
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

 

 

 

Investigation on the Pathogenesis  

of a Comorbid Chronic Pulmonary 

Disease with Nontuberculous 

Mycobacterial Infection  

and Allergic Asthma 

 

 

Yeeun Bak 

Department of Medical Science 

The Graduate School, Yonsei University 

  



 

 

 

 

Investigation on the Pathogenesis  

of a Comorbid Chronic Pulmonary 

Disease with Nontuberculous 

Mycobacterial Infection  

and Allergic Asthma 

 

 

Yeeun Bak 

Department of Medical Science 

The Graduate School, Yonsei University 



 

Investigation on the Pathogenesis  

of a Comorbid Chronic Pulmonary 

Disease with Nontuberculous 

Mycobacