infection (Fig. 9A). As the previous 

study reported that the phosphorylation of GSK-3 could be regulated by p38 

MAPK,26 we next examined the influence of p38 and ERK1/2 MAPK signaling on 

GSK-3 inhibitors in Mtb-infected DCs using specific inhibitors. However, the 

inhibiting either of p38 and ERK signaling had little influence on GSK-3 

phosphorylation (Fig. 9B). We next examined the involvement of the GSK-3, p38, 

ERK, and JNK MAPK signaling pathways in IL-10 production using inhibitors 

targeting members of each signaling pathway. Inhibition of p38 signaling exhibited 
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the most significant decrease of IL-10 secretion, and ERK signaling inhibition had a 

partial effect; however, inhibiting GSK-3 signaling had a minimal effect on IL-10 

secretion from Mtb-infected DCs (Fig. 9C). Taken together, our data suggest that IL-

10, a cytokine that induces a tolerogenic DC phenotype in response to Mtb infection, 

is primarily regulated via the p38 MAPK signaling pathway and is partially regulated 

via the ERK and GSK-3 pathways. 
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Figure 9. IL-10 production in virulent Mtb-infected tolerogenic DCs is mediated 

by the activation of a p38 MAPK-dependent signaling pathway. IL-10 secretion 

from Mtb-infected DCs is primarily regulated by the p38 signaling pathway. (A) DCs 

were infected at an MOI of 1 bacterium per cell. DCs were harvested at various time 

points (0, 5, 15, 30, 60 and 120 minutes after infection), and levels of phosphorylated 

ERK (p-ERK), p-JNK, p-p38, p-Akt, p-GSK3 (Ser9), and -actin were measured via 

Western blotting. (B) Two hours before infection, U0126 (1 μM), SB203580 (1 μM), 

or Wortmannin (0.1 μM) was applied to DCs. Then, the DCs were infected at an MOI 

of 1 bacterium (either H37Ra or H37Rv) per cell. At 15 minutes after infection, the 

Mtb-infected cells were harvested, and the protein levels were measured via Western 
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blotting. -actin was used as a loading control. One representative Western blot out of 

two independent experiments is shown. (C) JNK 2 (1 μM), U0126 (1 μM), SB203580 

(1 μM), and Wortmannin (0.1 μM) were applied to DCs 2 hours before infection. 

Then, the DCs were infected at an MOI of 1 bacterium (H37Ra or H37Rv) per cell. 

After 24 hours, the IL-10 levels in the supernatants were measured via ELISA. The 

bar graphs show the mean ± SD (n = 3 samples) of one representative experiment of 

three independent experiments. n.s. = not significant; ***p < 0.001, compared to non-

infected DCs (NI). Ra: H37Ra-infected DCs, Rv: H37Rv-infected DCs. SB*: 

SB203580, Wort*: Wortmannin. 
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7. Infection of IL-10
-/-

-DCs with the virulent Mtb strain restores the proliferation 

ability of T cells 

Virulent H37Rv-infected DCs showed limited CD4+ T cell proliferation, which 

resulted from a tolerogenic DC phenotype induced by IL-10. Therefore, we analyzed 

the effect of IL-10 on the proliferation ability of T cells in the presence of Mtb-

infected DCs. WT-DCs and IL-10-/--DCs were infected or not with virulent H37Rv at 

an MOI of 1 and then co-cultured with CD4+ T cells from OT-II mice. There was no 

difference in T cell proliferation between the two control groups, OVA323-339-treated 

WT-DCs and OVA323-339-treated IL-10-/-DCs, and T cell proliferation was markedly 

recovered in H37Rv-infected IL-10-/--DCs compared to that in H37Rv-infected WT-

DCs (Fig. 10 A and B). Next, the expression of the master transcription factors of Th1 

cells (T-bet) and Th2 cells (GATA-3) was evaluated via flow cytometry (Fig. 10C). 

The expression T-bet levels were increased in T cells co-cultured with H37Rv-

infected IL-10-/--DCs, but there was no change in GATA-3 expression following 

H37Rv infection in these cells. IFN- expression was also recovered in H37Rv-

infected IL-10-/--DCs (Fig. 10D). Moreover, PD-L1 was highly expressed in DCs 

infected with H37Rv (Fig. 5C). Thus, we also co-cultured anti-PD-L1 blocking Ab-

treated DCs with CD4+ T cells from OT-II mice. However, we found no difference in 

T cell proliferation ability between co-culture with anti-PD-L1 blocking Ab-treated 

DCs and with non-treated DCs (Fig. 11). And lastly we confirm if decreased T cell 

proliferation resulted in active suppressive effect of Mtb-infected DCs or un-

responsiveness of Mtb-infected DCs to T cell. As a result anti- CD3/28 signal induced 
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proliferation of T cell were actively suppressed by Mtb infected DCs and it was 

correlated to number of co-cultured Mtb-infected DCs (Fig. 12). These results suggest 

that IL-10 is one factor that impedes effective T cell responses by H37Rv-infected 

DCs. 
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Figure 10. Absence of IL-10 from DCs restores the capacity of virulent Mtb-

induced tolerogenic DCs to stimulate Th1-type T cell proliferation. T cell 

proliferation was recovered and the Th1 response was augmented in IL-10
-/-

-DCs. 

DCs derived from WT or IL-10-/- mice were co-cultured with CD4+ T cells from the 

spleens of OT-II mice. (A, B) T cells were labeled with CSFE, and the proliferation of 

T cells in the presence of DCs from WT or IL-10-/- mice was measured via flow 

cytometry. The proliferation index of T cells co-cultured with IL-10-/--DCs was 

divided by the proliferation index of T cells co-cultured with WT-DCs to calculate the 

proliferation index ratio. (C) T cells were co-cultured with H37Rv-infected WT-DCs 
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or IL-10-/--DCs, followed by immunostaining for T-bet and GATA-3. (D) The levels of 

IFN- in supernatants were measured via ELISA. All data are expressed as the mean ± 

SD (n = 3 samples) of one representative experiment of three independent 

experiments. n.s. = not significant; **p < 0.01 or ***p < 0.001, between T cells co-

cultured with WT-DCs and T cells co-cultured with IL-10-/--DCs. OVA+NI-DCs: 

OVA-pulsed non-infected DCs, OVA+Rv-DCs: OVA-pulsed H37Rv-infected DCs. 



  

 73   

 

 

Figure 11. Blocking PD-L1 does not affect the tolerogenic function of H37Rv-

infected DCs. DCs infected with H37Rv at an MOI of 1 were treated with an IgG2b 

isotype control Ab or with an anti-PD-L1 blocking Ab. At 23 hours after infection 

with H37Rv, the DCs were pulse-treated with 0.5 μg/ml OVA323-339 for 1 hour. OVA323-

339-specific CD4+ T cells from OT-II transgenic mice were isolated via MACS and 

stained with 1.25 μM CFSE. The obtained OVA-pulsed DCs were co-cultured with 

isolated T cells for 72 hours. (A and B) Proliferation of T cells was analyzed via flow 

cytometry. The results are shown in the histogram (A) and as the proliferation index 

ratio (B). (C) The levels of IFN-γ in the supernatants were measured via ELISA. The 
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bar graphs present the mean ± SD (n = 3 samples) of one representative experiment of 

two independent experiments. n.s. = not significant; **p < 0.01, between OVA-pulsed 

non-infected DCs (OVA+NI-DCs) and OVA-pulsed H37Rv-infected DCs (OVA+Rv-

DCs) in the presence or absence of the anti-PD-L1 blocking Ab. 
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Figure 12. Mtb-infected DCs exert a suppressive effect on T cell proliferation. 

CD4+ T cells were isolated from the spleen using a MACS system and labeled with 

1.25 μM CFSE. (A and B) Labeled CD4+ T cells (1.5 × 105 cells/well) stimulated with 

immobilized anti-CD3/28 were co-incubated for 72 hours with either non-infected 

DCs or DCs infected with H37Rv at an MOI of 1. DCs were co-cultured with T cells 

at the ratio of 1:0.2. T cell proliferation was analyzed via flow cytometry. The 

proliferation rate is shown as a histogram (A) and as the proliferation index (B). (C 
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and D) Labeled CD4+ T cells (1.5 × 105 cells/well) stimulated with immobilized anti-

CD3/28 were co-incubated for 72 hours with DCs infected with H37Rv at an MOI of 

1. The DCs were co-cultured with T cells at the various ratios (T cells:DCs; 1:0, 1:0.2, 

1:0.5, 1:1). T cell proliferation was analyzed via flow cytometry, and the proliferation 

rate is shown as a histogram (C) and as the proliferation index (D). All data are 

expressed as the mean ± SD (n = 3 samples) of one representative experiment of two 

independent replicates. n.s. = not significant, *p < 0.05, **p < 0.01, ***p < 0.001 one-

way ANOVA. NI-DCs: non-infected DCs, Rv-DCs: H37Rv-infected DCs. 
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8. Blocking of IL-10 receptor increased the ability of susceptible A/J mice to 

protect against Mtb infection.  

As we confirmed that the virulent strain of Mtb infected DCs showed an 

suboptimal T cell response by secretion of IL-10, to figure out whether the blocking 

of IL-10 signal is effective in Mtb susceptible A/J mouse, we challenged A/J mice 

with MtbK strain via aerosol route and anti-IL-10 receptor monoclonal Antibody were 

injected every other day via intra peritoneal route from 2 week after challenge. After 4 

weeks-post infection, infected mice were sacrificed for analysis. As a result the mice 

with IL-10 receptor blocking showed reduced lung lesion (Fig. 13A) and less bacterial 

burden (Fig. 13B) in lung compared to infection control group. Although the increase 

in the frequency of IFN-producing CD4+ T cells was not observed, the frequency of 

DCs and the expression of MHC-II molecules on DCs were recovered (Fig. 13C, D). 
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Figure 13. Blocking of IL-10 signal induced decreased pathological lung lesion 

and bacterial burdens with increased frequency of DCs. Mice were infected with 

MtbK strain, and lungs were removed at 4 weeks post-infection for subsequent 

analysis. Anti-IL-10 mAb. was injected intra peritoneal route every other day from 2 

weeks after infection. (A) The superior lobe of the right lung stained with H&E at 4 

weeks after Mtb challenge. (B) The bacterial load in lung and spleen at 4 weeks after 

Mtb challenge. (C) IFN-g producing CD4+ T cells and (D) DCs were analyzed with 

flow cytometry. n.s. = not significant, **p < 0.01, ***p < 0.001. 
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IV. DISCUSSION 

Although numerous studies have examined the functions and alterations of 

macrophages during Mtb infection, few studies have reported the characteristics of 

DCs according to the virulence of Mtb. In this study, we investigated how virulent 

Mtb impairs and delays T cell responses induced by interactions with DCs. A virulent 

Mtb strain drove DCs towards a tolerogenic phenotype by impairing DC-activating 

surface markers (CD80, CD86, and MHC class II) and by augmenting tolerogenic 

markers, such as PD-L1, CD103, Tim-3, and IDO, on DCs in an MOI-dependent 

manner, thereby suppressing Th1 responses. Of note, Mtb H37Rv-infected DCs 

showed markedly increased IL-10 production beginning from early time points of 

infection via activation of p38 MAPK signaling pathways. The generation of this 

tolerogenic DCs by the virulent Mtb strain was dependent on the production of IL-10 

by DCs, as neither DCs generated from IL-10-/- mice nor DCs treated with an anti-IL-

10 neutralizing Ab generated tolerogenic DCs; consequently, the Th1-type T cell 

response was restored in those DCs. 

The immunological environment in lung lesions at the early stage of infection can 

be regulated by virulent Mtb strains via the manipulation of innate immune cells and 

of the cytokine balance. Thus, impairment and delay of T cell responses are generally 

believed to be a unique hallmark of early-stage infection with virulent Mtb.20 To 

eliminate intracellular pathogens such as Mtb, it is essential to initiate an optimal T 

cell response, especially an antigen-specific Th1 response characterized by IFN- 
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activity. Our previous study showed that the frequency of CD11bhigh DCs was 

significantly increased by infection with either Mtb H37Rv or H37Ra at early time 

points,15 although the frequency of this DC population in response to infection was 

not significantly different between the two strains at 14 days post-infection. However, 

an ex vivo experiment showed that infiltrated CD11bhigh DCs after virulent Mtb 

infection suppressed the Th1 response compared to naïve CD11bhigh DCs. These 

previous results agree with our current results (Fig. 4), indicating that virulent Mtb 

can suppress the protective Th1 response by driving DCs towards a tolerogenic 

phenotype.  

Many studies reported that Mtb or its products impair DC maturation. For example, 

Mtb infection inhibits the maturation of human monocyte-derived DCs; Mtb-infected 

DCs exhibit an impaired ability to induce T cell proliferation;21 Mtb-Ag heat-shock 

protein 70 impairs the maturation of murine BMDCs;27 and ManLAM, a glycolipid of 

Mtb, inhibits LPS-induced DC activation.28 As another example, Mtb regulates 

granuloma formation, dissemination, bacterial growth and the host immune response 

by producing virulence factors such as ESX-1 secretion associated proteins. Fredric et 

al.29 demonstrated that the ESX-1 secretion system is required for granuloma 

persistence and survival in immune cells. Importantly, this system is present in 

virulent strains (Mtb H37Rv) but is largely absent from attenuated mycobacterial 

strains (H37Ra).30,31 These results agree with our data to a certain extent, in terms of 

inhibition of T cell proliferation by Mtb H37Rv-infected DCs. Furthermore, our data 

demonstrated that H37Rv infection of DCs led to the development of tolerogenic DCs 
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because there was no observed secondary effect of IL-10 and TGF- produced from T 

cells co-cultured with Mtb-infected DCs on the inhibition of T cell proliferation (data 

not shown). In addition, DCs infected with the virulent Mtb strain were actively 

involved in the suppression of T cell proliferation in presence of polyclonal 

stimulation with anti-CD3e and anti-CD28 in a population-dependent manner (Fig. 

12). Regarding the role of IL-10 in Mtb infection, several studies have been reported 

with controversial results. Some groups reported no difference in bacterial load or 

resistance to Mtb between IL-10-/- and WT C57BL/6 mice,32-34 even though IL-10-/- 

mice showed enhanced IFN- expression.34 In contrast, a decreased bacterial load 

together with an enhanced IFN- response in the lungs was detected in IL-10-/- mice 

compared to WT mice.11,35 In another previous study, pretreatment of mice with an 

anti-IL-10 Ab resulted in an increase in the abundance of Ag85B-specific P25 TCR-

transgenic CD4+ Th1 cells in the Mtb-infected lung on day 21 post-infection, whereas 

neutralization of transforming growth factor-beta, another important suppressive 

cytokine in the lung, showed no effects on Th1 induction.4 As revealed in this study, 

marked IL-10 production in DCs in response to virulent Mtb H37Rv infection is the 

most important factor that alters the phenotype of DCs towards a tolerogenic state and, 

consequently, suppresses the Th1 response (Fig. 7, Fig. 8 and Fig. 10). In addition, 

pulmonary DCs were reported to suppress the Th1 response via IL-10 production.36 

Thus, a virulent Mtb strain may exploit innately programmed suppressive 

mechanisms in the lungs to suppress the Th1 response at the early stage of infection.  



  

 82   

 

Diverse signaling pathways have been known to regulate the production of IL-10. It 

was reported that ERK MAPK signaling is one major signaling pathway inducing IL-

10 production in Mtb-infected macrophages.37,38 However, this study indicated that 

blocking the p38 pathway had a greater effect on IL-10 production than blocking the 

ERK signaling pathway (Fig. 9C). This difference may have resulted from differences 

between cell types. According to previous studies, macrophages and DCs showed 

different degrees of ERK phosphorylation and IL-10 production in response to TLR9 

and TLR4 stimulation.39 In addition, IL-10 was produced by neutrophils40 and human 

lung epithelial cells41 via p38 MAPK signaling pathway activity in response to BCG. 

These results indicated that the signaling pathways involved in IL-10 production may 

differ among innate immune cells in response to specific stimuli.  

The importance of IL-10 in DCs for the induction of immune tolerance has largely 

been demonstrated. For example, DCs genetically modified to express IL-10 exert 

suppressive effects in models of alloreactivity and autoimmunity.42,43 In this regard, 

Jarnicki et al.44 demonstrated that inhibition of p38 MAPK–dependent IL-10 secretion 

from DCs led to stronger Th1 responses and weaker regulatory T cell responses. 

These findings indicate that the tolerogenic DC phenotype generated in response to 

H37Rv can be overcome by inhibiting p38 signaling in DCs. Additionally, p38 may 

serve as an important therapeutic target, and p38 signaling is a potential mechanism 

for enhancing the efficacy of the Th1 response via vaccine or immunological 

interventions. 



  

 83   

 

V. CONCLUSION 

Current TB pathogenesis paradigms are changing in consideration of pathogen 

diversity because greater virulence has been identified in Mtb clinical isolates than 

was previously anticipated.45 Thus, a further understanding of the characteristics of 

immune cells depending on Mtb virulence may facilitate the rational design of more 

effective therapeutic interventions, including immunotherapeutic vaccines. In 

conclusion, the findings of our study suggest that the virulent Mtb strain H37Rv 

impeded effective T cell responses by inducing marked IL-10 release from infected 

DCs via the dominant activation of the p38 MAPK signaling pathway and partial 

regulation of the ERK MAPK signaling pathway. Thus, virulent Mtb may drive the 

production of pathogen-favorable tolerogenic DCs to diminish protective Th1 

responses and may contribute to the inability of the host to eradicate the infection. 

Further functional analysis of the direct interplay between the components of Mtb that 

induce IL-10 production and alter DC maturation and the functionality of T cells may 

help us to understand how virulent Mtb evolved immunologically as the most highly 

adapted human pathogen. 
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through balanced multifunctional Th1 T cell immunity 
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I. INTRODUCTION 

Tuberculosis (TB), which is caused by Mycobacterium tuberculosis (Mtb), remains 

a major infectious threat with high morbidity and mortality worldwide,1 and as a 

result, researchers continually aim to develop effective vaccines against TB. At 

present, the Mycobacterium bovis Bacillus Calmette-Guérin (BCG) vaccine is the 

only prophylactic vaccine used, but the insufficient pulmonary protection that BCG 

provides against TB means that the development of effective novel vaccines is 

urgently needed.2 Various types of adjuvants, antigen (Ag) targets and vaccine 

platforms have been developed to improve the Mtb vaccine.3,4 These efforts have 

yielded many results, some of which include optimistic outcomes in the clinical phase, 

but more diverse and dynamic pipelines are needed.5 

In 2018, two multi-Ag subunit vaccines against TB that induce Ag-specific 

multifunctional CD4+ T cell responses demonstrated promising results in clinical 

efficacy trials.6,7 These two subunit vaccine candidates contain highly immunogenic 

Ags, such as PPE18 and Ag85B.6,7 Therefore, the identification and production of 

promising vaccine Ags are the first and most crucial steps in the development of TB 

vaccines. In addition, Ags could be produced for vaccines using several approaches 

that have specific characteristics based on the production system (bacteria, yeast, 

insect cells, or plants). The bacterial expression system produces recombinant Ags 

with a high yield and low cost, but the quality of Ags in terms of modification and 

solubility might not be appropriate. The yeast expression system is safe but produces 

a low yield. Insect cells can express proteins at high levels and with proper 
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modification, but continuous expression is limited. Meanwhile, plants have become a 

promising platform for the production of protein pharmaceuticals due to their safety 

and cost effectiveness and the easy scalability of the products. First, plants are a safer 

production system than animal cells because plants cannot be contaminated by animal 

pathogens such as viruses and bacteria or prions.8 Second, plant systems are highly 

scalable, and their infrastructure requires a low capital investment.9,10 Therefore, plant 

systems are potentially appropriate platforms for vaccine development. Indeed, many 

previous studies of the production of antibodies (Abs), vaccines and protein 

therapeutics in plants have introduced and advanced this field.10-12 Plant-derived Abs 

were produced for therapy and passive immunization targeted to the human 

immunodeficiency virus,13,14 B‐cell lymphoma,15,16 the rabies virus,17,18 and anthrax 

toxin. For vaccine development, virus-like particles that display Zika virus envelope 

protein domain III were produced quickly in Nicotiana benthamiana and easily 

purified in large quantities.19 The plant-derived H5 HA influenza vaccine showed a 

protective effect in a ferret model against avian influenza virus challenge.20 In the 

field of TB, various plant systems have been utilized to express the Ags of Mtb,
21,22

 

and these studies have resulted in BCG booster vaccines and protein therapeutics with 

a high immunogenicity that promote increased cellular and humoral immune 

responses as well as reduced bacterial burden.23,24 

Beyond the selection of Ags, the post-translational modifications of Ags, which 

mimic the authentic nature of the Ags, have been investigated to develop more 

effective vaccines against many infectious diseases. One such approach involves 
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investigating the relationship between Ag glycosylation and vaccine effectiveness.25-27 

In addition, polysaccharide conjugation to carrier proteins promotes the production of 

specific Abs in the immune system.28 Moreover, CD4+ and CD8+ T cell responses are 

significantly increased by increasing Ag uptake by dendritic cells in a manner 

dependent on the carbohydrate modifications of the ovalbumin (OVA) protein.29 

These studies suggest the possibility that the efficacy of a vaccine can be increased by 

the glycosylation of Ags, which indicates that instead of the Escherichia coli 

expression system, which lacks a glycosylation process, a plant expression system in 

which glycosylation occurs can potentially be used to develop vaccines. In this regard, 

plants have the advantage of being able to produce proteins with post-translational 

modifications, such as N- or O-glycosylation.  

The Ag85 complex is a 30-32 kDa family of three closely related proteins (Ag85A, 

Ag85B, and Ag85C) with enzymatic mycolyl-transferase activity; these proteins are 

involved in the biogenesis of cord factor and in the coupling of mycolic acids to 

arabinogalactan in cell walls.30 Members of the Ag85 family exhibit strong potential 

to induce a Th1-type immune response, which is important for the regulation of 

intracellular infection, and are thus some of the most promising candidates for TB 

vaccine Ags. In particular, Ag85A and Ag85B, which were initially purified from 

BCG and Mtb culture filtrate, respectively, induce strong T cell proliferation and IFN-

γ production in most healthy individuals latently infected with Mtb and in BCG-

vaccinated mice and humans but not in TB patients.31,32 These results are sufficient for 

the selection of Ag85A as a prominent target of the Mtb vaccine; therefore, Ag85A 
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has been studied for various approaches toward an Mtb vaccine, such as a modified 

vaccinia Ankara virus expressing Ag85A (MVA85A), Ag85A-overexpressing BCG 

or DNA vaccines.33-36 These studies demonstrate the proven efficacy of Ag85A as a 

TB vaccine Ag, suggesting that it can be an appropriate target for comparing the 

efficacy of vaccines produced by different expression systems.  

Despite the many advantages and possibilities of plant-based expression systems, 

there are not many substantial studies of the efficacy of TB vaccines produced with 

plant systems. Therefore, we focused on the benefits of the plant expression system 

for the development of new effective TB vaccines and used Ag85A as a prominent 

target of the Mtb vaccine. In the present study, we produced N-glycosylated Ag85A 

(G-Ag85A) in N. benthamiana and compared the protective vaccine efficacy and 

immunogenicity of G-Ag85A with those of non-glycosylated recombinant Ag85A 

(NG-Ag85A). The immunogenicity and the potential protective efficacy of G-

Ag85A and NG-Ag85A were assessed by directly comparing the responses to Mtb 

HN878 challenge in a mouse model following the delivery of these Ags as subunit 

vaccines. 
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II. MATERIALS AND METHODS 

1. Experimental animals and ethics statement 

Specific-pathogen-free 6- to 8-week-old female wild-type C57BL/6 mice were 

purchased from SLC Inc. (Shizuoka, Japan) and strictly maintained under barrier 

conditions in a BSL-3 facility at the Avison Biomedical Research Center at Yonsei 

College of Medicine. The experimental protocols used in this study were reviewed 

and approved by the Ethics Committee and Institutional Animal Care and Use 

Committee (Permit Number: 2017-0264) of the Laboratory Animal Research Center 

at Yonsei University College of Medicine (Seoul, Korea). All animal experiments 

were performed according to the Korean Food and Drug Administration (KFDA) 

guidelines and regulations. 

 

2. Abs and reagents 

A LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit was purchased from 

Molecular Probes (Carlsbad, CA, USA). The following Abs were used for flow 

cytometry analyses: phycoerythrin (PE)-conjugated monoclonal antibody (mAb) 

against IFN-γ violet 450-conjugated mAb against CD44, allophycocyanin (APC)-

conjugated mAb against TNF-α brilliant violet (BV) 605-conjugated mAb against 

Thy1.2, BV711-conjugated mAb against CD8, and PerCP-Cy5.5-conjugated mAb 

against CD4 were purchased from BD Bioscience (San Jose, CA, USA), and Alexa 

Fluor 700-conjugated mAb against CD62L and PE-Cy7-conjugated mAb against IL-

2were purchased from eBioscience (San Diego, CA, USA). The CAF01 liposome 
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adjuvant was kindly provided by the Statens Serum Institut (SSI, Demark). 

 

3. Mtb strain and culture conditions 

The Mtb HN878 strain was collected from the Korean Tuberculosis Research 

Institute (KIT, Osong, Chungcheongbuk-do), and BCG (Pasteur 1173P2) was 

obtained from the Pasteur Institute (Paris, France). The mycobacterial strains used in 

this study were cultured as previously described.37 The seed lots of each strain were 

maintained in small aliquots at −80°C until use. After confirmation of the 

predominant presence of single cells in the final preparation based on acid-fast 

staining, the number of colony-forming units (CFUs) per 1 mL of each seed lot on a 

7H10 agar plate was measured using a viable cell counting assay, and the cells were 

then used for subsequent experiments. 

 

4. Expression and purification of Ag85A 

For the expression of NG-Ag85A, we expressed the protein using the E. coli 

expression system as previously reported.
38

 To produce the glycosylated Ag85A 

protein, N. benthamiana was used for Ag85A expression as described below. 

 

5. Plasmid construction and transient expression 

For the expression of Ag85A in N. benthamiana, a recombinant construct, 1300-

HCH:Ag85A, was generated as described below. The first Ag85A coding sequence 

was codon-optimized for efficient expression in N. benthamiana and chemically 
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synthesized. A DNA fragment containing Ag85A together with an enterokinase 

cleavage site was amplified by PCR using the primers Ag85A-F and Ag85A-R (Table 

1). The forward primer also contained the enterokinase cleavage site and XmaI 

restriction site, and the reverse primer included an endoplasmic reticulum (ER) 

retention signal, HDEL. A DNA fragment encoding CBM3, which was used as an 

affinity purification tag, was prepared from p1300-C3bdSU-hIL6 by PCR using the 

gene-specific primers CBM3-F and CBM3-R.39 The forward primer included a 

hemagglutinin (HA) epitope and the BamHI restriction site, and the reverse primer 

included a helical linker (HL) and the XmaI restriction site. PCR amplifications were 

conducted using Ex Taq polymerase (Takara Bio, Kusatsu, Japan) in 25 cycles of 

denaturation at 94°C (30 s), annealing at 53°C (30 s) and extension at 72°C (90 s for 

Ag85A, 40 s for CBM3). To generate the recombinant construct 1300-HCH:Ag85A, 

the two PCR fragments were then inserted in the order of CBM3 and Ag85A into the 

sequence downstream of BiP in the pCAMBIA 1300 binary vector containing the 

double enhancer-containing CaMV 35S promoter (d35S), BiP leader sequence and 

heat shock protein (HSP) terminator using the restriction endonucleases BamHI with 

XmaI and XmaI with SacI, respectively. 

For the expression of recombinant Ag85A, the expression vector 1300-

HCH:Ag85A was introduced into Agrobacterium tumefaciens strain LBA4404 by 

electroporation using MicroPulser (Bio-Rad Laboratories, Hercules, CA) according to 

the manufacturer’s protocol. The bacteria were subsequently transformed into 5- to 6-

week-old N. benthamiana plants by vacuum infiltration.40 The gene silencing 



  

 99   

 

suppressor p38 construct was co-transformed to enhance the expression of the fusion 

protein by suppressing gene silencing.39 For the co-transformation of 1300-

HCH:Ag85A and p38, two Agrobacterium cultures each harboring 1300-HCH:Ag85A 

and p38 were mixed at a 1:1 (v/v) ratio, and the mixture was adjusted to obtain an 

OD600 of 1.0. The infected leaves were harvested 4 days after infiltration. 

 

6. Purification of recombinant G-Ag85A from the leaf extracts of N. benthamiana 

The harvested leaves (20 g) were frozen in liquid nitrogen and ground into powder 

using a mortar and pestle. Total protein extracts were prepared using 5 volumes (w/v) 

of extraction buffer (50 mM Tris-Cl, 150 mM NaCl, 0.2% Triton X-100, and protease 

inhibitor, pH 7.2). The mixture was centrifuged at 20,000 x g for 30 min at 4°C, and 

the supernatant was loaded into a column filled with microcrystalline cellulose (MCC; 

3 g) at a flow rate of 100 μL/min. The column was washed with 3 column volumes of 

washing buffer (50 mM Tris-Cl and 150 mM NaCl, pH 7.2) at a flow rate of 1 

mL/min. The recombinant Ag85A fusion protein-bound cellulose beads were released 

from the column, precipitated by centrifugation at 2,000 x g and 4°C for 10 min and 

resuspended in 10 mL of enterokinase reaction buffer (50 mM Tris-Cl, 150 mM NaCl, 

and 1 mM CaCl2, pH 7.2). Enterokinase (5 unit/μL; NBM Inc., Iksan, Korea) was 

added to the recombinant Ag85A fusion protein-bound cellulose beads and incubated 

at 28°C for 4 h. The soluble fraction containing G-Ag85A was collected after 

centrifugation at 2,000 x g and 4°C for 10 min, and enterokinase was removed by 

affinity chromatography using STI-Sepharose. Finally, the flow-through fraction from 
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the affinity chromatography step that contained G-Ag85A was separately collected. 

Purified plant-produced Ag85A was analyzed by 10% SDS-PAGE. In addition, 

protein samples were saved from each fraction, including the total fraction, and 

subjected to western blot analysis using anti-Ag85A Ab (Abcam, Cambridge, MA, 

USA) to check the expression of the fusion protein and efficiencies of the MCC bead 

binding and enterokinase-mediated cleavage reactions. 

 

7. Deglycosylation of plant-produced Ag85A 

Purified plant-produced Ag85A was treated with Endo-H (New England Biolabs, 

Beverly, MA, USA) or PNGase F (New England Biolabs, Beverly, MA, USA) 

according to the manufacturer’s recommended protocols. Ag85A (1 μg) was added to 

1 μL of 10X glycoprotein denaturing buffer (5% SDS, 400 mM DTT), and distilled 

water was added to the mixture to obtain a reaction volume of 10 μL. The mixture 

was then incubated in boiling water for 10 min for protein denaturation and briefly 

cooled on ice. Subsequently, 2 μL of 10X glycobuffer 3 (500 mM sodium acetate, pH 

6), 1 μL of Endo-H and 7 μL of distilled water were added, and the reaction mixture 

was incubated at 37°C for 1 hour. For PNGase F treatment, Ag85A (1 μg) was added 

to 1 μL of 10X glycoprotein denaturing buffer, and distilled water was added to the 

mixture to obtain a reaction volume of 10 μL. The Ag85A protein was denatured by 

incubation in boiling water for 10 min, and the sample was then chilled on ice. The 

reaction volume was increased to 20 μL through the addition of 2 μL of 10X 

glycobuffer 2 (500 mM sodium phosphate, pH 7.5), 2 μL of 10% NP-40, 5 μL of 
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distilled water and 1 μL of PNGase F, and the resulting mixture was incubated at 

37°C for 1 hour. Both samples were analyzed by western blotting using anti-Ag85A 

polyclonal Ab (Abcam, Cambridge, MA, USA). 

 

8. Immunization of mice with individual Ag85A and challenge with Mtb  

Beijing strain HN878 

C57BL/6J female mice were subcutaneously immunized once with 2 × 105 CFUs 

of BCG Pasteur 1173P2. For the subunit vaccine immunization, mice were 

immunized three times at 2-week intervals via subcutaneous injection as previously 

described.41 Each immunization contained 2 μg of NG-Ag85A or G-Ag85A protein 

adjuvanted with CAF01 liposomes. The mice in the control group were immunized 

with only CAF01. Four weeks after the last immunization, spleen and lung cells 

were prepared and analyzed in terms of their immunogenicity (n = 4-6 mice/group). 

Six weeks after the final immunization, the adjuvant control group and the 

vaccinated groups (BCG, NG-Ag85A, and G-Ag85A) were infected with the Mtb 

Beijing strain HN878 at 70 CFUs per mouse via aerosol (n = 10-12 mice/group; 5-

6 mice/group for each sacrifice time point). Specifically, the mice were exposed to 

the HN878 strain for 60 min in the inhalation chamber, which had been previously  

calibrated to deliver a predetermined dose (Glas-Col, Terre Haute, IN, USA). One 

day after infection, the infected mice were sacrificed to confirm the initial bacterial 

burden (n = 3). Four weeks and twelve weeks after challenge, mice were sacrificed 

to measure the efficacy of vaccination. 
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9. Splenocyte and lung cell preparation 

Single-cell suspensions from the lungs and spleen were prepared as follows. The 

spleens and lungs from mice of each group were minced into 2-4 mm pieces using 

scissors. The lung tissue was incubated in 3 mL of cellular dissociation buffer (RPMI 

medium (Biowest, Nuaillé, France) containing 0.1% collagenase type IV 

(Worthington Biochemical Corporation, NJ, USA) and 1 mM CaCl2 and 1 mM MgCl2) 

for 30 min at 37°C. Splenocytes and lung cells were filtered via a 40 μm cell strainer 

(BD Bioscience, San Diego, CA, USA) in RPMI medium supplemented with 2% fetal 

bovine serum (FBS, Biowest) using a sterile 10-mL syringe. The erythrocytes were 

lysed using red blood cell lysis buffer (Sigma-Aldrich) for 3 min at room temperature, 

and then single cells were washed twice with RPMI medium supplemented with 2% 

FBS. 

 

10. Cytokine measurement 

Single cells from the lungs and spleens of Mtb-infected or immunized mice were 

stimulated with Ag proteins (NG-Ag85A or G-Ag85A) for 12 hours at 37°C. The 

levels of secreted IFN-γ in the culture supernatant were measured using a 

commercial ELISA kit according to the manufacturer’s instructions (BD Bioscience, 

San Jose, CA, USA). 

 

11. Ab titer measurement in serum 
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The levels of NG-Ag85A- or G-Ag85A-specific total immunoglobulin G (IgG), 

IgG1, and IgG2c in serum were evaluated as Ag-specific type 1 or type 2 immune 

responses. Briefly, 96-well plates were coated with 1 μg/mL NG- or G-Ag85A. 

ESAT-6 was used for negative control. After incubation of the diluted serum, 

horseradish peroxidase (HRP)-conjugated Ab against total IgG, IgG1 (BD 

Bioscience, San Diego, CA, USA) or IgG2c (Southern Biotech, Birmingham, AL, 

USA) was used as a secondary Ab. The optical densities (ODs) were determined at 

495 nm. 

 

12. Intracellular cytokine staining 

Individual lung and spleen cells were prepared from immunized and Mtb-

infected mice and stimulated with 2.5 µg/mL NG- or G-Ag85A at 37°C for 12 hour 

in the presence of GolgiPlug and GolgiStop (BD, Bioscience). First, the cells were 

washed with 1X PBS (pH 7.4), and the Fc receptor was blocked with an anti-

CD16/32-blocking Ab at 4°C for 15 min. Surface molecules were stained with 

fluorochrome-conjugated Abs against Thy1.2, CD4, CD8, CD44, and CD62L using 

the LIVE/DEADTM Fixable Dead Cell Kit for 30 min at 4°C. The cells were then 

washed with PBS, fixed and permeabilized with Cytofix/Cytoperm (BD 

Biosciences) for 30 min at 4°C. The permeabilized cells were washed twice with 

Perm/Wash (BD Biosciences) and stained with PE-conjugated anti-IFN-γAPC-

conjugated anti-TNF-α and PE-Cy7-conjugated anti-IL-2 Abs for 30 min at 4°C. 

The cells were washed twice with Perm/Wash and fixed with IC fixation buffer 
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(eBioscience) for flow cytometry analysis. 

 

13. Analysis of histopathology and Mtb burden 

The protective efficacy of the various vaccination strategies was determined 

through analysis of the histopathology and bacterial growth in the lung and spleen. 

The mice from every vaccinated group were sacrificed at 4 and 12 weeks after Mtb 

infection to evaluate the protective efficacies of each vaccination. For the lung 

histopathology analysis, the right superior lobes were preserved overnight in 10% 

formalin and embedded in paraffin. The lung was sectioned at 4–5 μm, stained with 

hematoxylin and eosin (H&E) and Ziehl-Neelsen stain and evaluated by light 

microscopy. A specialized pathologist evaluated the gross pathological and 

histopathological lesion features and inflammation level in the tissue sections from 

the lung in a blinded manner. The ImageJ program (National Institutes of Health, MD, 

USA) was used to objectively assess the level of inflammation present in each image. 

For these analyses, the image was converted to grayscale, and the inflamed and non-

inflationary areas were marked in black and white, respectively. Percentages of 

inflammatory sections of the lung were determined using the ImageJ program. For the 

bacterial growth analysis, the lung and spleen were homogenized, and serially 

diluted samples were plated onto Middlebrook 7H11 agar plates (Becton Dickinson, 

Franklin Lakes, NJ, USA) supplemented with 10% OADC (Difco Laboratories), 2 

μg/mL 2-thiophenecarboxylic acid hydrazide (Sigma-Aldrich, St. Louis, MO, USA) 

and amphotericin B (Sigma-Aldrich). After incubation at 37°C for 3-4 weeks, the 
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bacterial colonies were counted. 

 

14. Statistical analyses 

Statistical analyses were conducted using GraphPad Prism V5.0 (GraphPad 

Software, San Diego, CA, USA). The differences between two groups were analyzed 

using an unpaired Student’s t-test. One-way ANOVA followed by Tukey’s multiple 

comparison tests was used to analyze data from more than two groups. All the values 

are expressed as the means (± standard deviations, SDs). Statistical significance was 

determined at *p < 0.05, **p < 0.01 or ***p < 0.001. 
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III. RESULTS 

1. Expression and purification of glycosylated Ag85A in N. benthamiana 

We decided to use N. benthamiana as the plant host for producing Ag85A, and we 

compared the Ag85A produced in N. benthamiana with that expressed in E. coli. 

Accordingly, Ag85A was codon-optimized to N. benthamiana. Specifically, for the 

production of recombinant Ag85A in plants, we designed a recombinant Ag85A 

fusion construct, 1300-HCH:Ag85A (Fig. 1A). The construct contained an ER leader 

sequence that targeted the ER, an HA-tagged CBM3 domain for cellulose-based 

affinity purification, an HL followed by a enterokinase site to remove the N-terminal 

region of Ag85A, an Ag85A-coding region, and an ER retention signal to induce 

accumulation of the recombinant protein in the ER.39,42-44 An HL was introduced 

between CBM3 and the enterokinase cleavage site to facilitate the access of 

enterokinase to the target site. HA was added at the N terminus of CBM3 to detect the 

recombinant Ag85A fusion protein by western blotting using an anti-HA Ab (Fig. 1A). 

Based on the abovementioned design for the Ag85A expression cassette, in vitro 

enterokinase treatment would produce Ag85A with no additional amino acid residues 

except the C-terminal HDEL.45 

To express the recombinant Ag85A fusion construct in N. benthamiana, the fusion 

construct 1300-HCH:Ag85A was introduced into Agrobacterium strain LBA4404. 

Subsequently, the fusion construct was introduced into N. benthamiana leaves via 

Agrobacterium-mediated transformation.39,40 Ag85A protein was purified using 

protein extracts at 4 days after infiltration, and protein samples from each fraction 
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during purification were analyzed by western blotting. First, the full-length fusion 

protein was detected at the expected size, indicating that the fusion construct was 

expressed properly in N. benthamiana (Fig. 1B). The majority of the full-length 

recombinant Ag85A fusion proteins were bound to the MCC beads, and only a minor 

portion were detected in the flow-through fraction. After treatment with enterokinase, 

the molecular mass of the Ag85A-specific protein band changed from 60 kDa to 35 

kDa (Fig. 1B), which indicated that enterokinase cleavage removed the N-terminal 

domain of the plant-produced recombinant Ag85A fusion protein. After removing 

enterokinase by using STI-Sepharose, the majority of the proteins in the flow-through 

fraction were approximately 35 kDa, although a small portion of the proteins were 70 

kDa (Fig. 1C). Both the 35-kDa and 70-kDa proteins were detected in the western 

blot analysis with anti-Ag85A Ab, which indicated that these proteins were indeed 

Ag85A and that the upper band was potentially a dimer of Ag85A (Fig. 2). The yield 

of the 35-kDa protein was 22.0 μg/g fresh weight of infiltrated leaves. 

The size of the plant-produced Ag85A with a molecular mass of 35 kDa was 

slightly larger than the expected size, which indicated the possibility of post-

translational modification. In this study, the recombinant Ag85A fusion protein was 

targeted to the ER. In addition, this protein contained a potential N-glycosylation site 

(Asn-Asn-Thr) at position 203 of mature Ag85A and has been reported to be N-

glycosylated when expressed in the ER of mammalian cells.46 To investigate whether 

plant-produced Ag85A is N-glycosylated in plants, we added two enzymes that can 

remove N-glycans from proteins, endoglycosidase H (Endo-H) and PNGase F.47 Both 
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enzymes increased the migration of Ag85A proteins in the SDS/PAGE gel, which 

indicated that plant-produced Ag85A was N-glycosylated in plants (Fig. 1D). Thus, 

we named the plant-produced Ag85A G-Ag85A to highlight the N-glycosylation 

nature of this protein. 
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Figure 1. Expression and purification of Ag85A in N. benthamiana. (A) Schematic 

representation of the recombinant Ag85A fusion construct. The fusion construct 

contains a BiP signal peptide, HA tag, CBM3, HL, enterokinase cleavage site (Ek), 

Ag85A and ER retention signal HDEL. This fusion construct was under the control of 

the cauliflower mosaic virus containing two enhancers, a 35S promoter and an HSP 

terminator. (B) Binding of the recombinant Ag85A fusion protein to MCC beads and 

enterokinase-mediated cleavage. The protein samples for each fraction were analyzed 

by western blotting using an anti-Ag85A antibody. M, protein standard marker; T, 
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total; FT, flow-through; W, washing; B, MCC beads; Ek, enterokinase-treated 

supernatant and beads. (C) Western blot analysis of purified G-Ag85A. The purified 

G-Ag85A protein was analyzed by SDS-PAGE. BSA was loaded together to check 

the amount of G-Ag85A protein. (D) Deglycosylation of G-Ag85A. Purified G-

Ag85A was treated with Endo-H or PNGase F and subjected to SDS-PAGE together 

with untreated G-Ag85A and then to western blot analysis using an anti-Ag85A 

antibody. 
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Figure 2. Confirmation of glycosylated Ag85A expressed in N. benthamiana. 

Ag85A was successfully produced in N. benthamiana. The purified Ag85A protein 

was subjected to SDS-PAGE, and the gels were stained with Coomassie brilliant blue. 

The purified Ag85A was subjected to western blotting analysis with an anti-Ag85A 

antibody (Lane M, molecular weight markers; Lane G-Ag85A, purified Ag85A). 
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2. Glycosylation of Ag85A induced an augmented Ag-specific IFN- response 

during Mtb infection and increased T cell proliferation in co-culture with bone 

marrow-derived dendritic cells 

To determine the potential of an Ag as a vaccine target, the IFN-γresponse could 

be used as a marker for Ag recognition because IFN-γ is a key Th1 CD4+ T cell and is 

important for protecting the host against Mtb.48,49 Thus, we measured the recognition 

of G-Ag85A and NG-Ag85A in Mtb-infected mice. First, Mtb-infected mice were 

sacrificed at 4 and 12 weeks post-infection, cells from their lungs were separately 

stimulated with both types of Ag85A, and the levels of secreted IFN-γ were measured 

by ELISA (Fig. 3A). The results showed that both NG-Ag85A and G-Ag85A induced 

IFN-γ secretion in lung cells, but more IFN-γsecretion from lung cells was induced 

by G-Ag85A than by NG-Ag85A. Bone marrow-derived dendritic cells (BMDCs) 

were stimulated with 5 g/mL G- or NG-Ag85A and co-cultured for 3 days with T 

cells from the spleens of Mtb-infected mice (Fig. 3B). Consequently, compared with 

NG-Ag85A-stimulated BMDCs, G-Ag85A-stimulated BMDCs promoted increased 

proliferation of CD4+ and CD8+ T cells. These results indicated that Ag85A is well 

recognized by the host immune system at the early and late infection phases and that 

compared with NG-Ag85A, G-Ag85A induces different immunogenic properties. 
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Figure 3. Comparison of IFN-γ production induced by plant-produced G-Ag85A 

and bacteria-produced NG-Ag85A stimulation and proliferation of T cells co-

cultured with BMDCs stimulated with G- and NG-Ag85A. (A) Mice were infected 

with 70 CFUs of the Mtb Beijing strain HN878 via the aerosol route. After 4 and 12 

weeks from the Mtb challenge, the infected or uninfected mice were sacrificed, and 

their lung and spleen cells (2 × 106 cells) were stimulated with NG- or G-Ag85A (2.5 

μg/ml) for 12 hour at 37°C. The concentrations of IFN-γ in the supernatant were 

measured using commercial ELISA kits. The displayed means ± SDs (n = 5-6 
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mice/group) represent the data from two independent experiments. One-way ANOVA 

was used to determine the significance of the differences. *** p < 0.001. (B) BMDCs 

were treated with 5 g/ml NG- or G-Ag85A for 24 hour, and T cells were isolated 

from the spleens of Mtb-infected mice using a MACS system and labeled with violet 

proliferation dye 450. Isolated T cells were co-cultured with the harvested BMDCs, 

and the proliferation of CD4+ T cells and CD8+ T cells was analyzed by flow 

cytometry. The concentrations of IFN-γ in the supernatant were measured using 

commercial ELISA kits. The displayed means ± SDs (n = 5-6 mice/group) represent 

the data from two independent experiments. One-way ANOVA was used to determine 

the significance of the differences. ** p < 0.01, *** p < 0.001. 
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3. Vaccine experimental design and immunogenic response in the lung and 

spleen of G-Ag85A- and NG-Ag85A-immunized mice 

To evaluate the immunogenic response of G-Ag85A and NG-Ag85A, we 

vaccinated mice with BCG, G- or NG-Ag85A. CAF01 was used as an adjuvant for G- 

or NG-Ag85A vaccination. Two weeks before Mtb challenge, the CAF01-, BCG-, 

CAF01/NG-Ag85A-, and CAF01/G-Ag85A-immunized groups were sacrificed for 

analysis (Fig. 4A). The lungs and spleen were removed and used for the preparation 

of single-cell suspensions. These suspensions were then treated with 2.5 µg/mL G- or 

NG-Ag85A for 12 hour, and the amount of IFN-γ secreted from the lung and spleen 

cells was then measured (Fig. 4B). Unlike the post-infection results (4 and 12 weeks), 

the level of IFN-γ obtained with the NG-Ag85A treatment was higher than that 

obtained with the G-Ag85A treatment, and this finding was acquired with both the 

lung and spleen cells. The levels of total IgG, IgG1, and IgG2c against NG-Ag85A or 

G-Ag85A in serum were also detected by ELISA (Fig. 4C). Abs generated by the 

immunization with G-Ag85A or NG-Ag85A showed specificity to both forms of 

Ag85A regardless of glycosylation. However, no specificity was shown against 

ESAT-6. Every type of IgG was well detected, and IgG1 and IgG2c from NG-Ag85A 

immunized mice tended to show higher responses against G-Ag85A than IgG1 and 

IgG2c from G-Ag85A immunized mice. These results indicated that both G- and NG-

Ag85A have immunogenic potential. 
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Figure 4 Comparison of the immunogenicity of plant-produced G-Ag85A and 

bacteria-produced NG-Ag85A in the lungs and spleens of immunized mice. (A) 

The immunizations were performed three times at 2-week intervals. Six weeks after 

the final immunization, the mice were challenged with Mtb via the aerosol route (n = 

5-6/group). The mice were sacrificed 2 weeks before the challenge and 4 and 12 

weeks after infection. (B) The lungs and spleens were removed, and 2 × 106 spleen 

cells (splenocytes) or 1 x 106 cells (lung cells) were cultured in microtiter plates and 
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incubated with 2.5 μg/mL NG- or G-Ag85A for 12 hour at 37°C. The IFN-γ 

concentrations in the supernatant were detected by ELISA. (C) The NG-Ag85A- or 

G-Ag85A-specific IgG1, IgG2c and total IgG levels in mouse serum were measured 

by ELISA. The displayed means ± SDs (n = 5-6 mice/group) represent the data from 

two independent experiments. One-way ANOVA was used to determine the 

significance of the differences. *p < 0.05, ** p < 0.01, *** p < 0.001; n.s., not 

significant. 
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4. Compared to NG-Ag85A immunization prior to Mtb challenge, G-Ag85A 

immunization induced an increased number of CD4
+
 multifunctional Th1 cells 

The composition of CD4+ and CD8+ T cells is associated with a protective immune 

response of the host at the time of Mtb infection.48-50 Among the cytokines secreted 

from functional T cells, the simultaneous secretion of IFN-γ, TNF-α and IL-2 from 

Th1 CD4+ T cells is a crucial component of the protective response against Mtb 

infection.51 Therefore, we analyzed a combination of CD4+ and CD8+ multifunctional 

T cells in the lungs and spleens that secrete IFN-γ, TNF-α and IL-2. Live individual T 

cells were gated on CD4+ or CD8+, and triple-positive (IFN-γ+TNF-α+IL-2+), double-

positive (IFN-γ+TNF-α+, IFN-γ+IL-2+, TNF-α+IL-2+), and single-positive (IFN-γ+, 

TNF-α+, IL-2+) T cells were analyzed among the CD62LloCD44hi T cells (Fig. 5). 

Four weeks after the immunizations, the splenocytes and lung cells of the BCG-, 

CAF01/NG-AG85A-, and CAF01/G-85A groups and the CAF01 adjuvant control 

group were re-stimulated with NG- or G-Ag85A. The CAF01/G-Ag85A-immunized 

group tended to show a similar but higher frequency of triple- and double-positive 

cytokine-secreting CD4+ T cells in the lung than the CAF01/NG-Ag85A-immunized 

group (Fig. 6A, C). Triple- and double-positive cytokine-secreting CD8+ T cells were 

barely detected in the lung (Fig. 6B, C). Unlike the lung results, the CAF01/NG-

Ag85A- and CAF01/G-Ag85A-immunized groups tended to show a similar frequency 

of triple- and double-positive cytokine-secreting spleen CD4+ T cells (Fig. 7). These 

results indicated that NG- and G-Ag85A have distinctive immunogenic abilities. 
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Figure 5. Gating strategy for the analysis of multifunctional T cells in the lungs 

and spleens. The lymphocyte population was first gated based on their characteristic 

forward scatter (FSC) and side scatter (SSC) patterns. Single cells were gated based 

on equivalent FSC height (FSC-H) and FSC area (FSC-A) values to exclude doublets 

and large cell aggregates. For the analysis of living lymphocytes, the single cell-gated 

lymphocytes were stained with live and dead stains and Thy1.2 and then gated into 

CD4+ or CD8+ T cells. CD62Llo and CD44hi cells were gated to profile the T cells 

producing various cytokines (combinations of IFN-γ, TNF-α, and IL-2).  
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Figure 6. Comparison of the induction of Ag-specific multifunctional T cells in 

mice immunized with plant-produced G-Ag85A and bacteria-produced NG-

Ag85A. Four weeks after the final immunization, the mice from each group were 

sacrificed, and their lung cells (1 × 106 cells) were re-stimulated ex vivo with NG-

Ag85A or G-Ag85A (2.5 μg/ml). The percentages of Ag-specific 

CD4+CD62LloCD44hi and CD8+CD62LloCD44hi T cells producing IFN-γ, TNF-α, 

and/or IL-2 among the cells isolated from the lungs of each group of mice were 

analyzed via flow cytometry by gating the cells into CD4+ (A) and CD8+ (B) T cells. 
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The displayed means ± SDs (n = 5-6 mice/group) represent the data from two 

independent experiments. One-way ANOVA was used to determine the significance 

of the differences. * p < 0.05, ** p < 0.01, and *** p < 0.001. (C) The mean 

frequencies of cells co-expressing IFN-γ, TNF-α, and/or IL-2 are shown in the pie 

charts. The arcs around the pie charts indicate the percentage of T cells that produced 

multiple cytokines. The data are presented as the means ± SDs from six mice in each 

group. Unpaired t-tests were used to determine the significance of the differences in 

the percentages of poly-functional T cells between the G-Ag85A- and NG-Ag85A-

immunized groups. 
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Figure 7. Induction of Ag-specific multifunctional T cells in the spleens of mice 

immunized with G- and NG-Ag85A. Four weeks after the final immunization, the 

mice from each group (n = 5-6) were sacrificed, and their spleen cells (2 × 106 cells) 

were restimulated ex vivo with NG- or G-Ag85A (2.5 μg/ml). The percentages of Ag-

specific CD4+CD62LloCD44hi and CD8+CD62LloCD44hi T cells producing IFN-γ, 

TNF-α, and/or IL-2 among the cells isolated from the lungs of each group of mice 

were analyzed via flow cytometry by gating the cells into CD4+ (A) and CD8+ (B) T 
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cells. The data are presented as the means ± SDs from 5 to 6 mice in each group. One-

way ANOVA was used to determine the significance of the differences. * p < 0.05, 

** p < 0.01, and *** p < 0.001. (C) The mean frequencies of cells coexpressing IFN-

γ, TNF-α, and/or IL-2 are shown in the pie charts. The arcs around the pie charts 

indicate the percentage of T cells that produced multiple cytokines. The data are 

presented as the means ± SDs from 6 mice in each group. Unpaired t-tests were used 

to determine the significance of the differences in the percentages of poly-functional 

T cells between the G-Ag85A- and NG-Ag85A-immunized groups. n.s., not 

significant; * p < 0.05. 
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5. Compared to NG-Ag85A, G-Ag85A immunization provides superior 

protection in terms of bacterial burden and pathological lung lesions  

After immunization, we challenged the mice with the hypervirulent Mtb strain 

HN878 to assess the protective effect of NG- and G-Ag85A. To compare the 

protective efficacy of vaccinations at 4 weeks and 12 weeks post-infection, the gross 

lung pathology and H&E staining of lung sections from all groups were analyzed (Fig. 

8A, B). At 4 weeks after infection, gross lung pathology showed slightly more 

apparent granulomas only in the non-immunized control group than in the other 

groups (Fig. 8A). Histologically, 4 weeks after infection, the non-immunized control 

group had moderate peribronchiolar and perivascular cellular aggregations consisting 

of mainly lymphocytes mixed with macrophages and a few neutrophils without any 

differentiation and necrosis. Similar extent and cellular composition of granulomatous 

inflammation were observed in the other 3 immunized groups (Fig. 8A). By contrast, 

compared to the non-immunized control group, the lung bacterial burden was 

significantly reduced in the immunized groups of mice, especially in the CAF01/G-

Ag85A-immunized group, probably due to the established protective immunity (Fig. 

8C). At 12 weeks after infection, gross lung examination apparently revealed that 

compared to the infection control group, every immunized group showed smaller and 

fewer granulomas (Fig. 8B). Histologically, in the non-immunized mice, the 

granuloma size increased, and the distribution of macrophages and lymphocytes 

became more defined in the granuloma area without necrosis signs. The macrophages 

showed a vacuolated appearance. Along with the increased lung pathology, the 
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bacterial counts also increased (from 5.274±0.85 (log10) CFU/lung to 5.609±0.066 

CFU/lung) in this control group. Excessive, irregular, and advanced granulomatous 

inflammation of lung from the infection control and CAF01/NG-Ag85A-immunized 

groups was shown at 12 weeks post-infection, whereas small, rounded and contained 

granulomas were found in the lung of mice vaccinated with BCG and CAF01/G-

Ag85A (Fig. 8B). Consistent with the attenuation of the granulomatous lesion 

appearance, controlled bacterial growth was observed in the lungs of all the 

immunized groups (BCG, CAF01/NG-Ag85A, and CAF01/G-Ag85A), but similar to 

the results based on lesion appearance, there were no statistical significances in 

bacterial burdens in lung and spleen between the CAF01/NG-Ag85A- and CAF01/G-

Ag85A-immunized groups at 4 weeks post-infection (Fig. 8C). At 12 weeks post-

infection, compared with all the other groups, the G-Ag85A group exhibited the most 

protective efficacy in the lungs and spleens in terms of reduced mycobacterial 

replication, although similar attenuated extent of lung pathology was observed in the 

other 2 immunized groups of mice (Fig. 8D). These results indicated that 

glycosylation endowed Ag85A with better and prolonged protection against Mtb 

strain HN878 infection in a mouse model. 
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Figure 8. Protective efficacy of plant-produced G-Ag85A and bacteria-produced 

NG-Ag85A immunization against Mtb HN878 infection. Four weeks after the final 

immunization, the mice were challenged with 70 CFUs of the Mtb HN878 strain via 

aerosol. (A, B) The superior lobes of the right lung of each immunized mouse were 

analyzed using H&E staining, and representative lung lobes were depicted as gross 

images at 4 and 12 weeks after Mtb HN878 infection (10X: Scale bar = 2.0 mm, 100X: 

Scale bar = 0.2 mm). The percentage of the inflamed area of the superior right lung 
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lobe was calculated based on H&E staining of lung sections and is shown in dot 

graphs. (C, D) The CFUs in the lungs and spleens of each group were analyzed by 

culturing lung and spleen homogenates and enumerating the bacteria. The data are 

presented as the median ± IQR log10CFU/organ (n = 5-6) and represent the results 

from two independent experiments, and the levels of the significance of the 

differences obtained in the comparisons among the samples were determined by one-

way ANOVA followed by Dunnett’s test. A value of p < 0.05 was considered 

statistically significant. * p < 0.05, ** p < 0.01, and *** p < 0.001; n.s., not 

significant. 
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6. Immunization with G-Ag85A induced a more protective T cell response 

against infection with a virulent Mtb HN878 strain than did immunization with 

NG-Ag85A 

Based on the immunization results, we subsequently evaluated whether the Th1 

immune response generated by immunization with G- or NG-Ag85A continued to 

secrete IFN-γ to produce effective multifunctional T cells after challenge with HN878 

in the spleen and lungs over time. For this analysis, the adjuvant control group and 

every immunized group were challenged with Mtb and sacrificed at 4 weeks and 12 

weeks post-infection, and the lung cells and splenocytes were stimulated with the 

immunized proteins G- or NG-Ag85A. Compared with the NG-Ag85A-immunized 

group, the G-Ag85A-immunized group showed only approximately 0.85-fold 

secretion of IFN-γ in the lung at 4 weeks post-infection but displayed 1.4-fold 

secretion at 12 weeks post-infection (Fig. 9). Interestingly, IFN-γsecretion in the 

spleen was significantly lower in the G-Ag85A-treated group than in the NG-Ag85A-

treated group at both 4 and 12 weeks post-infection (Fig. 9). To analyze the T cells 

that secreted cytokines after Mtb strain HN878 challenge, we stained spleen and lung 

cells in the same manner as in Figure 6. At 4 weeks post-infection, compared with the 

CAF01/NG-Ag85A-immunized group, the CAF01/G-Ag85A-immunized group 

showed an increased percentage of triple-positive multifunctional CD4+ T cells and 

TNF-α+IL-2+ double-positive cytokine-secreting CD4+ T cells in the lung (Fig. 10A), 

and no differences in the percentage of triple-positive or double-positive CD8+ T cells 

were found between the G-Ag85A- and NG-Ag85A-immunized groups (Fig. 10B). 
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Compared to the CAF01/G-Ag85A-immunized group, the CAF01/NG-Ag85A-

immunized group had 2 times as many IFN-γ+IL2+ CD4+ T cells (NG-Ag85A: 1.26%, 

G-Ag85A: 0.52%) and 4 times as many IFN-γ+ CD4+ T cells (NG-Ag85A: 5.07%, G-

Ag85A: 1.28%) as the CAF01/G-Ag85A-immunized group. However, the 

percentages of every combination of cytokine-secreting CD4+ T cells were balanced 

in the CAF01/G-Ag85A-immunized group but not in the CAF01/NG-Ag85A-

immunized group, and the overall frequency of triple-positive and double-positive 

CD4+ T cells was also higher in the CAF01/G-Ag85A-immunized group than in the 

CAF01/NG-Ag85A-immunized group (Fig. 10C). At 12 weeks post-infection, these 

Ag-specific CD4+ T cell responses in the CAF01/G-Ag85A-immunized group waned, 

which correlated with declines in the bacterial burden and inflammation from 4 weeks 

post-infection (Fig. 11A). In contrast to the Ag-specific CD4+ T cell response, the 

CD8+ T cell responses of the G- and NG-Ag85A-immunized groups in the lung were 

similar at 4 weeks post-infection, but the G-Ag85A-immunized group exhibited more 

triple-positive multifunctional T cells (NG-Ag85A: 0.02%, G-Ag85A: 0.35%) and a 

higher overall portion of poly-functional T cells than the NG-Ag85A-immunized 

group (Fig. 11B, C). The T cell responses of the spleen were similar to those of the 

lungs, and the G-Ag85A-immunized group showed a more potent and balanced 

combination of CD4+ T cell responses than the NG-Ag85A-immunized group at 4 but 

not 12 weeks post-infection (Fig. 12, 13). These results indicated that immunization 

with G-Ag85A could induce a more protective CD4+ T cell response against infection 

with a virulent Mtb strain than could immunization with NG-Ag85A.
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Figure 9. Comparison of the IFN-producing capabilities of lung and spleen cells 

from G-Ag85A- and NG-Ag85A-immunized mice at 4 weeks and 12 weeks post-

challenge with Mtb. Four and twelve weeks post-infection, the mice from each group 

(n = 5-6) were sacrificed, and their lungs (1 x 106 cells) were plated on a microtiter 

plate and restimulated with NG- or G-Ag85A (2.5 μg/ml) for 12 hour at 37°C. The 

IFN-γ levels in the supernatant of the incubated lung and spleen cells were detected 

by ELISA. The data are presented as the means ± SDs from 5 to 6 mice in each group. 

One-way ANOVA was used to determine the significance of the differences. *** p < 

0.001. 
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Figure 10. Ag-specific multifunctional T cell responses in plant-produced G-

Ag85A- and bacteria-produced NG-Ag85A-immunized mice in the early phase of 

Mtb HN878 infection. Four weeks post-infection, the mice from each group were 

euthanized, and their lung cells (1 × 106 cells) were re-stimulated ex vivo with NG-

Ag85A or G-Ag85A (2.5 μg/ml). The percentages of Ag-specific 

CD4+CD62LloCD44hi and CD8+CD62LloCD44hi T cells producing IFN-γ, TNF-α, 

and/or IL-2 among the cells isolated from the lungs of each group of mice were 

analyzed via flow cytometry by gating the cells into CD4+ (A) and CD8+ (B) T cells. 
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One-way ANOVA was used to determine the significance of the differences. The 

means ± SDs (n = 5-6 mice/group) shown are representative of two independent 

experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001. (C) The mean frequencies of 

cells co-expressing IFN-γ, TNF-α, and/or IL-2 are shown in the pie charts. The arcs 

around the pie charts indicate the percentage of T cells that produced multiple 

cytokines. The data are presented as the means ± SDs from 5 to 6 mice in each group. 

Unpaired t-tests were used to determine the significance of the differences in the 

percentage of poly-functional T cells between the G-Ag85A- and NG-Ag85A-

immunized groups. 
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Figure 11. Ag-specific multifunctional T cell responses in plant-produced G-

Ag85A- and bacteria-produced NG-Ag85A-immunized mice in the late phase of 

Mtb HN878 infection. Twelve weeks post-infection, the mice from each group were 

euthanized, and their lung cells (1 × 106 cells) were re-stimulated ex vivo with NG-

Ag85A or G-Ag85A (2.5 μg/ml). The percentages of Ag-specific 

CD4+CD62LloCD44hi and CD8+CD62LloCD44hi T cells producing IFN-γ, TNF-α, 

and/or IL-2 among the cells isolated from the lungs of each group of mice were 
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analyzed via flow cytometry by gating the cells into CD4+ (A) and CD8+ (B) T cells. 

The data are presented as the means ± SDs from 5 to 6 mice in each group. The means 

± SDs (n = 5-6 mice/group) shown are representative of two independent experiments. 

One-way ANOVA was used to determine the significance of the differences. * p < 

0.05, ** p < 0.01, and *** p < 0.001. (C) The mean frequencies of cells co-

expressing IFN-γ, TNF-α, and/or IL-2 are shown in the pie charts. The arcs around the 

pie charts indicate the percentage of T cells that produced multiple cytokines. The 

data are presented as the means ± SDs from 6 mice in each group. Unpaired t-tests 

were used to determine the significance of the differences in the percentage of poly-

functional T cells between the G-Ag85A- and NG-Ag85A-immunized groups. 
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Figure 12. Ag-specific multifunctional T cell responses in the spleens of G-

Ag85A- and NG-Ag85A-immunized mice in the early phase of Mtb HN878 

infection. Four weeks post-infection, the mice from each group (n = 5-6) were 

euthanized, and their spleen cells (2 × 106 cells) were restimulated ex vivo with NG-

Ag85A or G-Ag85A (2.5 μg/ml). The percentages of Ag-specific 

CD4+CD62LloCD44hi and CD8+CD62LloCD44hi T cells producing IFN-γ, TNF-α, 

and/or IL-2 among the cells isolated from the lungs of each group of mice were 
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analyzed via flow cytometry by gating the cells in to CD4+ (A) and CD8+ (B) T cells. 

The data are presented as the means ± SDs from 5 to 6 mice in each group. One-way 

ANOVA was used to determine the significance of the differences. * p < 0.05, ** p < 

0.01, and *** p < 0.001. (C) The mean frequencies of cells coexpressing IFN-γ, TNF-

α, and/or IL-2 are shown in the pie charts. The arcs around the pie charts indicate the 

percentage of T cells that produced multiple cytokines. The data are presented as the 

means ± SDs from 6 mice in each group. Unpaired t-tests were used to determine the 

significance of the differences in the percentage of poly-functional T cells between 

the G-Ag85A- and NG-Ag85A-immunized groups. n.s., not significant; *** p < 

0.001. 
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Figure 13. Ag-specific multifunctional T cell responses in the spleens of G-

Ag85A- and NG-Ag85A-immunized mice in the late phase of Mtb HN878 

infection. Twelve weeks post-infection, the mice from each group (n = 5-6) were 

euthanized, and their spleen cells (2 × 106 cells) were restimulated ex vivo with NG-

Ag85A or G-Ag85A (2.5 μg/ml). The percentages of Ag-specific 

CD4+CD62LloCD44hi and CD8+CD62LloCD44hi T cells producing IFN-γ, TNF-α, 

and/or IL-2 among the cells isolated from the lungs of each group of mice were 

analyzed via flow cytometry by gating the cells into CD4+ (A) and CD8+ (B) T cells. 
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The data are presented as the means ± SDs from 5 to 6 mice in each group. One-way 

ANOVA was used to determine the significance of the differences. * p < 0.05, ** p < 

0.01, and *** p < 0.001. (C) The mean frequencies of cells coexpressing IFN-γ, TNF-

α, and/or IL-2 are shown in pie charts. The arcs around the pie charts indicate the 

percentage of T cells that produced multiple cytokines. The data are presented as the 

means ± SDs from 6 mice in each group. Unpaired t-tests were used to determine the 

significance of the differences in the percentages of poly-functional T cells between 

the G-Ag85A- and NG-Ag85A-immunized groups. n.s., not significant; *** p < 

0.001. 
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Figure 14. Acid-fast staining of lung tissues from vaccinated mice infected with 

Mtb HN878. Four weeks after the final immunization, control mice, BCG-, NG-

AG85A- and G-Ag85A-immunized mice were challenged with 70 CFUs of the Mtb 

HN878 strain via the aerosol route. Four and twelve weeks after challenge, the 

superior right lung lobe of each lung was isolated, fixed and stained with the Ziehl-

Neelsen reagent for analyzing acid-fast bacilli. 5 to 6 mice were analyzed, and 

representative slides are shown (magnification, X 400: Scale bar = 50 m). 
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Table 1. Nucleotide sequences of the primers used in this study 

Primer Name Sequence (5’ to 3’) 

Ag85A-F cccgggatgacgacgataagtttagccggcctggcctgcctgtg  

Ag85A-R gagctcatcgtgggcgccctgaggagcagggccggt  

CBM3-F ggatcctctacccatacgatgttccagattacgctccggtatcaggtaaccttaaggtg  

CBM3-R cccgggctttcgctgcagcttccttagcggctgcctcaccaggttcctttccccacactag  

F: forward primer. R: reverse primer. 
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IV. DISCUSSION 

Although many TB vaccine Ags, such as Ag85B and ESAT-6, have been produced 

in different transgenic plant systems,21,22,52 substantial protective vaccine efficacy has 

not been fully achieved after virulent Mtb challenge in preclinical animal models. To 

the best of our knowledge, the current study provides the first clear demonstration that 

the well-known TB vaccine Ag candidate Ag85A, after its glycosylation and 

production in a plant system, exhibits better potential for long-term protection against 

Mtb infection than does NG-Ag85A purified from E. coli. 

Here, we selected a canonical plant binary vector for the expression of Mtb Ag 

instead of a viral vector because of easy manipulation. Although the viral vector is a 

powerful tool for the high expression of proteins, the binary vector is still one of the 

options for protein expression in plants. In this study, we obtained enough Mtb Ag 

protein by co-expressing the gene silencing suppressor p38. In addition, during the 

production of Mtb Ags in plants, one of the most crucial steps is an easy and efficient 

purification, unless the aim is the oral administration of plants expressing Ag proteins. 

In fact, in most cases of recombinant protein production, the purification process is 

the rate-limiting step. Thus, the development of a cost-effective purification system is 

important. For easy purification, two important components are an affinity tag and a 

low-cost matrix for the binding of the tag. CBM3 is a cellulose-binding domain of 

Clostridium thermocellum that shows high affinity for MCC.39,53 In the current study, 

we used CBM3 as an affinity tag, and the CBM3-Ag85A fusion protein was 

specifically and strongly bound to MCC beads (Fig. 1B). After binding to MCC beads, 
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Ag85A was released from the recombinant Ag85A fusion protein by proteolytic 

cleavage using enterokinase. Enterokinase specifically recognizes the sequence Asp-

Asp-Asp-Asp-Lys and cleaves at a site in the C terminus, thereby leaving no 

additional residues on the C-terminally fused target protein.45 The 35-kDa protein 

species was larger than the calculated molecular mass, which indicated that Ag85A 

was post-translationally modified by the plant system. Indeed, treatment with Endo-H 

or PNGase F decreased the size, which indicated that the protein was N-glycosylated 

(Fig. 1D). In fact, Mtb is considered to undergo only O-glycosylation;54 however, 

very recently, Birhanu et al. investigated 2,944 glycosylation events discovered in 

1,325 proteins and reported that approximately 17% of the glycosylation sites were N-

glycosylated.55 These data provide the first report of N-linked protein glycosylation in 

Mtb, including Ag85B and Ag85C, which have similar structures and functions to 

those of Ag85A. In addition, Spencer et al. demonstrated that the Ag85A produced in 

chick embryo fibroblasts using poxvirus shuttle vector had an additional molecular 

weight of approximately 45 kDa due to N-linked glycosylation.46 Although the 

glycosylation of Ag85A has not been experimentally verified, several (at least three) 

N-linked glycosylation sites have been predicted in Ag85A 

(http://www.cbs.dtu.dk/services/NetNGlyc/). Because E. coli-produced Ag85A has no 

modifications, such as glycosylation or lipidation, plant-produced G-Ag85A might 

induce immune responses that are different from those induced by E. coli-produced 

Ag85A.56 

In this study, G-Ag85A expressed in N. benthamiana induced a greater Ag-specific 
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IFN-γ response in the lung cells of infected mice than that induced by NG-Ag85A 

expressed in E. coli (Fig. 3). These results suggested that G-Ag85A might be better 

recognized by the host immune system than NG-Ag85A, which means that G-Ag85A 

might be more similar to Ag85A produced from Mtb than NG-Ag85A. Even though 

we did not analyze the structure of glycosylation of Ags, there is possibility that the 

discrepancy of recognition between NG-Ag85A and G-Ag85A on Mtb infection may 

due to the similarity of glycosylation on Ag85A from Mtb and G-Ag85A from N. 

benthamiana, and further research is needed. And this might exhibit more effective 

vaccine Ag potential against Mtb. The position of glycans on proteins57 or the length 

and size of carbohydrate chains58,59 could affect the processing of Ags because 

glycosylation could affect the protein cleavage pattern by proteases, and glycosylation 

could change immunodominant T cell determinants or epitope recognition.60 

Therefore, these alterations induced by glycosylation could be the reason for the 

increased recognition of G-Ag85A by Ag-specific immunity compared to that of NG-

Ag85A. In addition, the role of Ag-presenting cells (APCs) is important for the 

development of a cellular immune response through vaccines. Glycosylation has been 

shown to be effective as a vaccine or adjuvant because of its ability to alter the 

response to Ags by signaling through the C-type lectin receptors (CLRs) of APCs, 

such as dendritic cells (DCs) and macrophages.61-63 These reports have suggested that 

the different immune responses observed in our study could have resulted from the 

presence or absence of glycosylation in two identical proteins. In addition, compared 

with NG-Ag85A-treated BMDCs, G-Ag85A-stimulated BMDCs exhibited increased 
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levels of T cell proliferation and IFN-γ secretion (Fig. 3). Thus, glycosylation might 

give Ag85A the capability to induce a different T cell response through APCs, such as 

DCs, and this ability could explain the discrepancy in the protective efficacy between 

G-Ag85A and NG-Ag85A immunization. On the other hand, there is a possibility that 

glycosylation of Ag could have no effect or negative effects on vaccine efficacy. In 

one study, glycosylation did not alter the immunological activity of the TB10.4 

protein but glycosylated Ag85B exhibited significantly decreased T cell responses 

than non-glycosylated Ag85B but not B cell responses.26 This study suggests that the 

effectiveness of a vaccine with glycosylated Ag could vary for each protein.  

We evaluated the protective efficacy of G-Ag85A and NG-Ag85A immunization 

against Mtb HN878 in a mouse model. At 4 weeks post-infection, the lung-inflamed 

lesions or bacterial burdens of lung tissues from both the G-Ag85A- and NG-Ag85A-

immunized groups were similar to those of the BCG-immunized group (Fig. 8). 

However, after 12 weeks post-infection, the G-Ag85A-immunized group showed the 

lowest bacterial burdens in lung and spleen, and lung-inflamed lesions were decreased 

compared to those in the non-immunization control group but not to those in the NG-

Ag85A-immunized group. We performed acid-fast staining to visualize the efficacy of 

immunization (Fig. 14). The infection control group had a few acid-fast bacilli only, 

and those acid-fast bacilli were hardly seen in the BCG-, NG-Ag85A- and G-Ag85A-

immunized groups at 4 weeks post-infection. Acid-fast bacilli were detected in all the 

groups at 12 weeks post-infection; however, since some samples were negative for 

acid-fast staining, it was difficult to compare the protective efficacy of each 



  

 145   

 

immunization by acid-fast staining. This low detection of acid-fast bacilli may be due 

to low bacterial load in lung tissues. Ziehl-Neelsen staining has a detection limit of 

104 mycobacteria per slide or per mL64,65 and low sensitivity66 to identify 

mycobacteria. In addition, only the infection control group with significant bacterial 

burden (more than 5 log10) was positive for acid-fast staining at 4 weeks post-

infection, but all the groups were positive for acid-fast staining at 12 weeks post-

infection when the bacterial burden increased (Fig. 8C, D). In this study, histological 

findings indicated that the lung pathology did not correlate with mycobacterial 

replication. Compared with the non-immunized mice, the 3 groups of immunized 

mice showed reduced inflamed areas and extent of granulomatous inflammation at 4 

weeks and 12 weeks post-infection. This result is consistent with the report of 

Dannenberg.67 Actually, the G-Ag85A group showed more potent protective effect in 

reducing mycobacterial replication in the lungs than the BCG or NG-Ag85A groups. 

Although a clear protective correlation has not been fully proven, the 

multifunctional Th1 T cell response has been shown to be associated with protection 

against Mtb infection in mouse models.
68-72

 In addition, a continuous decrease in the 

multifunctionality of T cells has been correlated with a decrease in the protection 

against Mtb infection in a mouse model.51 Thus, we compared CD4+ Th1 T cells that 

simultaneously secreted two or three cytokines (IFN-γ, TNF-α and IL-2) following 

immunization with G-Ag85A or NG-Ag85A. Consequently, the percentage of poly-

functional CD4+ T cells that secreted more than one cytokine was higher and more 

balanced in the G-Ag85A-immunized group than in the NG-Ag85A-immunized group 
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at 4 weeks post-infection (Fig. 10). Long-lasting IFN-γ expression (Fig. 9) was 

detected in the G-Ag85A-immunized group, and these results support the protective 

efficacy of G-Ag85A on lung pathology and bacterial load. 

Although CD4+ T cells that produce IFN-γ are considered indispensable for TB 

protection, the relative importance of CD8+ T cells has been underestimated. Recent 

studies, however, have shown that CD8+ T cells contribute to TB.73 Mtb induces an 

immune evasion mechanism that inhibits the recognition of Mtb Ag TB10.4 by CD8+ 

T cells during macrophage infection.74 The depletion of CD8+ T cells impaired BCG 

vaccination-induced immunity and protection against Mtb in a nonhuman primate 

model.75 In another BCG vaccine model, human alveolar lining fluid-exposed BCG 

exhibited higher TB vaccine efficacy than the NaCl-BCG vaccine, and the protection 

was correlated with the number of memory CD8+ T cells and the number of CD8+ T 

cells with the potential to produce IFN-γn addition, this protective effect lasted until 

approximately 250 days post-infection.76 These results suggest that the lung poly-

functional CD8+ T cells induced by G-Ag85A immunization might play an important 

role in the protection against Mtb infection, at least until 12 weeks post-infection in 

our study (Fig. 11B, C). In addition, a greater difference between G-Ag85A- and NG-

Ag85A-stimulated BMDCs in terms of their ability to promote T cell proliferation 

was observed in CD8+ T cells than in CD4+ T cells. These results indicate that the 

glycosylation of Ag85A resulted in activation of the CD8+ T cell response and might 

help explain the protective effect of G-Ag85A immunization observed at 12 weeks 

post-infection. 



  

 147   

 

In our study, the effects of G-Ag85A and NG-Ag85A immunization did not exhibit 

any differences at 4 weeks post-infection, but G-Ag85A immunization, unlike NG-

Ag85A immunization, exhibited protective effects in the lung and spleen at 12 weeks 

post-infection (Fig. 8). However, these results did not correlate with the differences in 

the Ag-specific multifunctional CD4+ T cell response at 4 weeks post-infection 

observed between G-Ag85A and NG-Ag85A immunization. This discrepancy is 

thought to be the result of the snapshots provided by only studying the time points of 

4 and 12 weeks post-infection, and the protective CD4+ T cell response that developed 

up to 4 weeks post-infection appears to affect later time points (12 weeks post-

infection) rather than earlier time points. In addition, the CD8+ T cell response 

induced by G-Ag85A immunization at 12 weeks post-infection involved a higher 

multifunctional CD8+ T cell response than that induced by NG-Ag85A immunization, 

which correlated with the bacterial growth and lung inflammation. Notably, the 

synergy between CD4+ and CD8+ T cells suggests that a vaccine that induces both T 

cell subsets has the best opportunity to prevent TB. Recently, Moguche et al. 

demonstrated differential responses of CD4
+
 T cells to two leading TB vaccine Ags, 

Ag85B and ESAT-6, in a mouse model.77 They reported that the functional exhaustion 

induced by chronic antigenic stimulation-driven CD4+ T cells with a substantial 

proportion of KLRG1+ cells restricts the protective ability of CD4+ T cells to 

recognize ESAT-6, whereas Ag85B-specific T cells exhibit a limited ability to control 

Mtb infection by reducing Ag expression during persistent Mtb infection. These 

results suggest that different vaccination strategies will be required to achieve optimal 
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protection mediated by the recognition of Ags expressed at distinct stages of Mtb 

infection by T cells. Similar to Ag85B, Ag85A is exclusively expressed during the 

early infection phase, but its expression is reduced during the late phase of Mtb 

infection. Interestingly, the maintenance of multifunctional Th1 T cell responses and 

the switching of CD4+ T cells to CD8+ T cells are associated with the long-term 

protective efficacy of G-Ag85A immunization in mice. Although we are unable to 

define how this switching occurred in the current study, our data have important 

implications for the rational design of TB vaccines tailored to optimizing the 

protection conferred by specific CD4+ T cells that recognize Ags expressed at distinct 

stages of Mtb infection. 
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V. CONCLUSION 

Compared with NG-Ag85A, G-Ag85A induced a strong IFN- response in the lung 

cells of Mtb-challenged mice, and G-Ag85A matured BMDCs resulted in enhanced T 

cell proliferation with IFN- secretion compared to NG-Ag85A matured BMDCs. In 

addition, vaccination with G-Ag85A induced robust, durable, Ag-specific, and 

balanced Th1 T cell responses, and ultimately conferred enhanced protection against 

Mtb HN878. However, the association between Ag glycosylation and the 

immunological responses induced by G-Ag85A and NG-Ag85A has not yet been 

clearly established. Therefore, further investigations with glycosylation of other Mtb 

Ags are necessary to confirm this relationship.  

Collectively, our results suggest that post-translationally modified Ag85A, which 

might mimic the native form of Ag85A produced in a plant system, has high potential 

as a vaccine Ag by generating balanced Th1 T cell responses with multifunctional 

capacities. In addition, vaccination through the combination of G-Ag85A with other 

Ags or its application as a BCG booster could be an effective strategy to increase 

vaccine efficacy, which might provide new opportunities for the future development 

of anti-TB vaccines. 
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I. INTRODUCTION 

Tuberculosis (TB), a notorious infectious disease caused by Mycobacterium 

tuberculosis (Mtb), remains a major public health threat in the 21st century. This 

highly successful, human-adapted pathogen causes approximately 1.2 million yearly 

deaths as a single infectious agent along with 10.0 million new cases in 2018. T cell-

mediated immunity is generally reported to be one of the most critical factors for 

controlling this harmful pathogen. However, Mtb actively delays adaptive T cell 

responses after initial infection.1 The accumulation of activated CD4+ T cells in the 

lungs is delayed between 14 and 21 days after Mtb infection in murine models.1,2 This 

delay is considered to be due to Mtb-mediated inhibition of early antigen presentation 

by antigen-presenting cells (APCs).3-5 Interestingly, active pulmonary TB patients 

present a lower frequency of dendritic cells (DCs) with decreased major 

histocompatibility complex (MHC) class II, and B7.1 expression than healthy control 

or latent TB patients,6 and this frequency increases in peripheral blood following 

chemotherapy.7 In addition, Mtb evades immune mechanisms by inhibiting Ag 

presentation of draining lymph node migrated DCs.
5
 These reports indicate that DCs 

could be a crucial target for controlling Mtb via a vaccine or therapy by enhancing Ag 

delivery for optimal T cell responses. 

Bacillus Calmette–Guérin (BCG) is currently the only permitted vaccine against 

tuberculosis (TB) and has been administered worldwide. However, clinical trials and 

subsequent meta-analyses revealed that the protective immunity afforded by BCG is 

thought to wane with time and considered to last only through the adolescent years.8 
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Based on TB animal model results, BCG vaccination is posited to push T cell 

differentiation towards effector T cells, which fail to induce long-lasting memory T 

cell immunity against Mtb infection. This hypothesis could explain the decreasing 

efficacy of the BCG vaccine over time.9,10 However, considering the global 

availability of BCG and the absence of a vaccine with better stability than BCG, it is 

rational to improve and use this vaccine. To overcome the incomplete efficacy of 

BCG, various booster vaccinations with Mtb Ags or Mtb Ags-producing bacteria after 

primary immunization with BCG have been studied as methods for increasing vaccine 

efficacy against Mtb infection.11-13 Recent studies have shown that aerosol,14 

intratracheal,15 or intravenous16 vaccination with BCG could elicit an increase in its 

protective efficacy against Mtb infection versus a subcutaneous route of 

administration. Alternative routes of BCG vaccination produced increased BCG 

concentrations in lung tissues and bronchoalveolar lavage (BAL) fluid with increased 

numbers and responsiveness of CD4 and CD8 T cells compared with subcutaneous 

BCG vaccination.   

Therapy for active TB patients and preventing reactivation are essential approaches 

for controlling the disease. Specifically, shortening the dosage period has been studied, 

because current chemotherapy with antibiotics accompanies high costs and adverse 

side-effects.17 Along with the development of a new class of anti-TB agents, 

immunotherapeutic vaccines have recently attracted widespread attention as 

alternative strategies for controlling TB.13,18 This type of immunotherapeutic vaccines 

has been used in combination with antibiotics to shorten treatment duration and to 
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prevent reactivation of latent TB.13,18 Recently, some prophylactic TB vaccine 

candidates have been evaluated for use as therapeutic vaccines, and some vaccines 

have been developed as therapeutic vaccines from the outset. For example, 

Mycobacterium indicus pranii (MIP), H56 (Ag85B, ESAT-6, Rv2660c) and RUTI 

(Mtb fragment) are the most advanced therapeutic TB vaccine candidates that could 

induce strong protective T cell immunity against Mtb infection.19-21 ID93+GLA-SE 

vaccination produces protective efficacy with rifampicin (RIF, R) and isoniazid (INH, 

H) treatment in a non-human primate model.22 Compared with a drug-only treatment 

group, ID93/GLA-SE with drug treatment could elicit IFN-, IL-2, TNF-, and 

granulocyte-macrophage colony-stimulating factor (GM-CSF) producing T cell 

responses that are continuously increased until 10 weeks after drug treatment, and 

allow additive survival.23 These studies show that Ag delivery through an adjunctive 

therapeutic vaccine helps to construct an immunological environment that 

complements antibiotic therapy. Therefore, efficient Ag delivery via APCs could 

affect therapeutic effects. Recently, although INH is indispensable to contemporary 

anti-TB drug therapy regimens, it has been suggested that INH induces CD4 T cell 

apoptosis and vulnerability to reactivation and reinfection following treatment.24 

These results highlight the importance of immunotherapy in anti-tuberculosis 

treatment.  

Considering recurrent TB, DCs could be as crucial to anti-TB therapy as vaccine-

induced immunity; however, supporting research has not been widely conducted. 

MIP-therapy as an adjunct to chemotherapy resulted in higher numbers of 



  

 166   

 

lymphocytes and activated antigen-presenting cells such as DCs in the infected 

lungs,19 but, in the course of TB treatment with antibiotics, research on improving 

treatment efficiency via immune factors, especially dendritic cells, has not been 

widely conducted. 

GM-CSF is a growth factor that acts on myeloid cells at all stages of 

differentiation.25 Initially, high levels of GM-CSF bioactivity in the mouse lung were 

observed, therefore lung tissues was regarded as the source of GM-CSF. Alveolar 

macrophages and epithelial cells are known as significant sources of GM-CSF in the 

lung.26 Because GM-CSF-deficient mice are susceptible to tuberculosis infection, 

overexpression of GM-CSF in lung epithelial cells of GM-CSF deficient mice has 

been performed, but the effects of GM-CSF deficiency only partially improved.27 

Recently, it has been confirmed that GM-CSF steadily increases during Mtb infection 

and is primarily secreted from non-conventional T cells during the early phase of 

infection and subsequently secreted by conventional CD4+ T cells.28 In addition, it 

was reported that the permissiveness and bactericidal ability of macrophages against 

Mtb were deeply implicated with the GM-CSF signal. GM-CSF mediated bactericidal 

effects correlate with increased phagolysosomal maturation.29 Since GM-CSF is a 

factor differentiating DCs along with FMS-like tyrosine kinase 3 ligand (FLT3L), 

there have been constant attempts with anti-TB vaccines and still have the potential 

for effective TB control.   

Mtb and BCG have immune evasion mechanisms that impair effective Ag delivery 

and optimal interaction between DCs-T cells for protective immunity development..30-
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33 These mechanisms hinder effective prophylactic and therapeutic vaccination against 

Mtb infection. In this study, to improve the supplementation of Ags and subsequent 

interaction between DCs and T cells, we used mature DCs with Mtb-culture filtrate 

antigens (CFA), which have the advantage of inducing a varied T cell repertoire, 

similar to whole cell-based vaccines. We measured the efficacy of CFA-matured DCs 

on BCG vaccination efficacy and a therapeutic vaccine with antibiotic treatment in an 

Mtb- infected mouse model. 
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II. MATERIALS AND METHODS 

1. Animals 

After obtaining permission for the experiments, specific pathogen-free (SPF) 

female C57BL/6J mice at 6–7 weeks of age were purchased from Japan SLC, Inc. 

(Shizuoka, Japan). All mice used in this study were maintained under quarantine 

conditions housing in an ABSL-3 facility at the Avison Biomedical Research Center 

in the Yonsei College of Medicine. The animals were fed a sterile commercial mouse 

diet and provided water ad libitum.  

 

2. Reagents  

Recombinant mouse GM-CSF and IL-4 were purchased from R&D Systems 

(Minneapolis, MN). FLT3L expressed in a CHO cell line was kindly provided by C.G. 

Park Ph.D., Yonsei University. Dr. Brennan at Aeras (Rockville, MD) kindly provided 

purified protein derivative (PPD). INH, RIF, and clofazimine (CFZ, C) were 

purchased from Sigma-Aldrich (St. Louis, MO). All other reagents and solvents were 

purchased from Sigma-Aldrich.  

 

3. Bacterial cultures and the preparation of culture filtrate antigens  

M. bovis BCG (Pasteur 1173P2) was kindly provided by Dr. Brosch at the Pasteur 

Institute (Paris, France). The Mtb H37Rv (ATCC 27294) strain was obtained from the 

American Type Culture Collection (ATCC, Manassas, VA). The Mtb K strain was 

obtained from the strain collections at the Korean Institute of Tuberculosis (KIT, 
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Osong, Chungchungbuk-do, Korea) and MDR-Mtb A008, Erdman, and HN878 were 

obtained from the International Tuberculosis Research Center (ITRC, Changwon, 

Gyeongsangnam-do, Korea). The mycobacterial strains used in this study were 

cultured, as described previously.34 The enumerated mycobacteria were used for the 

subsequent experiments. For the preparation of culture filtrate antigens of Mtb, the 

bacteria were cultured in WR broth, and the WR broth was removed by centrifugation 

at 30,000 × g for 30 min, followed by filtration (0.2 μm pore size, Nalge Nunc, 

Rochester, NY USA), as described previously35. Following this, the filtrate was 

concentrated 40–50-fold using a Centricon Plus apparatus (Millipore, Billerica, MA 

USA), and dialyzed in 10 mM phosphate-buffered saline (PBS, pH 7.2) using a Slide-

A-Lyzer dialysis cassette (Pierce, Rockford, IL USA).  

 

4. Generation and preparation of bone marrow-derived DC subsets 

Immature mouse bone marrow-derived DCs (BMDCs) were generated by 

stimulation with GM-CSF/IL-4 (DCGM-CSF) or with the FLT3 ligand (DCFLT3L). DCGM-

CSF was generated as previously described.36 For DCFLT3L culture, BM-cells cells were 

re-suspended at a concentration of 4 × 106 cells in medium containing 300 ng/ml of 

recombinant mouse FLT3 ligand expressed in CHO cells. After 5 days, fresh media 

containing 300 ng/ml of FLT3L was added and harvested at day 8, and isolated into 

CD11b+ (DCFLT3L-1) and CD11b- DCs (DCFLT3L-2) subpopulations for experiments. 

DCFLT3L-1 was sorted from 8-day cultured DCFLT3L using anti-CD11b microbeads 
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(Miltenyi Biotec, Cambridge, MA), and the unlabeled cells were collected and labeled 

with anti-MHC Class II microbeads (Miltenyi Biotec, Cambridge, MA) for isolation 

of DCFLT3L-2. The DCs were either pulsed 24 hours with 50 μg/ml of Mtb-CFA or 

untreated to prepare DCs for adoptive transfer and in vitro experiments. After 24 

hours of incubation, DCs were washed three times in PBS to remove soluble and 

passively absorbed antigens. After the final washing and cell count, the DC volume 

was adjusted to 5 × 106 cells/ml in PBS and intravenously injected at a volume of 0.2 

ml (1 × 106 cells/mouse). 

 

5. In vivo Mtb challenge in mice, and BCG vaccination boosted with BMDCs 

To evaluate the immunity-boosting effect of CFA-matured DCs, we conducted in 

vivo experiments with various strains of Mtb. The mice were exposed to a 

predetermined dose of multiple strains of Mtb for 60 min in an inhalation chamber of 

an airborne infection apparatus (Glas-Col, Terre Haute, IN, USA).37 For the BCG 

vaccine boosting experiments, mice were subcutaneously immunized with 2 × 105 of 

BCG/mouse were immunized in subcutaneous route 6 or 9 weeks before the Mtb 

challenge. Three days before Mtb infection, DCs under the indicated conditions for 

each experiment were injected via intravenous (IV) route. Subsequently, a challenge 

of approximately 150 CFU of the H37Rv Mtb strain and ~ 200 CFU of Erdman, 

HN878, or the Mtb K strain per mouse was administered for each experiment. For the 

lethal-dose and ultra-low-dose Mtb challenge experiments, 1 × 105 CFU/mouse and 

~20 CFU/ mouse of Mtb K were administered, respectively.  
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6. In vivo immunotherapy and reactivation experiments  

For immunotherapy and reactivation experiments, approximately 200 CFU of the Mtb 

K and MDR-TB strains (A008) were administered using the same methods as the 

BCG booster vaccine experiments. In an adjunctive immunotherapy model, mice 

were IV administrated CFA-DCGM-CSF four times during a 4-week antibiotics 

treatment with INH (25 mg/kg) and RIF (10 mg/kg) administered ad libitum in 

drinking water (changed once every 2 days) 4 weeks post-infection. The bacterial 

burden, and lung and spleen cells were then collected from Mtb K-infected mice at 12 

weeks post-infection. In reactivation experiment with modified Cornell model 

reactivation experiment, mice were aerosol-challenged with Mtb K, and mice were IV 

immunized four times with CFA-DCGM-CSF at 11, 12, 13, and 14 weeks post-infection. 

The antibiotics (INH+RIF) were orally administered in drinking water from 4 weeks 

to 12 weeks post-infection. The bacterial burden was evaluated 23 or 35 weeks post-

infection. In the therapeutic model with MDR-TB, mice were aerosol-challenged with 

the MDR-TB strain (A008), and IV immunized four times with CFA-DCGM-CSF at 11, 

12, 13, and 14 weeks of post-infection. The antibiotics (HR) were orally administered 

ad libitum in drinking water, and CFZ was orally administered daily (20 mg/kg) via 

oral gavage from 4 weeks to 14 weeks post-infection. The bacterial burden was 

evaluated at 19 and 24 weeks post-infection. 

 

7. Flow cytometry analysis of cell surface molecule expression and intracellular 
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cytokine staining 

Cells were stained with fluorochrome-conjugated antibodies against MHC class I 

(PE), MHC class II (PE), CD11b (PerCP-cy5.5), CD80 (APC), CD86 (APC), CD11c 

(PE-Cy7) (eBioscience, San Diego, CA, USA), CD40 (FITC), and CD103 (Alexa488) 

(Biolegend, San Diego, CA) for cell surface molecule identification. The cells were 

suspended in PBS and analyzed with Cytoflex (Beckman-Coulter, Pasadena, CA, 

USA) or LSR-Fortessa-X20 (Becton-Dickinson, USA). Single cells from animal 

experiments were generated by enzymatic digestion with collagenase as previously 

described.38 Single-cell suspensions from the spleen, lungs and the mediastinal lymph 

node (MLN) of immunized mice were stimulated with purified protein derivative 

(PPD) (2 μg/ml) or ESAT-6 protein (1 μg/ml) for 12 hours at 37°C in the presence of 

GolgiPlug (eBioscience). For multifunctional T cells analysis, dead cells were 

identified by staining with a LIVE/DEADTM Fixable Near-IR Dead Cell Stain Kit 

(Molecular Probes, Carlsbad, CA, USA), and surface molecules of live cells were 

stained with fluorochrome-conjugated antibodies to CD4 (PerCP-Cy5.5), CD44 

(V450) (eBioscience), CD8 (BV786), and Thy1.2 (BV605) (BD bioscience). After 

washing with PBS, the cells were fixed and permeabilized with Cytofix and 

Cytoperm (BD Biosciences, San Jose, CA, USA) for 30 min at 4°C.  The 

permeabilized cells were washed twice with Perm/Wash (BD Biosciences, San Jose, 

CA, USA) and stained with TNF-α (APC), IL-2 (PE-Cy7) (eBioscience), and IFN-γ 

(PE) (BD bioscience) as previously described.38 For memory T cell analysis, dead 

cells were identified by staining with a LIVE/DEADTM Fixable Aqua Dead cell stain 
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Kit, and live cells were stained with fluorochrome-conjugated antibodies to CD4 

(PerCP-Cy5.5), CD8 (APC-Cy7), CD44 (PE), CD127 (APC) (eBioscience), and 

Thy1.2 (BV605) (BD Bioscience). 

 

8. Cytokine assays   

PPD-specific IgG1 and IgG2c titers in serum were measured as an indicator of 

antigen-specific type 1 or type 2 immune responses, respectively. Briefly, plates were 

coated with 2 μg/ml of PPD, and HRP-conjugated antibodies against IgG1 or IgG2c 

were used as secondary antibodies. After stopping the reaction, the plates were read 

within 30 min at 495 nm in an ELISA microplate reader. 

 

9. Antibody titers in serum 

PPD-specific IgG1 and IgG2c titers in serum were measured as an indicator of 

antigen-specific type 1 or type 2 immune responses, respectively. Briefly, plates were 

coated with 2 μg/ml of PPD, and HRP-conjugated antibodies against IgG1 or IgG2c 

were used as secondary antibodies. After stopping the reaction, the plates were read 

within 30 min at 495 nm in an ELISA microplate reader. 

 

10. Bacterial counts and histopathology 

The numbers of viable bacteria in the lungs and the spleens of the mice were 

evaluated by plating organ homogenates on Middlebrook 7H10 agar (Becton 

Dickinson, Franklin Lakes, NJ, USA) supplemented with 10% OADC enrichment 
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medium as previously described.39 Lung samples collected for histopathology were 

preserved overnight in 10% normal buffered formalin, embedded with paraffin, sliced 

into 4–5-mm-thick sections, and stained with hematoxylin-eosin (H&E). The superior 

lobes of the right lung were stained with H&E to assess the severity of inflammation. 

The level of inflammation in each lung image was evaluated using ImageJ software 

(ImageJ, National Institute of Health, Bethesda, MD, USA) as previously described.40 

For these analyses, the image was converted to grayscale, and the inflamed and 

uninflamed areas were marked in black and white, respectively. Percentages of the 

inflamed sections of the lungs were determined using ImageJ software. 

 

11. Statistical analyses 

The significance of differences between two groups was determined using unpaired 

Student's t-tests, and the significance of differences between three or more groups was 

evaluated using one-way ANOVA followed by the Dunnett's multiple comparison test 

using statistical software (GraphPad Prism Software, version 5.01; San Diego, CA, 

USA). *p < 0.05, **p < 0.01 and ***p < 0.001 were considered statistically 

significant. 

 

12. Study approval 

All animal studies were performed under the Korean Food and Drug 

Administration (KFDA) and the Korea Centers for Disease Control and Prevention 

(KCDC) guidelines. The experimental protocols used in this study were reviewed and 
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approved by the Ethics Committee and Institutional Animal Care and Use Committee 

(Permit Number: 2015-0273, 2016-0304) of the Laboratory Animal Research Center 

at Yonsei University College of Medicine (Seoul, Korea). 
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III. RESULTS 

1. BMDCs differentiated with GM-CSF maximize the boosting effect of BCG 

vaccination in the early phase of Mtb infection 

To probe the appropriate DC subset for BCG booster vaccine, we generated DC 

subsets from mouse bone marrow cells with GM-CSF or FLT3L. At least three 

different subpopulations were detected from bone marrow DCs generated in the 

presence of FLT3L: plasmacytoid DCs, XCR1-CD11b+ DCs (DCFLT3L-1) and 

XCR1+CD11b- DCs (DCFLT3L-2), which have phenotypes similar to conventional DCs. 

The DCFLT3L-1 and DCFLT3L-2 were sorted using a magnetic cell sorting system (Fig. 1A, 

B). We stimulated three different subsets of DCs (DCGM-CSF, DCFLT3L-1, and DCFLT3L-2) 

with 50 g/ml of Mtb-CFA for 24 hours, and characterized phenotypes and cytokine 

production profiles (Fig. 1C-E). CFA-matured DCGM-CSF (CFA-DCGM-CSF) secreted the 

most profound quantities of cytokines and surface molecules compared with CFA-

matured DCFLT3L-1 (CFA-DCFLT3L-1) and CFA matured DCFLT3L-2 (CFA-DCFLT3L-2) (Fig. 

1C-E). Overall, these results suggested that Mtb-CFA induces functional maturation 

of DCs, which were highly reactive in DCGM-CSF. 

To test the boosting effect of DCs on BCG vaccination against Mtb infection, we 

subcutaneously vaccinated mice with BCG, and 1 x 106 cells of CFA-DCGM-CSF, CFA-

DCFLT3L-1 or CFA-DCFLT3L-2 were inoculated individually into mice at 6 weeks after 

BCG vaccination. After 3 days, mice were challenged with H37Rv, and lung 

histopathology and bacterial growth in the lungs were analyzed at 6 weeks post-
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infection (Fig. 2A). Every group receiving BCG vaccination showed reduced 

pathological lesions in the lungs at 6 weeks post-infection, especially in the BCG-

prime/CFA-DCGM-CSF-boost vaccinated (BCG/CFA-DCGM-CSF) group (Fig. 2B). Even 

though there were no significant differences among BCG-prime/CFA-DCFLT3L-1-boost 

(BCG/CFA-DCFLT3L-1), BCG-prime/CFA-DCFLT3L-2-boost (BCG/CFA-DCFLT3L-2) and 

BCG alone groups in terms of inflamed areas, the BCG/CFA-DCGM-CSF, BCG/CFA-

DCFLT3L-1, and BCG/CFA-DCFLT3L-2 groups had a decreased bacterial burden than the 

BCG alone group. Specifically, the BCG/CFA-DCGM-CSF group exhibited significantly 

reduced bacterial growth both in the lungs and spleens compared with the BCG alone 

group (Fig. 2C). This difference was detected 1-week-post infection (Fig. 2D). 
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Figure 1. Comparison of DC subset activations on CFA stimulation. Bone marrow 

cells were differentiated in vitro into DCs with GM-CSF or FLT3L for 8 days. (A) 

DCFLT3L-1 and DCFLT3L-2 were isolated using a magnetic cell sorting system. (B) 



  

 179   

 

Surface molecules (CD11b, XCR-1) from each subset were analyzed using flow 

cytometry to characterize the phenotypes. DCFLT3L-1, DCFLT3L-2, and DCGM-CSF were 

stimulated with CFA for 24 hours, and phenotypic changes were analyzed using flow 

cytometry and depicted in (C) histograms and (D) bar graphs. (E) The profiles of 

cytokines secreted from DCFLT3L-1, DCFLT3L-2, and DCGM-CSF 24 hours after CFA 

treatment were measured using ELISA. All data are expressed as the mean ± SD (n = 

3 samples) of one representative experiment with two independent replicates. 

DCFLT3L-1: FLT3L-derived CD11b+ BMDCs, DCFLT3L-2: FLT3L-derived XCR-1+ 

BMDCs: DCGM-CSF: GM-CSF derived BMDCs. * p < 0.05, ** p < 0.01, and *** p < 

0.001.  
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Figure 2. GM-CSF-derived BMDCs maximize the boosting effect of BCG 

immunization against Mtb infection. (A) C57BL/6 mice were immunized with 

BCG 6 weeks before infection. BCG immunized mice were IV immunized with 

DCFLT3L-1, DCFLT3L-2, and DCGM-CSF matured with CFA. After 3 days, mice were 
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challenged with the H37Rv Mtb strain (130 CFUs/mouse) via the aerosol route. Every 

group of mice was sacrificed 1-week and 6-weeks post-infection, and (B) 

histopathological analyses and inflamed area measurements, and (C) bacterial burden 

of the lungs and spleens at 6 weeks after infection and (D) bacterial burden of the 

lungs 1-week after infection were evaluated. All data are presented as the means ± 

SDs from 4-5 mice in each group. DCFLT3L-1: FLT3L-derived CD11b+ BMDCs, 

DCFLT3L-2: FLT3L-derived XCR-1+ BMDCs: DCGM-CSF: GM-CSF derived BMDCs. *p 

< 0.05, **p < 0.01 and ***p < 0.001.  
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2. CFA-DCGM-CSF transfer-mediated protection following BCG vaccination is 

CD4
+
 T cell-dependent 

Even after host vaccination, vaccine-induced CD4+ T cell responses could be 

delayed,41,42, and this delay could be a possible reason for the failure of TB vaccines 

to control Mtb growth. To understand the specificity of immunity that occurs in the 

early stages of Mtb infection following CFA-DCGM-CSF injection, at 1-week post-

infection, T cell and DC populations (Fig. 3A), including memory T cells (Fig. 3B), 

and multiple cytokine-producing T cells (Fig. 3C) in the lung and MLN were 

analyzed using flow cytometry. Additionally, single cells from the lung and MLN 

were prepared and analyzed using flow cytometry. Compared with the BCG group, 

increased numbers of DCs were found in the lungs of BCG/CFA-DCFLT3L-1, 

BCG/CFA-DCFLT3L-2, and BCG/CFA-DCGM-CSF groups, but only the BCG/CFA-DCGM-

CSF group showed an increased influx of T cells in the lungs, and this phenomenon 

was more apparent with CD4+ T cells (Fig. 4A). Increased numbers of DCs in the 

lungs were found in all DCs-injected groups, but only the CFA-DCGM-CSF group 

exhibited increased DCs in the MLN (Fig. 4A). These results indicated that the 

protection at 1-week post-infection resulted from early T cell infiltration into lung 

tissue by DCs into the MLN. Thus, we further analyzed the types of T cells 

infiltrating the lungs and MLN 1-week post-infection. CD4 and CD8 effector T cells 

(TEFF), effector memory T cells (TEM), and central memory T cells (TCM) were 

analyzed using flow cytometry. The BCG/CFA-DCGM-CSF group showed increased 

CD4+ TEFF and TEM and CD8+ TEFF in the lung tissues, but in the MLN, increased 
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numbers of CD4+ and CD8+ TCM were detected in the BCG/CFA-DCGM-CSF group (Fig. 

4B). For further analysis of the early protection of BCG/CFA-DCGM-CSF with the 

function of T cell responses, the composition of functional CD4+ and CD8+ T cells 

secreting IFN-γ, TNF-α and IL-2, which is associated with a protective immune 

response of the host at the time of Mtb infection, was analyzed.43 Every DC-injected 

group showed increased levels of triple-positive (IFN-γ+TNF-α+IL-2+) and double-

positive (IFN-γ+TNF-α+, TNF-α+IL-2+) PPD-specific CD4+CD44+ T cells compared 

with BCG or the infection only group. Every DC-injected group displayed a similar 

quality of cytokine-producing CD4+ T cell combinations. However, the BCG/CFA-

DCGM-CSF group had a higher frequency of almost every combination of cytokine-

producing T cells compared with the BCG/CFA-DCFLT3L-1 or BCG/CFA-DCFLT3L-2 

groups (Fig. 4C).  
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Figure 3. Gating strategies for DCs and T cells, T cell memory types, and 

multifunctional T cell analysis. Three days after the injection of CFA-matured DC 

subsets, mice were challenged with the H37Rv Mtb strain, and sacrificed 1-week 
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post-infection. Lung, spleen, and MLN tissues were analyzed using flow cytometry. 

(A) The gating strategy for T cell and DC population analysis. (B) The gating strategy 

for T cell memory type analysis. TEM, effector memory T cell: TEFF, effector T cell: 

naïve, naïve T cell: TCM, central memory T cell. (C) The gating strategy for multiple 

combinations of cytokine-producing T cells. 
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Figure 4. GM-CSF-derived BMDCs induce the early onset of protective CD4
+
 T 

cell responses. BCG-immunized mice were IV immunized with CFA-DCFLT3L-1, CFA-

DCFLT3L-2, and CFA-DCGM-CSF. Three days after the DC transfers, mice challenged 
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with the H37Rv Mtb strain (130 CFU/mouse) and sacrificed 1-week post-infection. 

(A) T cells and DCs and (B) the subtypes of CD4+ and CD8+ T cells of the lung and 

MLN were analyzed using flow cytometry. (A, B) The data are presented as the 

means ± SDs from four mice in each group. ***p < 0.001, +++p < 0.001 compared 

with the BCG vaccinated group. (C) Lung cells were stimulated with PPD with 

GolgiPlug to analyze multiple cytokine-producing PPD-specific T cells. The mean 

frequencies of cells co-expressing IFN-γ, TNF-α, or IL-2 are shown in the pie charts. 

The arcs around the pie charts indicate the amounts of cytokines that T cells produce. 

The data are presented as the means ± SDs from four mice in each group. *p < 0.05, 

**p < 0.01, and ***p < 0.001 compared to the BCG immunization group. CFA-

DCsubset, CFA matured DCsubset. *p < 0.05, **p < 0.01 and ***p < 0.001, n.s. = not 

significant. 

 

 

 

 

 

 

 

 

 

  



  

 188   

 

Increased numbers of DCs and T cells in the spleens of mice from the BCG/CFA-

DCGM-CSF group were detected 1-week post-infection (Fig. 5A). However, except for 

CD4+ TEFF, significantly different CD4+ and CD8+ T cells subtypes between groups 

were not identified (Fig. 5B). PPD-specific IFN- secretion from lung cells and 

splenocytes showed a similar profile but was higher in lung tissue (Fig. 5C). In 

addition, even though there are significant differences between bacterial burden in the 

lung and spleen between the BCG and the DC-transferred BCG groups 6-weeks post-

infection, there were no differences in the Th1 multifunctional T cell profiles and the 

PPD-specific IFN- responses in the lungs or spleen (Fig. 5D, E). These results 

indicate that Mtb-CFA-matured DCs inoculation as a BCG booster vaccination had 

protective efficacy with an early accumulation of protective Th1 cells by increasing 

the numbers of DCs and T cells in the MLN. Among DC subsets, BCG/CFA-DCGM-

CSF induced the most protection against H37Rv Mtb, and this protective efficacy was 

also demonstrated against other strains of Mtb, including HN878, Erdman, and the 

Mtb K strain (Fig. 6), as well as in lethal-dose or low-dose Mtb K infections (Fig. 7).   
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Figure 5. Effect of Mtb-CFA matured DC inoculation on T cell subtype and DCs 

at 1-week and 6-weeks post-infection. BCG immunized mice were IV immunized 

with CFA-DCFLT3L-1, CFA-DCFLT3L-2, and CFA-DCGM-CSF. After 3 days, mice were 

challenged with the H37Rv Mtb strain and sacrificed 1-week post-infection. (A) The 
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numbers of T cells and DCs and (B) subtypes of CD4+ and CD8+ T cells were 

analyzed using flow cytometry. (C) PPD stimulation of lung cells and splenocytes 1-

week post-infection for the ELISA measurement of supernatant-secreted IFN- (A-C) 

The data are presented as the means ± SDs from four mice in each group. ***p < 

0.001, +++p < 0.001 compared with the BCG-vaccinated group. (D) Lung cells were 

stimulated with PPD and GolgiPlug 6-weeks post-infection to analyze multiple-

cytokine-producing PPD-specific T cells. (E) Lung cell and splenocyte PPD were 

stimulated for 6-weeks post-infection for ELISA measurement of IFN- secreted in 

the supernatant. (D, E) The data are presented as the means ± SDs from 4-5 mice in 

each group. 
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Figure 6. Efficacy of BCG/CFA-DCGM-CSF vaccination against various strains of 

Mtb. (A) C57BL/6 mice were immunized with BCG 6 weeks before infection. BCG-
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immunized mice were inoculated with CFA-DCGM-CSF intravenously. After 3 days, 

mice were challenged with Mtb strain K, HN878, or the Erdman strain via the aerosol 

route (200 CFU/mouse). (B) Each group of mice was sacrificed 10-weeks post-

infection to evaluate the bacterial burden in the lungs and spleen. (C) Ten weeks after 

Mtb K infection, the superior lobes of the right lung of each immunized mouse were 

analyzed using H&E staining, and representative lung lobes were depicted as gross 

images (10X: Scale bar = 2.0 mm). (D) At 1-week and 10-weeks from Mtb K 

infection, the subtype (naïve T cell, TEFF, TEM, and TCM) of CD4+ T cells in the lung 

were analyzed with flow cytometry. (E) Lung cells were stimulated 1-week and 10-

weeks post-infection with PPD and GolgiPlug to analyze multiple cytokine-producing 

PPD-specific CD4+ T cells. Ten weeks post-Mtb K infection, (F) PPD-specific IFN- 

secretion in supernatants from lung cells and splenocyte and (F) PPD-specific IgG, 

IgG1, and IgG2 levels in serum were measured using ELISA. *p < 0.05, **p < 0.01 

and ***p < 0.001 compared with the BCG vaccinated group.  
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Figure 7. Effect of CFA-DCGM-CSF inoculation as a BCG booster vaccination on 

the survival rate in lethal-dose or low-dose Mtb K infection. (A) BCG immunized 
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mice were inoculated with CFA-DCGM-CSF, immature DCGM-CSF (imDCGM-CSF), or 

saline. Three days after the DC inoculation, mice were challenged with a high dose (1 

x 105 CFU/mouse) of Mtb K. (B) The survival rate of Mtb K-infected mice were 

monitored until 14 weeks post-infection (n = 4 animals/group). (C) Lung pathology 

was analyzed at indicated time points using H&E staining. (D) Immunization and 

infection schedules with a low dose (20 CFU/mouse) of Mtb K. The bacterial growth 

(E) and pathology (F) of the lungs were monitored at 2-, 4-, 8-, 16-weeks post-

infection (n = 6 animals/group), and the lung histopathology at each time point was 

analyzed using H&E staining. (10X: Scale bar = 2.0 mm). imDCGM-CSF, immature 

DCGM-CSF. **p < 0.01, ***p < 0.001.  

 

 

 

  



  

 195   

 

3. CFA-DCGM-CSF inoculation enhances the production of effector memory and 

central memory T cells following BCG vaccination. 

We observed increased TEFF and TEM in the lungs of the BCG/CFA-GM-CSF group at 

the early phase of infection. It has been suggested that after activation with secondary 

Ag exposure, TEM cells can only become short-acting effectors. In contrast, TCM cells 

can either become effectors or turn into effector memory cells.44,45 Thus, appropriate 

differentiation of TCM and TEM could affect Mtb vaccine efficacy.46,47 Therefore, we 

confirmed the T cell subtype formed by the BCG/CFA-DCGM-CSF treatment before the 

host was infected with Mtb. CFA-DCGM-CSF was injected into BCG-vaccinated mice 6 

weeks after BCG vaccination. Three days after CFA-DCGM-CSF inoculation, the 

BCG/CFA-DCGM-CSF group showed increased numbers of CD4+ and CD8+ TEFF, TEM, 

and TCM cells in the lungs compared with the BCG group (Fig. 8A). To measure the 

effect of CFA-DCGM-CSF on the immunogenicity of BCG vaccination, PPD-specific 

IFN- secreting CD4+ and CD8+ T cells were quantified using flow cytometry. As a 

result, increased IFN- producing CD4+CD44+ T cells were observed in the spleen and 

lung cells from the BCG/CFA-DCGM-CSF group compared with the BCG group, but 

not in the CFA-DCGM-CSF group (Fig. 8B). 

Furthermore, PPD-specific IgG2c levels, an indicator of Th1 response, were higher 

in the BCG/CFA-DCGM-CSF group than in the other groups (Fig. 8C). The PPD-

induced cytokine profile of the BCG/CFA-DCGM-CSF group exhibited significant IFN- 

secretion both in lung cells and splenocytes (Fig. 8D). These results suggested that 
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CFA-DCGM-CSF injection as a BCG booster enhanced the formation of TEM and TCM 

having Th1 type T cell immunity, but not CFA-DCGM-CSF alone.  

TEM cells are highly active and are primarily responsible for antigen removal, 

whereas TCM cells are essential for long-term immunity and can be regenerated. It has 

been reported that the inability of BCG to induce high-quality TCM may the cause of 

the loss of protective efficacy of BCG against TB. Since the inoculation of CFA-

DCGM-CSF enhanced TCM in BCG vaccination (Fig. 8), we evaluated the long-term 

efficacy of CFA-DCGM-CSF on BCG vaccination according to the indicated schedule 

(Fig. 9A). Even after 32 weeks of BCG vaccination, the BCG/CFA-DCGM-CSF group 

maintained a higher Th1 memory response upon PPD stimulation prior to infection in 

lung cells and splenocytes when compared to the BCG group (Fig. 9B). Ten weeks 

after infection, BCG/CFA-DCGM-CSF showed greater protection (Fig. 9C) and lower 

bacterial burden (Fig. 9D) with PPD-specific Th1 multifunctional T cells (Fig. 9E, 

upper panel) than the BCG group. In addition, CFA-DCGM-CSF inoculation induced 

improved antigen-specific Th1 multifunctional T cell responses to ESAT-6 as well as 

PPD in BCG-vaccinated mice (Fig. 9E, lower panel). These results indicated that the 

BCG boosting effect induced by CFA-DCGM-CSF inoculation is not temporary and 

allowed BCG vaccination to prolong protective immunity. 
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Figure 8. CFA-DCGM-CSF inoculation enhances the formation of Th1 memory 

cells following BCG vaccination. Six weeks after subcutaneous BCG immunization, 
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CFA-DCGM-CSF was intravenously injected into BCG-immunized or non-immunized 

mice. (A) To analyze the effect of CFA-DCGM-CSF inoculation on the formation of 

memory T cells, the subtypes of CD4+ and CD8+ T cells in the lungs were analyzed 

using flow cytometry. (B) Lung cells and splenocytes were stimulated with PPD in 

the presence of GolgiPlug for analysis of PPD-specific IFN-producing T cells using 

flow cytometry. (C) At the same time point, PPD-specific IgG, IgG1, and IgG2c 

levels in the serum were measured using ELISA. (D) Lung cells and splenocytes were 

stimulated with PPD, and the cytokines (IFN-, IL-5, and IL-17) secreted in the 

supernatant were measured using ELISA. The data are presented as the means ± SDs 

of three mice from each group. Central memory T cells, TCM: effector memory T cells, 

TEM: effector T cells, TEFF. n.s. = not significant, *p < 0.05, **p < 0.01 and ***p < 

0.001. 
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 Figure 9. Effect of CFA-DCGM-CSF inoculation as a booster of BCG vaccination, 

as indicated by the durability of immunogenicity and protection against Mtb 

infection. (A) CFA-DCGM-CSF was transferred to BCG-immunized mice 6 weeks after 
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BCG vaccination. Twenty-six weeks after CFA-DCGM-CSF inoculation, mice were 

challenged with Mtb strain K (120 CFUs/mouse). (B) Two days before the Mtb K 

challenge, lung cells and splenocytes from every group were prepared and stimulated 

with PPD for 12 hours. IFN- secretion in the supernatant was measured using ELISA. 

(C) Ten weeks after Mtb K infection, the superior lobes from the right lungs of each 

immunized mouse were analyzed using H&E staining, and representative lung lobes 

are depicted as gross images (10X: Scale bar = 2.0 mm). The bacterial burdens in the 

lungs and spleens (D) are displayed as bar graphs. (E) At the same time point, lung 

cells were stimulated with PPD or ESAT-6 protein for 12 hours with GolgiPlug, and 

multiple-cytokines that produce Ag-specific T cells were analyzed using flow 

cytometry. (B-E) The data are presented as the means ± SDs from five mice in each 

group. *p < 0.05, **p < 0.01 and ***p < 0.001, n.s. = not significant. 
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4. Boosting effect of CFA-DCGM-CSF on BCG vaccination is dependent upon Mtb-

Ags mediated DCs maturation and timely inoculation of DCs.  

We conducted further experiments to determine the characteristics of DC-inducing 

BCG boosting effect. The maturation and the number of DCs transferred could be 

essential factors in the potentiation of BCG vaccination efficacy. Therefore, we first 

compared the BCG boosting effect of imDCGM-CSF and low- and high-dose CFA-

DCGM-CSF inoculation according to the indicated schedule (Fig. 10A). The inflamed 

lung lesions were not significantly different between the BCG and BCG/imDCGM-CSF 

groups, but the BCG/CFA-DCGM-CSF group showed significantly mitigated lesion 

inflammation in the lung and the effect that was injected DC number-dependent (Fig. 

10B). There was no further decrease in bacterial burden in the lungs and spleens of 

the BCG/imDCGM-CSF group when compared to the BCG group, which correlated with 

the results of inflamed lung lesion studies. On the contrary, the BCG/CFA-DCGM-CSF 

group controlled bacterial growth, and the effect was dependent on the number of 

injected CFA-DCGM-CSF cells (Fig. 10C).  

Next, to determine whether Mtb-Ags mediated DC maturation is required for the 

BCG boosting effect, or whether DC maturation itself is essential, we matured DCGM-

CSF with the TLR2 agonist, Pam3 (Pam3-DCGM-CSF), and compared increased BCG 

vaccine efficacy with CFA-DCGM-CSF according to the indicated experimental schedule 

(Fig. 10D). However, there was no further decrease in the inflamed lung area (Fig. 

10E) or bacterial burden in the lungs and spleens (Fig. 10F) of the Pam3-DCGM-CSF 

group compared with the BCG group.  



  

 202   

 

Next, we considered simultaneous injection of CFA-DCGM-CSF with BCG 

vaccination, because there was a possibility that the protective effect of DC injection 

could be attributed to the function of the CFA-DCGM-CSF injection itself, rather than 

boosting BCG vaccination efficacy. Therefore, we vaccinated mice with BCG and 

different doses of CFA-DCGM-CSF concurrently (Fig. 11A). Regardless of the number 

of transferred DCs, there was no further reversal of lung pathology (Fig. 11B) or 

reduction of bacterial burden (Fig. 11C). These results indicate that the CFA-DCGM-

CSF boosting of BCG vaccination efficacy is dependent on Ag-specific maturation of 

DCs, and timely injection for optimal boosting effects.  
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Figure 10. Boosting effect of CFA-DCGM-CSF on BCG vaccination efficacy is 

dependent on Mtb-Ags-mediated DC maturation and the inoculation dose. (A) 

Mice were immunized with BCG, and imDCGM-CSF or CFA-DCGM-CSF was inoculated 

to BCG-immunized mice intravenously 6 weeks after BCG immunization. After 3 
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days, C57BL/6 mice were aerosol-challenged with the Mtb K strain (200 

CFUs/mouse). (B) The bacterial burden of the lungs and spleen was measured 8 

weeks post-infection, and (C) the superior lobes of the right lung were stained with 

H&E for histopathological analysis. (1.25X: Scale bar = 1.0 mm, 10X: Scale bar = 

200 m). (D) Mice were immunized with BCG and CFA-DCGM-CSF, imDCGM-CSF, and 

Pam3-DCGM-CSF were transferred intravenously 6 weeks after BCG immunization. 

After 3 days, C57BL/6 mice were aerosol-challenged with the Mtb K strain (200 

CFUs/mouse). Twenty-two weeks after Mtb challenge, (E) the lungs were stained 

with H&E for histopathological analysis and (F) the bacterial burden of the lungs and 

spleen measured. (10X: Scale bar = 2 mm). The data are presented as the means ± 

SDs from five mice in each group. CFA-DCGM-CSF, CFA-matured DCGM-CSF: imDCGM-

CSF, immature DCGM-CSF: Pam3-DCGM-CSF, Pam3-matured DCGM-CSF. ***p < 0.001, n.s. 

= not significant. 
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Figure 11. Effect of CFA-DCGM-CSF inoculation timing on BCG Vaccination 

efficacy. (A) C57BL/6 mice were subcutaneously immunized with BCG and different 

doses of CFA-DCGM-CSF simultaneously (low; 1 x 105 cells/mouse, mid; 1 x 106 

cells/mouse, high; 1 x 107 cells/mouse). After 3 days, mice were aerosol-challenged 

with the Mtb K strain (200 CFU/mouse). Four weeks after challenge, (B) the lungs 

were stained with H&E for histopathological analysis, and (C) the bacterial burden of 
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the lungs and spleen was measured. (1.25X: Scale bar = 2.0 mm). All data are 

presented as the means ± SDs from five mice in each group. n.s. = not significant, 

***p < 0.001.  
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5. Therapeutic vaccination with CFA-DCGM-CSF as an adjunct to chemotherapy 

reduces bacterial CFUs and lung inflammation with the induction of strong Th1 

immune responses 

For effective TB control, treatment of TB patients should be accompanied by 

prevention, and shortened treatment periods and reduced recurrences are crucial 

factors in therapy. Anti-TB drugs such as INH disturb optimal T cell immunity during 

chemotherapy, which might contribute to TB recurrence.24 We observed that CFA-

DCGM-CSF inoculation of BCG vaccinated mice could enhance protective T cell 

immune responses and promote the formation of TCM that provides long-lasting 

protection. Therefore, we investigated whether CFA-DCGM-CSF treatment assists the 

bactericidal effects of chemotherapy and might offer a strategy to reduce recurrence. 

Experiments were performed to evaluate the efficacy of antibiotics (INH+RIF, HR) 

combined with CFA-DCGM-CSF or imDCGM-CSF according to the indicated experimental 

schedule (Fig. 12A). We confirmed that chemotherapy successfully controlled 

bacterial growth in the lung (Fig. 12B). The results showed that the bacterial load in 

the lung and spleen were significantly reduced in the group treated with antibiotics 

and CFA-DCGM-CSF injection (HR+CFA-DCGM-CSF) than antibiotics alone (HR) group. 

Compared with the HR group, immunization with CFA-DCGM-CSF further reduced 

CFUs by 1.514 log10 in the lung and 1.676 log10 in the spleen (Fig. 12C). However, 

similar to the results of CFA-DCGM-CSF transfer as a booster of BCG vaccination 

efficacy, the imDCGM-CSF-injected group with antibiotics (HR+imDCGM-CSF) showed 

no significant effect (Fig. 12C). To measure the effect of CFA-DCGM-CSF combined 



  

 208   

 

with antibiotics on lung pathology, sections from HR, HR+CFA-DCGM-CSF, and 

HR+imDCGM-CSF groups were taken for histological analysis at 12 weeks post-

infection. The lung sections of the HR group showed granulomatous inflammation, 

but decreased inflammation was observed in the HR+CFA-DCGM-CSF group. On the 

other hand, unlike CFA-DCGM-CSF, HR+imDCGM-CSF group did not affect the treatment 

with antibiotics (Fig. 12D). Next, to analyze immunotherapeutic benefit by CFA-

DCGM-CSF transfer with antibiotics treatment after Mtb infection, the spleen and lung 

tissues from every group of mice were processed into single cells and stimulated with 

PPD. As a result, HR+CFA-DCGM-CSF induced significant secretion of PPD-specific 

IFN- response in the lung (Fig. 12E). In addition, PPD-specific IgG1 was slightly 

higher in the HR+CFA-DCGM-CSF group than the HR group, whereas PPD-specific 

IgG2c was much higher in the HR+CFA-DCGM-CSF group than the HR group (Fig. 

12F). In the PPD-specific multifunctional T cell response analysis, the quality of 

multifunctional T cells was not significantly different among every group. However, 

the frequency of triple-positive (IFN-γ+TNF-α+IL-2+) or double-positive (IFN-γ+TNF-

α
+
) PPD-specific CD4

+
CD44

+
 T cells was increased in the lung (Fig. 12G, left panel) 

of HR+CFA-DCGM-CSF group compared to HR or HR+imDCGM-CSF groups. On the 

other hand, there was no significance in ESAT-6-specific multifunctional CD4+ T cell 

response in the lung (Fig. 12G, right panel). Notably, the HR+CFA-DCGM-CSF group 

exhibited an increased number of CD4+ TCM in the lungs (Fig. 12H). In case of the 

spleen, HR+CFA-DCGM-CSF induced significant secretion of PPD-specific IFN- 

compared to the other groups, (Fig. 13A), and the HR+CFA-DCGM-CSF group 
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displayed an increased frequency of PPD specific-CD4+ multifunctionality in triple-

positive (IFN-γ+TNF-α+IL-2+) and double-positive (IFN-γ+IL-2+
, TNF-α+IL-2+) T cells 

when compared with the HR or HR+imDCGM-CSF groups. There were no significant 

differences between groups in PPD-specific CD8+ multifunctional T cells (Fig. 13B). 

In addition, the total number of T cells in the spleen was increased compared with the 

HR or HR+imDCGM-CSF groups, but there was no difference in memory T cells (Fig 

13C).   
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 Figure 12. CFA-DCGM-CSF inoculation induces protective T cell immunity 

resulting in adjunctive bactericidal efficacy to anti-TB drug therapy. (A) The 

C57BL/6 mice were challenged with the Mtb K strain (100 CFUs/mouse), and IV 

immunized with imDCGM-CSF or CFA-DCGM-CSF at 4-, 5-, 6-, and 7-weeks post-
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infection. HR was administered from 4- to 8-weeks post-infection. The bacterial 

burden (B) at 8-weeks and (C) 12-weeks post-infection and (D) lung histopathology 

at 12-weeks post-infection were evaluated (10X: Scale bar = 2.0 mm, 100X: Scale bar 

= 100 μm). (E) Twelve-weeks post-infection, cytokines from lung cells stimulated 

with PPD, and (F) PPD-specific IgG1 and IgG2c levels in serum were measured 

using ELISA. (G) At 12-weeks post-infection, PPD-specific cytokine-producing 

CD4+ T cells in the lungs were measured using flow cytometry. *p < 0.05, **p < 0.01 

and ***p < 0.001 compared with the HR group. (H) Lung cells were analyzed using 

flow cytometry to measure the type of CD4+ T cells 12-weeks post-infection. The data 

are presented as the means ± SDs from 4-5 mice in each group. HR, isoniazid, and 

rifampin. **p < 0.01 and ***p < 0.001, n.s. = not significant  
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Figure 13. Improved Ag-specific T cell immunity in the spleens of Mtb K mice is 

due to anti-TB drug therapy with CFA-DCGM-CSF inoculation. C57BL/6 mice were 

challenged with the Mtb K strain (100 CFUs/mouse), and mice were IV immunized 

four times with non-DCGM-CSF or CFA-DCGM-CSF at 4-, 5-, 6- and 7-weeks post-

infection. HR was administered 4- to 8-weeks post-infection. (A) Splenocytes from 

mice 12-weeks post-infection were stimulated with PPD for 12 hours, and the IFN- 
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secreted in the supernatant was measured using ELISA. (B) At the same time point, 

PPD-specific cytokine-producing CD4+ T cells were measured in lung cells using 

flow cytometry. The mean frequencies of cells co-expressing IFN-γ, TNF-α, and/or 

IL-2 are shown in the pie charts. The arcs around the pie charts indicate the number of 

cytokines that T cells produce. (C) Splenocytes were analyzed using flow cytometry 

to measure the type of CD4+ T cells 12-weeks post-infection. All data are presented as 

the means ± SDs from 4-5 mice in each group. HR, isoniazid, and rifampin: TCM, 

central memory T cell: TEM, effector memory T cell: TEFF, effector T cell. n.s. = not 

significant, *p < 0.05, **p < 0.01 and ***p < 0.001. 
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6. CFA-DCGM-CSF prevents the reactivation of latent Mtb via increased 

multifunctional T cells and Th1 immunity 

INH is one important anti-TB drug currently used; however, INH treatment 

reportedly reduces Mtb Ag-specific immune responses by inducing apoptosis of 

activated CD4+ T cells, resulting in vulnerability to reactivation and reinfection by 

Mtb.24 Since we found that the transfer of CFA-DCGM-CSF causes an increase in TCM 

after antibiotic treatment with INH and RIF (Fig. 12H), we hypothesized that TCM 

induced by the inoculation with CFA-DCGM-CSF during chemotherapy could suppress 

reactivation of Mtb. To evaluate the efficacy of CFA-DCGM-CSF combined with 

antibiotics in terms of preventing Mtb reactivation, we prepared a latent model of TB 

by modifying the Cornell model, which is widely known as a murine model of latent 

TB.48 Our latent infection model was established by infecting mice with Mtb K. After 

4 weeks of infection, we treated with INH and RIF for 8 weeks. One week before the 

end of antibiotic treatment, CFA-DCGM-CSF was IV-injected into the tail vein four 

times once a week (Fig. 14A). Bacterial CFUs and pathology were determined in the 

organs of mice at 23- and 35-weeks post-infection (Fig. 14B). Bacterial titers had 

reached 5.59±0.33 (log10) CFU in the lung at 4 weeks post-infection, and after 

antibiotic treatment gradually decreased to approach zero 15-weeks post-infection. 

After 23- weeks post-infection, Mtb K was reactivated in all mice of the HR group, 

and the number of bacteria reached 5.12±0.83 (log10) CFUs in the lung after 35 weeks 

of infection. Surprisingly, in the HR+CFA-DCGM-CSF group, Mtb K was recovered 

from the lung (20%, 1.30 log10 CFUs) and the spleen (20%, 2.68 log10 CFU) of one of 
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five treated mice 23-weeks post-infection, respectively (data not shown). Bacterial 

titers and histology were also determined in the tissues of mice 35-weeks post-

infection (23 weeks after the completion of 8 weeks of treatment with antibiotics), to 

examine the long-term effects of CFA-DCGM-CSF vaccination on the reactivation of 

Mtb. As expected, the HR+CFA-DCGM-CSF group showed restrained reactivation of 

Mtb K in lung tissue.  

At 15-weeks post-infection, we analyzed T cell immune responses in lung tissue to 

determine the effect of antibiotics and CFA-DCGM-CSF inoculation on T cell immunity 

without the impact caused by differences in the bacterial burden. The numbers of T 

cells were significantly decreased in the HR group compared with the HR+CFA-

DCGM-CSF group both in CD4+ and CD8+ T cells (Fig. 14C). Increased CD4+ T cells in 

the HR+CFA-DCGM-CSF group consisted primarily of TEFF and TEM followed by TCM, 

whereas the CD8+ T cells consisted mostly of TCM and naïve T cells (Fig. 14D).  

Inflamed lung lesions with granulomas were detected in the HR group, but almost 

no pathological lesions were detected in the HR+CFA-DCGM-CSF group at 23-weeks 

and 35-weeks post-infection (Fig. 14E), which correlated with the bacterial growth 

results. Next, to characterize how CFA-DCGM-CSF injection with antibiotics affects the 

immunological features of Mtb reactivation, we evaluated PPD-specific cytokine 

release from splenocytes and lung cells at 23-weeks post-infection. As a result, the 

HR+CFA-DCGM-CSF group produced a high level of IFN-γ in the spleen and lungs (Fig. 

14F). In addition, PPD-specific IgG1 was slightly higher in the HR+CFA-DCGM-CSF 

group than the HR group, whereas PPD-specific IgG2c levels were considerably 



  

 216   

 

higher in the HR+CFA-DCGM-CSF group than the HR group (Fig. 14G). For the Ag-

specific multifunctional T cell analysis, increased quality and frequency of triple-

positive (IFN-γ+TNF-α+IL-2+), double-positive (IFN-γ+TNF-α+, IFN-γ+IL-2+, TNF-

α+IL-2+) PPD-specific CD4+CD44+ T cells were observed in the HR+CFA-DCGM-CSF 

group compared with the antibiotics treatment alone in the lung but not in CD8+ T 

cells (Fig. 14H). 

Interestingly, unlike the result of Figure 12G, ESAT-6-specific multifunctional T 

cell responses in lung cells were higher than in PPD. HR+CFA-DCGM-CSF group 

showed a significant increase of TCM in the lungs compared with that of the HR group 

(Fig. 14I). These results suggest that during antibiotic treatment, CD4+ T cell 

immunity, which would probably have been weakened by antibiotic treatment or 

reduced bacterial burden, could be overcome with inoculation of CFA-DCGM-CSF to 

induce the activation of Th1 immunity and increased differentiation of TCM, which 

results in more effective treatment and suppression of Mtb reactivation. 
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 Figure 14. Adjunctive chemotherapy with CFA-DCGM-CSF restrained Mtb K 

reactivation. (A) C57BL/6 mice were aerosol- challenged with the Mtb K strain (100 
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CFU/mouse), and mice were immunized four times with CFA-DCGM-CSF at 11-, 12-, 

13-, and 14-weeks post-infection. HR was administered 4- to 12-weeks post-infection. 

(B) The bacterial burden of lungs at 0-, 4-, 8-, 15-, 23-, 32-weeks post-infection was 

evaluated. After completing treatment with antibiotics and DC inoculation, the lung 

cells were processed into single cells, and (C) the number and (D) types of T cells 

were analyzed 15 weeks post-infection. (C, D) The data are presented as the means ± 

SDs from five mice in each group. The histopathology and inflamed area analyses 

were evaluated 23- and 35-weeks post-infection. (Scale bar = 2.0 mm). (F) Lung cells 

from mice 23-weeks post-infection were stimulated with PPD (2 μg/ml) for 12 hours, 

and IFN- secreted in the supernatant, and (G) the IgG1 and IgG2c levels in the serum 

were measured using ELISA. (H) At the same time point, Ag-specific multiple-

cytokine-producing CD4+ T cells were measured in PPD-stimulated lung cells using 

flow cytometry. (I) Lung cells were analyzed by flow cytometry to measure the type 

of CD4+ T cells 23-weeks post-infection. All data are presented as the means ± SDs 

from five to six mice in each group. *p < 0.05, **p < 0.01 and ***p < 0.001, n.s. = 

not significant. 
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7. CFA-DCGM-CSF prevents reactivation of MDR-TB 

Since MDR-TB treatment is time-consuming and expensive when compared to 

most other TB infections, a greater need for efficient treatment is required. Thus, we 

considered whether CFA-DCGM-CSF also affects the reactivation of MDR-TB in our 

mouse reactivation model described above. After 4 weeks of infection, we treated the 

mice with CFZ, INH, and RIF (HRC) for 8 weeks. One week before the end of 

antibiotic treatment, CFA-DCGM-CSF was intravenously injected into the tail vein 4 

times once a week. Bacterial CFUs and pathology were determined in the organs of 

mice 19- and 24-weeks post-infection (Fig. 15A). As a result, the lung sections of the 

antibiotics alone-treated (HRC) groups showed granulomatous inflammation; 

however, most of the infiltrated immune cells were not detected in HRC treated with 

CFA-DCGM-CSF (HRC+CFA-DCGM-CSF) (Fig. 15B, C). Thus, we confirmed that HR 

treatment had no effect on the growth of MDR strains (Fig. 15D). In addition, no 

bacterial counts were detected in either group regardless of CFA-DCGM-CSF treatment 

19 weeks after infection (data not shown). However, bacterial CFUs of up to 

4.39±0.52 (log10) were detected in the HRC group, but 3.56±0.36 (log10) CFU were 

detected in the lung of the mice from the HRC+CFA-DCGM-CSF group 24 weeks after 

infection. Similar results were observed in the spleen (Fig. 15D). These results 

suggest that CFA-DCGM-CSF treatment with antibiotics has potential as a therapeutic 

regimen not only against hypervirulent strains, but also against antibiotic-resistant 

strains of Mtb.   
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Figure 15. Effects of CFA-DCGM-CSF on MDR-TB reactivation. (A) C57BL/6 mice 

were aerosol-challenged with the MDR-TB strain (100 CFUs/mouse), and 

subsequently IV immunized four times with CFA-DCGM-CSF 11-, 12-, 13-, and 14-
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weeks post-infection. The lung histopathology, inflamed area (B, C) and bacterial 

burden of the lungs and spleen (D) were evaluated 24-weeks post-infection. Data are 

presented as the means ± SDs from seven mice in each group. HR, isoniazid and 

rifampicin treatment. HRC, isoniazid, rifampicin, and clofazimine treatment. n.s. = 

not significant, *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the drug 

treatment alone group (Scale bar = 2.0 mm). 
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IV. DISCUSSION 

For the effective control of TB, appropriate prevention and therapy must be 

conducted simultaneously. However, the current BCG vaccine and chemotherapy 

strategies have been continuously questioned regarding their therapeutic efficacy and 

efficiency. In this study, we suggest effective strategies for boosting BCG vaccine 

efficacy and adjunctive therapy to antibiotic treatment using DCs. Our results show 

that the inoculation of CFA-DCGM-CSF as a BCG booster could induce TEM and TCM in 

BCG vaccinated mice, which enables accumulation of protective Th1 cells in lung 

tissues during the early phase of Mtb infection, resulting in improved protective 

efficacy of BCG vaccination. In addition, adjunctive treatment with CFA-DCGM-CSF 

enhanced T cell immune responses previously lowered by antibiotic treatment and 

induced TCM generation to inhibit reactivation of TB. 

CD4+ T cells play an important role in host defenses against active pulmonary TB. 

49 Migration of Mtb-specific CD4+ T cells into the lung parenchyma where they could 

interact with the infected macrophages is associated with protective responses.50,51 

However, Mtb actively delays adaptive T cell responses after initial infection,1 and 

this delay considered to be due to delayed Ag presentation by antigen-presenting cells 

such as DCs.3-5 Recently, intravenously BCG vaccinated Macaca mulatta showed 

sustained recruitment of T cells and DCs to airways until the time of Mtb challenge, 

resulting in significant protection compared with intradermal and aerosol delivery of 

BCG.16 Griffiths et al. proved that the delayed T cell responses of BCG vaccinated 

mice could be overcome by the transfer of Ag85B-loaded DCs, resulting in 
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accelerated accumulation of Ag responsive T cells to control bacterial growth.52 These 

reports indicate that the early accumulation of Mtb-specific T cells in the lung and the 

role of DC in activating Mtb-specific memory responses are essential for protection 

against Mtb infection. In this study, every BCG-vaccinated group with the inoculation 

of a DC subset showed an increased number of DCs in the lung (Fig. 4A). However, 

only the BCG/CFA-DCGM-CSF group showed an increased number of DCs and T cells 

in the MLN and early accumulation of Th1 type effectors and TEM (Fig. 4B, C) with a 

low bacterial burden in the lung (Fig. 2D). This distinction correlates with the 

protection of vaccination at 6 weeks post-infection (Fig. 2B, C). These results 

suggested that the early phase of DC-T cell interaction in the MLN is critical to 

effective BCG vaccination, and CFA-DCGM-CSF transfer could accelerate this process 

resulting in boosting the efficacy of BCG vaccination. These results are consistent 

with the previous study by Griffiths et al.,52 and additionally suggest that DC transfer 

to the MLN is necessary for the rapid accumulation of T cells in the lung. 

It is reported that residential memory T cells (TRM) and TEM are the cell populations 

that respond directly to Mtb infection in the lung without the need for activation in 

secondary lymphoid organs.15 Mtb-infect DC, but not macrophages, and stimulate 

memory CD4+ T cell proliferation.53 We observed in our study increased DCs of the 

lung in the BCG/CFA-DCGM-CSF, BCG/CFA-DCFLT3L-1, and BCG/CFA-DCFLT3L-2 

groups compared with the infection or BCG group, and there were no significant 

differences between the groups (Fig. 4A). However, in the case of the BCG/CFA-

DCFLT3L-1 and BCG/CFA-DCFLT3L-2 groups, there was no significant difference in 
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bacterial burden or T cell number when compared with BCG alone 1-week after 

infection, where TRM and TEM should be activated (Fig. 2D). In contrast, the 

BCG/CFA-DCGM-CSF group that showed increased DCs in the MLN provided 

protection against Mtb. This finding indicates that at an early phase of infection, 

memory T cells are activated by DCs in the MLN and subsequently accumulate in the 

lung, which might contribute more to protection than memory T cells acting directly 

at the Mtb infection site. The increase of TCM in the MLN in the BCG/CFA-DCGM-CSF 

group supports this idea (Fig. 4B). 

Recently, studies have shown that TCM cells are associated with latent TB infection, 

disease treatment, and prolonged infection. In contrast, T cells in patients with active 

TB are predominately TEFF that expresses IFN-γ/TNF-α.54,55 These studies suggest that 

CD4 T cell functional capacity during infection is driven toward terminally 

differentiated T cells by bacterial load and continuous antigen exposure. The TCM cell 

is of particular importance for the maintenance of immunological memory after 

vaccination because of its constant proliferation. Andersen et al. and Kipnis et al. 

demonstrated that TCM cells have a highly efficient protective ability in the lung 

against an aerosol challenge with Mtb in adoptive transfer studies.54,56,57 However, 

BCG has not been considered advantageous for the formation of a protective TCM.9,58 

In our study, the BCG/CFA-DCGM-CSF group promoted CD4+ and CD8+ TEM and TCM 

in the lung tissue before Mtb infection (Fig. 8A). Therefore, CFA-DCGM-CSF transfer 

could be an efficient BCG booster that reinforces the waning efficacy of BCG. PPD-

specific IFN- memory response and protection against Mtb infection in the 
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BCG/CFA-DCGM-CSF group lasted up to 32 weeks after BCG vaccination, supports this 

idea (Fig. 9).  

In Mtb infection, CFA-DCGM-CSF transfer elicited early accumulation of effector T 

cells in the lung with protection of Mtb growth, resulting in potentiated BCG 

vaccination efficacy. However, this effect may be due to DCs remaining in the 

recipient mice during Mtb infection because DC was transferred 3 days before 

infection. Although we did not confirm the early accumulation of effector T cells into 

the lung tissues with early protection of Mtb growth in the experiment for the long-

term effects of CFA-DCGM-CSF inoculation on BCG vaccination, the PPD-specific 

IFN- memory response of BCG/CFA-DCGM-CSF was more sensitive and potent than 

BCG vaccination alone. Vaccine efficacy against Mtb infection was better than BCG 

vaccination alone 10-weeks post-infection (Fig. 9). Therefore, regardless of whether 

DC remains or not when mice were challenged with Mtb, our findings indicated that 

CFA-DCGM-CSF inoculation as a booster vaccine could confer enhanced efficacy to the 

BCG vaccine. 

The currently utilized anti-TB therapy is the Directly Observed Treatment, Short 

Course (DOTS), which consists of multiple costly antibiotics (the combination of 

INH, RIF, pyrazinamide, and ethambutol) that require a long treatment period. 

However, it has been reported that patients are more vulnerable to reactivation and 

reinfection of the disease after completion of DOTS, suggesting therapy-related 

immune impairment.59-61 INH is currently used as an anti-TB drug and employed for 

the entire length of chemotherapy,62,63 and monotherapy with INH is used for latent 
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TB treatment.64 Recently, it has been reported that INH induces apoptosis of activated 

CD4+ T cells, rendering hosts vulnerable to a recurrence of TB.24 In our study, the 

number of T cells in the HR group was lower than in the HR+CFA-DCGM-CSF group, 

and the number of CD4+ T cells was reduced compared with the number of CD8+ T 

cells in the lung tissues of the HR group following antibiotic treatment (Figure S9A, 

B). This finding indicates the possibility of induction of apoptosis of CD4+ T cells by 

antibiotics.24 CFA-DCGM-CSF was used as an adjunct therapy with antibiotic treatment, 

and a more significant decrease in bacterial burden was observed with concurrent 

treatment compared with antibiotic treatment alone. This finding suggests that CFA-

DCGM-CSF could help shorten the period of anti-TB drug treatment. This phenomenon 

is presumed to be because the transfer of CFA-DCGM-CSF forms enhanced 

protective Th1 immunity, similar to that of the BCG booster vaccine. In addition, the 

increase in TCM in lung tissue was observed after anti-TB drug therapy using CFA-

DCGM-CSF (Fig. 12H, 14I), and the reactivation of TB was suppressed in the HR+DFA-

DCGM-CSF group (Fig. 14B). One possible explanation is that the inoculation of CFA-

DCGM-CSF enables surmounting of the impairment of CD4
+
 T cell immunity by INH 

treatment and generates TCM by supplementing Ags, resulting in the suppression of TB 

reactivation. Since actual cases of TB recurrence require a random period for 

reactivation or reinfection, the induction of TCM by an adjunct therapy with DC 

transfer could be significant for long-lasting prevention of recurrence.   

It has been suggested that multifunctional CD4+ T cells are an indicator of active 

TB, assuming a protective role, as their decrease was evident after completion of anti-
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TB chemotherapy.55,65 However, several contrasting results have been reported by 

others, such as the reduced frequency of multifunctional T cells in patients with active 

TB compared with latently infected individuals following recovery after anti-TB 

therapy.66-68 In this study, efficient delivery of antigens via the transfer of CFA-DCGM-

CSF confirmed robust multifunctional T cell responses with a controlled bacterial 

burden both before and after infection in the BCG booster vaccine model and 

therapeutic vaccine model. In the model of CFA-DCGM-CSF adjunct chemotherapy, and 

the reactivation inhibition with CFA-DCGM-CSF models, the bacterial load was lowered 

with a robust increase of Th1 immune responses in the lung tissues of the CFA-DCGM-

CSF inoculated group compared with the antibiotic alone group (Fig. 12, 14). One 

possible explanation for this phenomenon is that decreased bacterial burden or the 

direct effect of drugs resulting in a reduction of antigen availability produced from 

bacteria. In addition, it has been reported that INH reduced the frequency of "IFN-γ+ 

IL-2+ TNF-α+" and "IL-2+" secreting CD4+ T cells in the blood of latently infected TB 

patients.69 Therapeutic- and post-exposure models with additional immunization by 

Ags showed an elevated frequency of multifunctional T cell responses,
20,70

 and these 

reports support the results of our study. Thus, effective delivery of antigen by CFA-

DCGM-CSF inoculation may lead to an increased immunological response and a 

synergism with chemotherapy for Mtb control. The controversy regarding 

multifunctional T cells may vary depending on the analytical model and conditions, 

but at least in our study, it is likely to be determined by the availability of Ags and the 

degree of immunization of the host, with multifunctional T cells is playing a positive 
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role in controlling Mtb growth. 

Although CFA contains various immunogenic antigens that are not included in 

BCG, and DCs matured with CFA treatment enable effective strategies for controlling 

TB, in this study the challenge of continuous production of Mtb-CFA of equivalent 

quality remains. Furthermore, there are risks associated with bacterial production 

platforms. Further research is required to identify specific-Ags or a combination of 

them for more accurate and efficient vaccines. In addition, we used BMDC 

differentiated in vitro, which is challenging for patient use. For practical use, further 

study of stimulation signaling for boosting the DC of host immune systems without 

the transfer of in vitro differentiated cells is needed. Ag delivery by conjugation with 

DEC-205, Clec9A, and Clec12A endocytic DC receptors produces enhanced cellular 

and humoral immune responses71 and protection against atherogenesis.72 Recently, 

vaccination with DEC-205 Ab conjugated-Ag85B with anti-CD40 mAb73 and 

delivery of anti-DC-specific-ICAM3-grabbing-nonintegrin (DC-SIGN) Ab 

conjugated to Ag85B with anti-CD40 mAb, and zymosan74 has shown improved 

protection against Mtb infection. These reports provide a clue for the practical use of 

a DC-based BCG booster vaccine and adjunct chemotherapy. 
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V. CONCLUSIONS 

In conclusion, our data provide DC-based defensive and offensive strategies against 

Mtb infection and tuberculosis, and demonstrate DC-based potentiation of BCG 

vaccine efficacy in various models at different time points and against different strains 

of Mtb. This study provides new insights into the immunotherapeutic role of DC-

based immunotherapy with respect to its effects on antibiotic treatment duration and 

prevention of hypervirulent Mtb K and MDR-TB. 

  



  

 230   

 

VI. REFERENCES 

1. Wolf AJ, Desvignes L, Linas B, Banaiee N, Tamura T, Takatsu K, et al. 

Initiation of the adaptive immune response to Mycobacterium tuberculosis 

depends on antigen production in the local lymph node, not the lungs. J Exp 

Med 2008;205:105-15. 

2. Reiley WW, Calayag MD, Wittmer ST, Huntington JL, Pearl JE, Fountain JJ, 

et al. ESAT-6-specific CD4 T cell responses to aerosol Mycobacterium 

tuberculosis infection are initiated in the mediastinal lymph nodes. Proc Natl 

Acad Sci U S A 2008;105:10961-6. 

3. Harding CV, Boom WH. Regulation of antigen presentation by 

Mycobacterium tuberculosis: a role for Toll-like receptors. Nat Rev Microbiol 

2010;8:296-307. 

4. Urdahl KB. Understanding and overcoming the barriers to T cell-mediated 

immunity against tuberculosis. Semin Immunol 2014;26:578-87. 

5. Srivastava S, Grace PS, Ernst JD. Antigen Export Reduces Antigen 

Presentation and Limits T Cell Control of M. tuberculosis. Cell Host Microbe 

2016;19:44-54. 

6. Dirix V, Corbière V, Wyndham-Thomas C, Selis E, Allard S, Hites M, et al. 

Blood tolerogenic monocytes and low proportions of dendritic cell 

subpopulations are hallmarks of human tuberculosis. J Leukoc Biol 

2018;103:945-54. 

7. Lu YB, Xiao DQ, Liang KD, Zhang JA, Wang WD, Yu SY, et al. Profiling 



  

 231   

 

dendritic cell subsets in the patients with active pulmonary tuberculosis. Mol 

Immunol 2017;91:86-96. 

8. Colditz GA, Berkey CS, Mosteller F, Brewer TF, Wilson ME, Burdick E, et al. 

The efficacy of bacillus Calmette-Guérin vaccination of newborns and infants 

in the prevention of tuberculosis: meta-analyses of the published literature. 

Pediatrics 1995;96:29-35. 

9. Orme IM. The Achilles heel of BCG. Tuberculosis (Edinb) 2010;90:329-32. 

10. Lindenstrøm T, Moguche A, Damborg M, Agger EM, Urdahl K, Andersen P. 

T Cells Primed by Live Mycobacteria Versus a Tuberculosis Subunit Vaccine 

Exhibit Distinct Functional Properties. EBioMedicine 2018;27:27-39. 

11. Ginsberg AM, Ruhwald M, Mearns H, McShane H. TB vaccines in clinical 

development. Tuberculosis (Edinb) 2016;99 Suppl 1:S16-20. 

12. Nandakumar S, Kannanganat S, Dobos KM, Lucas M, Spencer JS, Amara RR, 

et al. Boosting BCG-primed responses with a subunit Apa vaccine during the 

waning phase improves immunity and imparts protection against 

Mycobacterium tuberculosis. Sci Rep 2016;6:25837. 

13. Billeskov R, Tan EV, Cang M, Abalos RM, Burgos J, Pedersen BV, et al. 

Testing the H56 Vaccine Delivered in 4 Different Adjuvants as a BCG-

Booster in a Non-Human Primate Model of Tuberculosis. PLoS One 

2016;11:e0161217. 

14. Moliva JI, Turner J, Torrelles JB. Prospects in Mycobacterium bovis Bacille 

Calmette et Guérin (BCG) vaccine diversity and delivery: why does BCG fail 



  

 232   

 

to protect against tuberculosis? Vaccine 2015;33:5035-41. 

15. Perdomo C, Zedler U, Kühl AA, Lozza L, Saikali P, Sander LE, et al. 

Mucosal BCG Vaccination Induces Protective Lung-Resident Memory T Cell 

Populations against Tuberculosis. mBio 2016;7. 

16. Darrah PA, Zeppa JJ, Maiello P, Hackney JA, Wadsworth MH, 2nd, Hughes 

TK, et al. Prevention of tuberculosis in macaques after intravenous BCG 

immunization. Nature 2020;577:95-102. 

17. Warner DF, Mizrahi V. Shortening treatment for tuberculosis--to basics. N 

Engl J Med 2014;371:1642-3. 

18. Ramos-Espinosa O, Islas-Weinstein L, Peralta-Á lvarez MP, López-Torres MO, 

Hernández-Pando R. The use of immunotherapy for the treatment of 

tuberculosis. Expert Rev Respir Med 2018;12:427-40. 

19. Gupta A, Ahmad FJ, Ahmad F, Gupta UD, Natarajan M, Katoch V, et al. 

Efficacy of Mycobacterium indicus pranii immunotherapy as an adjunct to 

chemotherapy for tuberculosis and underlying immune responses in the lung. 

PLoS One 2012;7:e39215. 

20. Aagaard C, Hoang T, Dietrich J, Cardona PJ, Izzo A, Dolganov G, et al. A 

multistage tuberculosis vaccine that confers efficient protection before and 

after exposure. Nat Med 2011;17:189-94. 

21. Cardona PJ. RUTI: a new chance to shorten the treatment of latent 

tuberculosis infection. Tuberculosis (Edinb) 2006;86:273-89. 

22. Coler RN, Bertholet S, Pine SO, Orr MT, Reese V, Windish HP, et al. 



  

 233   

 

Therapeutic immunization against Mycobacterium tuberculosis is an effective 

adjunct to antibiotic treatment. J Infect Dis 2013;207:1242-52. 

23. Larsen SE, Baldwin SL, Orr MT, Reese VA, Pecor T, Granger B, et al. 

Enhanced Anti-Mycobacterium tuberculosis Immunity over Time with 

Combined Drug and Immunotherapy Treatment. Vaccines (Basel) 2018;6. 

24. Tousif S, Singh DK, Ahmad S, Moodley P, Bhattacharyya M, Van Kaer L, et 

al. Isoniazid induces apoptosis of activated CD4+ T cells: implications for 

post-therapy tuberculosis reactivation and reinfection. J Biol Chem 

2014;289:30190-5. 

25. Fleetwood AJ, Cook AD, Hamilton JA. Functions of granulocyte-macrophage 

colony-stimulating factor. Crit Rev Immunol 2005;25:405-28. 

26. Christensen PJ, Armstrong LR, Fak JJ, Chen GH, McDonald RA, Toews GB, 

et al. Regulation of rat pulmonary dendritic cell immunostimulatory activity 

by alveolar epithelial cell-derived granulocyte macrophage colony-

stimulating factor. Am J Respir Cell Mol Biol 1995;13:426-33. 

27. Szeliga J, Daniel DS, Yang CH, Sever-Chroneos Z, Jagannath C, Chroneos 

ZC. Granulocyte-macrophage colony stimulating factor-mediated innate 

responses in tuberculosis. Tuberculosis (Edinb) 2008;88:7-20. 

28. Rothchild AC, Stowell B, Goyal G, Nunes-Alves C, Yang Q, 

Papavinasasundaram K, et al. Role of Granulocyte-Macrophage Colony-

Stimulating Factor Production by T Cells during Mycobacterium tuberculosis 

Infection. mBio 2017;8. 



  

 234   

 

29. Bryson BD, Rosebrock TR, Tafesse FG, Itoh CY, Nibasumba A, Babunovic 

GH, et al. Heterogeneous GM-CSF signaling in macrophages is associated 

with control of Mycobacterium tuberculosis. Nat Commun 2019;10:2329. 

30. Kim H, Kwon KW, Kim WS, Shin SJ. Virulence-dependent induction of 

interleukin-10-producing-tolerogenic dendritic cells by Mycobacterium 

tuberculosis impedes optimal T helper type 1 proliferation. Immunology 

2017;151:177-90. 

31. Madura Larsen J, Benn CS, Fillie Y, van der Kleij D, Aaby P, Yazdanbakhsh 

M. BCG stimulated dendritic cells induce an interleukin-10 producing T-cell 

population with no T helper 1 or T helper 2 bias in vitro. Immunology 

2007;121:276-82. 

32. Copland A, Sparrow A, Hart P, Diogo GR, Paul M, Azuma M, et al. Bacillus 

Calmette-Guérin Induces PD-L1 Expression on Antigen-Presenting Cells via 

Autocrine and Paracrine Interleukin-STAT3 Circuits. Sci Rep 2019;9:3655. 

33. Bizzell E, Sia JK, Quezada M, Enriquez A, Georgieva M, Rengarajan J. 

Deletion of BCG Hip1 protease enhances dendritic cell and CD4 T cell 

responses. J Leukoc Biol 2018;103:739-48. 

34. Rachman H, Lee JS, Angermann J, Kowall J, Kaufmann SH. Reliable 

amplification method for bacterial RNA. J Biotechnol 2006;126:61-8. 

35. Shin AR, Kim HJ, Cho SN, Collins MT, Manning EJ, Naser SA, et al. 

Identification of seroreactive proteins in the culture filtrate antigen of 

Mycobacterium avium ssp. paratuberculosis human isolates to sera from 



  

 235   

 

Crohn's disease patients. FEMS Immunol Med Microbiol 2010;58:128-37. 

36. Kim JS, Kang MJ, Kim WS, Han SJ, Kim HM, Kim HW, et al. Essential 

engagement of Toll-like receptor 2 in initiation of early protective Th1 

response against rough variants of Mycobacterium abscessus. Infect Immun 

2015;83:1556-67. 

37. Cha SB, Kim WS, Kim JS, Kim H, Kwon KW, Han SJ, et al. Pulmonary 

immunity and durable protection induced by the ID93/GLA-SE vaccine 

candidate against the hyper-virulent Korean Beijing Mycobacterium 

tuberculosis strain K. Vaccine 2016;34:2179-87. 

38. Kim WS, Kim JS, Cha SB, Kim H, Kwon KW, Kim SJ, et al. Mycobacterium 

tuberculosis Rv3628 drives Th1-type T cell immunity via TLR2-mediated 

activation of dendritic cells and displays vaccine potential against the hyper-

virulent Beijing K strain. Oncotarget 2016;7:24962-82. 

39. Jeon BY, Kwak J, Hahn MY, Eum SY, Yang J, Kim SC, et al. In vivo 

characteristics of Korean Beijing Mycobacterium tuberculosis strain K1 in an 

aerosol challenge model and in the Cornell latent tuberculosis model. J Med 

Microbiol 2012;61:1373-9. 

40. Jeon BY, Kim SC, Eum SY, Cho SN. The immunity and protective effects of 

antigen 85A and heat-shock protein X against progressive tuberculosis. 

Microbes Infect 2011;13:284-90. 

41. Khader SA, Bell GK, Pearl JE, Fountain JJ, Rangel-Moreno J, Cilley GE, et 

al. IL-23 and IL-17 in the establishment of protective pulmonary CD4+ T cell 



  

 236   

 

responses after vaccination and during Mycobacterium tuberculosis challenge. 

Nat Immunol 2007;8:369-77. 

42. Monin L, Griffiths KL, Slight S, Lin Y, Rangel-Moreno J, Khader SA. 

Immune requirements for protective Th17 recall responses to Mycobacterium 

tuberculosis challenge. Mucosal Immunol 2015;8:1099-109. 

43. Nandakumar S, Kannanganat S, Posey JE, Amara RR, Sable SB. Attrition of 

T-cell functions and simultaneous upregulation of inhibitory markers 

correspond with the waning of BCG-induced protection against tuberculosis 

in mice. PLoS One 2014;9:e113951. 

44. Huster KM, Busch V, Schiemann M, Linkemann K, Kerksiek KM, Wagner H, 

et al. Selective expression of IL-7 receptor on memory T cells identifies early 

CD40L-dependent generation of distinct CD8+ memory T cell subsets. Proc 

Natl Acad Sci U S A 2004;101:5610-5. 

45. Huster KM, Koffler M, Stemberger C, Schiemann M, Wagner H, Busch DH. 

Unidirectional development of CD8+ central memory T cells into protective 

Listeria-specific effector memory T cells. Eur J Immunol 2006;36:1453-64. 

46. Ahlers JD, Belyakov IM. Memories that last forever: strategies for optimizing 

vaccine T-cell memory. Blood 2010;115:1678-89. 

47. Henao-Tamayo MI, Ordway DJ, Irwin SM, Shang S, Shanley C, Orme IM. 

Phenotypic definition of effector and memory T-lymphocyte subsets in mice 

chronically infected with Mycobacterium tuberculosis. Clin Vaccine Immunol 

2010;17:618-25. 



  

 237   

 

48. Scanga CA, Mohan VP, Joseph H, Yu K, Chan J, Flynn JL. Reactivation of 

latent tuberculosis: variations on the Cornell murine model. Infect Immun 

1999;67:4531-8. 

49. Mogues T, Goodrich ME, Ryan L, LaCourse R, North RJ. The relative 

importance of T cell subsets in immunity and immunopathology of airborne 

Mycobacterium tuberculosis infection in mice. J Exp Med 2001;193:271-80. 

50. Moguche AO, Shafiani S, Clemons C, Larson RP, Dinh C, Higdon LE, et al. 

ICOS and Bcl6-dependent pathways maintain a CD4 T cell population with 

memory-like properties during tuberculosis. J Exp Med 2015;212:715-28. 

51. Woodworth JS, Cohen SB, Moguche AO, Plumlee CR, Agger EM, Urdahl 

KB, et al. Subunit vaccine H56/CAF01 induces a population of circulating 

CD4 T cells that traffic into the Mycobacterium tuberculosis-infected lung. 

Mucosal Immunol 2017;10:555-64. 

52. Griffiths KL, Ahmed M, Das S, Gopal R, Horne W, Connell TD, et al. 

Targeting dendritic cells to accelerate T-cell activation overcomes a 

bottleneck in tuberculosis vaccine efficacy. Nat Commun 2016;7:13894. 

53. Carpenter SM, Yang JD, Lee J, Barreira-Silva P, Behar SM. Vaccine-elicited 

memory CD4+ T cell expansion is impaired in the lungs during tuberculosis. 

PLoS Pathog 2017;13:e1006704. 

54. Andersen P, Woodworth JS. Tuberculosis vaccines--rethinking the current 

paradigm. Trends Immunol 2014;35:387-95. 

55. Petruccioli E, Petrone L, Vanini V, Sampaolesi A, Gualano G, Girardi E, et al. 



  

 238   

 

IFNγ/TNFα specific-cells and effector memory phenotype associate with 

active tuberculosis. J Infect 2013;66:475-86. 

56. Andersen P, Smedegaard B. CD4(+) T-cell subsets that mediate 

immunological memory to Mycobacterium tuberculosis infection in mice. 

Infect Immun 2000;68:621-9. 

57. Kipnis A, Irwin S, Izzo AA, Basaraba RJ, Orme IM. Memory T lymphocytes 

generated by Mycobacterium bovis BCG vaccination reside within a CD4 

CD44lo CD62 ligand(hi) population. Infect Immun 2005;73:7759-64. 

58. Lindenstrøm T, Knudsen NP, Agger EM, Andersen P. Control of chronic 

mycobacterium tuberculosis infection by CD4 KLRG1- IL-2-secreting central 

memory cells. J Immunol 2013;190:6311-9. 

59. Cox HS, Morrow M, Deutschmann PW. Long term efficacy of DOTS 

regimens for tuberculosis: systematic review. Bmj 2008;336:484-7. 

60. den Boon S, van Lill SW, Borgdorff MW, Enarson DA, Verver S, Bateman 

ED, et al. High prevalence of tuberculosis in previously treated patients, Cape 

Town, South Africa. Emerg Infect Dis 2007;13:1189-94. 

61. van Rie A, Warren R, Richardson M, Victor TC, Gie RP, Enarson DA, et al. 

Exogenous reinfection as a cause of recurrent tuberculosis after curative 

treatment. N Engl J Med 1999;341:1174-9. 

62. Espinal MA, Laszlo A, Simonsen L, Boulahbal F, Kim SJ, Reniero A, et al. 

Global trends in resistance to antituberculosis drugs. World Health 

Organization-International Union against Tuberculosis and Lung Disease 



  

 239   

 

Working Group on Anti-Tuberculosis Drug Resistance Surveillance. N Engl J 

Med 2001;344:1294-303. 

63. Pablos-Méndez A, Raviglione MC, Laszlo A, Binkin N, Rieder HL, Bustreo F, 

et al. Global surveillance for antituberculosis-drug resistance, 1994-1997. 

World Health Organization-International Union against Tuberculosis and 

Lung Disease Working Group on Anti-Tuberculosis Drug Resistance 

Surveillance. N Engl J Med 1998;338:1641-9. 

64. Sterling TR, Njie G, Zenner D, Cohn DL, Reves R, Ahmed A, et al. 

Guidelines for the Treatment of Latent Tuberculosis Infection: 

Recommendations from the National Tuberculosis Controllers Association 

and CDC, 2020. MMWR Recomm Rep 2020;69:1-11. 

65. Caccamo N, Guggino G, Joosten SA, Gelsomino G, Di Carlo P, Titone L, et 

al. Multifunctional CD4(+) T cells correlate with active Mycobacterium 

tuberculosis infection. Eur J Immunol 2010;40:2211-20. 

66. Marín ND, París SC, Rojas M, García LF. Functional profile of CD4+ and 

CD8+ T cells in latently infected individuals and patients with active TB. 

Tuberculosis (Edinb) 2013;93:155-66. 

67. Harari A, Rozot V, Bellutti Enders F, Perreau M, Stalder JM, Nicod LP, et al. 

Dominant TNF-α+ Mycobacterium tuberculosis-specific CD4+ T cell 

responses discriminate between latent infection and active disease. Nat Med 

2011;17:372-6. 

68. Day CL, Abrahams DA, Lerumo L, Janse van Rensburg E, Stone L, O'Rie T, 



  

 240   

 

et al. Functional capacity of Mycobacterium tuberculosis-specific T cell 

responses in humans is associated with mycobacterial load. J Immunol 

2011;187:2222-32. 

69. Sauzullo I, Mengoni F, Mascia C, Rossi R, Lichtner M, Vullo V, et al. 

Treatment of latent tuberculosis infection induces changes in multifunctional 

Mycobacterium tuberculosis-specific CD4+ T cells. Med Microbiol Immunol 

2016;205:37-45. 

70. Henao-Tamayo M, Palaniswamy GS, Smith EE, Shanley CA, Wang B, Orme 

IM, et al. Post-exposure vaccination against Mycobacterium tuberculosis. 

Tuberculosis (Edinb) 2009;89:142-8. 

71. Macri C, Dumont C, Johnston AP, Mintern JD. Targeting dendritic cells: a 

promising strategy to improve vaccine effectiveness. Clin Transl Immunology 

2016;5:e66. 

72. Zhou JJ, Wang YM, Lee VWS, Zhang GY, Medbury H, Williams H, et al. 

DEC205-DC targeted DNA vaccine against CX3CR1 protects against 

atherogenesis in mice. PLoS One 2018;13:e0195657. 

73. Stylianou E, Pepponi I, van Dolleweerd CJ, Paul MJ, Ma JK, Reljic R. 

Exploring the vaccine potential of Dec-205 targeting in Mycobacterium 

tuberculosis infection in mice. Vaccine 2011;29:2279-86. 

74. Velasquez LN, Stüve P, Gentilini MV, Swallow M, Bartel J, Lycke NY, et al. 

Targeting Mycobacterium tuberculosis Antigens to Dendritic Cells via the 

DC-Specific-ICAM3-Grabbing-Nonintegrin Receptor Induces Strong T-



  

 241   

 

Helper 1 Immune Responses. Front Immunol 2018;9:471. 

 

  



  

 242   

 

ABSTRACT (in KOREAN) 

 

결핵의 병인에 관여하는 수지상 세포의 특성과 역할 규명을 통한  

새로운 결핵제어 기법과 전략제시  

 

<지도교수: 신 성 재> 

 

연세대학교 대학원 의과학과 

 

김 홍 민 

 

 

결핵균(Mycobacterium tuberculosis, Mtb)은 사람을 유일한 숙주로 하는 

병원체로 결핵(tuberculosis)을 유발시키며, 결핵은 2018 년도 한 해에만 

해도 150 만여 명을 사망에 이르게 하는 가장 심각한 감염 병이다. 

결핵균이 발견된 이후, 100 년이 넘는 동안 결핵을 제어하기 위해 많은 

연구가 진행되어 왔지만 결핵의 병인기전에 대한 이해는 아직도 미흡한 

상태이다.  

수지상 세포는 전문적인 항원제시세포(antigen presenting cell) 중 하나로서, 

외부 항원에 의해서 성숙화 과정을 거친 후 배수 림프절(draining lymph 

node)로 이동하여 T 세포에 의한 항원 인식을 촉진하고 감염 미세환경에 

따라 특정 T 세포의 편향화(polarization)를 유도한다. 결핵 제어를 위해 제 

1 형 보조 T 세포(type 1 helper T cell, Th1) 면역의 형성이 중요하기 때문에, 

T 세포의 면역편향화를 조절하는 수지상 세포는 결핵 병인에서 중요한 

역할을 수행한다. 하지만, 결핵균은 수지상 세포에 의한 효과적인 

면역반응을 억제, 회피하는 기전이 존재 한다는 연구들이 지속적으로 
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보고되고 있기 때문에, 결핵의 발병과 방어에 관여하는 수지상 세포의 

특징 및 역할을 이해하고, 이를 이용한다면 효과적인 결핵제어기법을 

제시할 수 있다. 이에 본 학위 논문에서는 다양한 결핵 감염모델에서 

형성되는 수지상 세포의 면역학적 표현형과 역할을 규명하고, 이를 

이용하여 향상된 결핵예방 및 치료의 가능성을 연구하고자 하였다.  

제 1 장에서는 결핵 발병과 방어 기전에 관여하는 수지상 세포의 역할과 

T 세포와의 관계, 임상 시험 중인 결핵백신을 토대로 향후 효과적인 

결핵백신과 제어기법 개발을 위한 수지상 세포의 활용 및 그 특성에 대한 

문헌고찰과 최신 연구동향에 대한 내용으로 구성되어있다.  

제 2 장에서는 동물실험 모델링 및 in vitro 실험을 통하여 수지상 세포와 

결핵 감수성에 관한 상관관계와 수지상 세포의 기능을 밝히고자 하였다. 

일반적으로 결핵균 감염모델에 사용되는 C57BL/6 마우스에 비해 결핵균 

감염에 대해 높은 감수성(susceptibility)을 지닌 A/J 마우스의 경우, 

C57BL/6 마우스에 비해 낮은 빈도수의 수지상 세포 및 T 세포와, 약화된 

Th1 반응 형성이 관찰되었다. 또한, 병원성이 서로 다른 결핵 균주들(Mtb 

K, H37Rv 및 H37Ra)의 감염을 통하여 마우스 모델에서 병원성과 반비례 

하는 Th1 반응의 형성과, 수지상 세포상의 major histocompatibility complex 

(MHC) class II 분자의 억제를 확인하여, 결핵균 감염의 중증도와 T 세포 

면역 그리고 수지상 세포에 대한 상관관계를 제시하였다. 또한, 병원성 

결핵균주 H37Rv 또는 약독화 결핵균주 H37Ra 감염을 통해 병원성이 서로 

다른 결핵균의 감염에 따른 수지상 세포의 표현형 및 기능적 변화와 T 

세포와의 상호작용을 조사 하였다. H37Rv 감염-수지상 세포에서는 

H37Ra 감염에 비해 더욱 높은 수준의 Th1 반응의 억제가 관찰되었고, 

이는 H37Rv 감염을 통해 면역 억제성 사이토카인 중 하나인 Interleukin 10 

(IL-10)의 분비에 의한 영향임을 확인하였다. 감염 초기부터 다량의 IL-
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10 의 분비가 유도된 H37Rv 감염-수지상 세포는 T 세포와의 상호작용을 

위한 CD80, CD86 및 MHC class II 분자 발현의 저하와 programmed death-

ligand 1 (PD-L1), CD103, Tim-3 및 indoleamin 2, 3-dioxygenase 분자 발현의 

증가를 통해 면역 관용성 수지상 세포로 유도됨을 확인하였다. H37Rv 

감염-수지상 세포에서 관찰된 면역 관용성 표현형은 IL-10 결핍 

마우스로부터 생성된 수지상 세포 또는 IL-10 중화 단일클론 항체로 처리 

된 수지상 세포에서 정상적인 성숙 수지상 세포 표현형으로 회복 됨을 

확인하였으며, T 세포와의 공동 배양에서도 T 세포의 증식 및 

Th1 세포로의 분화가 회복 됨을 확인 함으로써, H37Rv 감염에 의해 

유도되는 면역관용성 수지상 세포에 IL-10 이 핵심적인 역할을 하고 있음을 

증명하였다. 추가적으로, H37Rv 감염에 의한 IL-10 의 분비는 p38 mitogen-

activated protein kinases (MAPK) 활성화에 의해 매게 된다는 것을 확인 

함으로써, p38 MAPK−IL-10 으로 이어지는 신호전달이 면역 관용성 수지상 

세포의 형성에 중요함을 증명하였다. 결론적으로, 결핵의 중증도 및 

결핵균의 병원성에 따른 수지상 세포의 표현형 및 기능의 특징을 

규명하였고, 수지상 세포의 조절을 통해 효과적인 T 세포 면역을 

유도함으로써 결핵균을 억제하는 전략에 대한 가능성을 제시하였다. 

항원의 당화(glycosylation)는 항원제시세포의 항원인식 및 항원인식 

이후에 유도되는 T 세포 면역반응에 영향을 줄 수 있다고 보고되었다. 

특이하게도 결핵균은 다른 세균에 비해, 항원들의 당화가 전체 단백체 

중에서 매우 높은 비중을 차지한다고 알려졌다. 따라서, 제 3 장에서는 

향상된 아단위 백신(subunit vaccine) 개발을 위해 단백질 발현 후 

당화과정을 가지는 단백질-식물발현시스템을 이용하여 항원을 확보하였고, 

결핵백신으로서의 방어효과를 제시하였다. 객관적 비교를 위해 단백질-

박테리아 발현 시스템으로서 대장균(Escherichia coli)에서 발현 된 비 당화 
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Ag85A (NG-Ag85A)와 단백질-식물 발현 시스템으로서 니코티아나 

벤타미아나(Nicotiana benthamiana)에서 발현 된 당화 Ag-85A (G-Ag85A)의 

백신 효능을 결핵균 감염 마우스 모델에서 비교 하였다. 결핵균 감염 

마우스에서 분리한 T 세포에 각각의 항원을 자극한 결과 G-Ag85A 는 NG-

Ag85A 에 비해 더욱 높은 항원성(antigenicity)을 보유함을 확인하였고, 

각각의 항원으로 자극시킨 수지상 세포와 결핵균 감염 마우스 분리 T 

세포의 공동 배양 결과에서 G-Ag85A 로 자극한 수지상 세포에서 더욱 

높은 항원 특이적 IFN- 와 T 세포 증식을 확인하였다. 이러한 결과는, G-

Ag85A 가 항원을 탐식하고 제시하는 수지상 세포를 통해 Th1 반응을 

증가시킬 수 있는 결핵 백신 후보로서의 가능성을 보여준다. 결핵균 감염 

후 4 주 및 9 주에 폐 조직 내 박테리아 성장 및 폐 조직 병변 분석 결과, 

G-Ag85A 로 면역화 된 마우스 그룹은 NG-Ag85A 면역화에 비해 더욱 높은 

백신 효능을 나타냄을 확인하였고, 백신에 의해 유도된 결핵균 방어가 

효과는 IFN-, TNF- 및 IL-2 를 공동 생성하는 항원특이적 다기능 CD4+ T 

세포를 바탕으로 이루어짐을 확인 할 수 있었다. 결론적으로, 식물 단백질 

발현 시스템을 이용한 당화된 백신 항원의 특징과 효능을 수지상 

세포로부터 결핵균 동물모델을 통하여 보여줌으로써 결핵의 효과적인 

예방을 위한 백신항원 개발에 새로운 전략을 제공하였다. 

결핵의 제어를 위해서 효과적인 예방과 결핵 환자에 대한 효율적인 

치료가 중요하다. 이를 위해서 새로운 백신 개발을 통한 결핵균 감염 억제 

및 결핵 발병 억제와, 새로운 치료법을 통한 치료 기간 단축이 시급한 

실정이다. 최근 수지상 세포를 표적으로 하거나 수지상 세포의 직접적인 

이용을 통한 결핵백신 모델에서 높은 수준의 백신 효능이 보고되고 있다. 

따라서, 제 4 장에서는 결핵균의 배양액을 농축한 분비항원(culture Filtrate 

antigens, CFA)으로 성숙시킨 수지상 세포(CFA-수지상 세포)를 사용하여   
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(i) BCG 프라임-부스터 백신으로의 가능성과, (ii) 약제 감수성 결핵(drug 

susceptible TB) 뿐만 아니라 약제 저항성 결핵(multidrug resistant TB) 

의 치료효능을 증가시키기 위한 보조 면역 요법으로서의 가능성을 다양한 

마우스 모델을 사용하여 평가 하였다. 마우스에 BCG 백신 후, CFA-

수지상 세포를 통한 BCG 프라임-부스터 백신은, BCG 단독 백신에 비해 

종격동 림프절 (mediastinal lymph node) 및 폐 조직 내의 수지상 세포 와 T 

세포의 침윤을 촉진하였고, 항원 제거 특화된 이펙터 메모리 T 

세포(effector memory T cell) 및 항원에 대한 메모리 반응을 장기적으로 

지속하는 센트럴 메모리 T 세포(central memory T cell)의 형성을 촉진함을 

확인하였다. 또한, TNF-, IFN- 및 IL-를 동시에 생성하는 항원특이적 

다기능 CD4+ T 세포의 현저한 증가와 함께 초기 감염 단계부터 상당한 

박테리아 감소를 유도함을 확인하였다. 이 결과는 다양한 균 주의 결핵균 

감염 모델에서도 동일한 보호 효능을 가졌으며, 부스팅 백신으로부터 26 

주 후에도 보호 효능이 지속됨을 확인하였다. 항결핵 화학 요법에 대한 

보조 면역 요법 실험의 경우, 항생제 치료와 함께 투여된 CFA-수지상 

세포는 항원특이적 다기능 CD4+ T 세포의 증가 및 유지와 함께 동일 

치료기간 내에 월등한 폐 조직 내 박테리아 수의 감소와 폐 염증의 현저한 

감소를 유발함을 확인하였다. 또한, 재활성화 결핵 모델에서, 항생제와 

함께 CFA-수지상 세포의 투여 한 그룹의 경우, 항생제 단독 투여 그룹에 

비해 높은 수준의 센트럴 메모리 T 세포의 형성을 확인하였으며, 감염 후 

35 주까지 결핵의 재 활성화로부터 높은 보호효과가 관찰되었다. 다제내성 

결핵균 감염 마우스 모델에서도 CFA-수지상 세포에 의한 치료 효율 

증가가 유지됨을 확인하여 결핵 억제의 주요 문제점 중 하나인 다제내성 

결핵균의 치료 전략에 대한 적용 가능성을 확인하였다. 결론적으로, CFA-

수지상 세포를 통한 BCG 프라임-부스터 백신 및 항생제 치료에 대한 보조 
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면역요법은 기간 단축 및 결핵균 재 활성화 예방에 대한 수지상 세포 기반 

면역 요법에 대한 새로운 가능성을 제시하였다. 

종합적으로, 본 학위 논문에서는 (1) 결핵의 발병과 진행, 중증도에 

관여하는 수지상 세포의 특징을 규명함은 물론, 병원성에 따라 형성되는 

수지상 세포의 표현형적, 기능적 특성을 규명하였다. (2) 향상된 백신 

개발을 위해 단백질 항원의 당화를 유도하여 비당화 항원 대비 향상된 

백신효과를 확인함은 물론, 이를 식물 기반의 단백질 발현 시스템을 

통하여 사용함으로써 추후 비용적 관리적 측면에서 효율적인 백신생산의 

플랫폼에 대한 가능성을 제시하였다. (3) 수지상 세포의 직접적인 이용을 

통하여 기존의 BCG 백신의 효율성 증대를 위해 BCG 프라임-부스터 백신 

전략을 제시하였고, 수지상 세포 기반의 보조 면역치료(adjunctive 

immunotherapy)를 개발하여 새로운 결핵 치료요법의 전략을 제시하였으며, 

결핵에 대한 예방 및 치료의 효율성 증대와 결핵의 재발에 대한 

억제효과를 확인하였다. 본 학위논문에서 도출된 결과는 인류를 가장 

괴롭혀 온 결핵을 효율적으로 제어하기 위하여 기초적 지식 발전뿐만 

아니라 다양한 모델에서 실제로 적용가능성을 보여줌으로써 향후 개선 된 

결핵백신 및 치료제 개발에 일조할 것이다. 
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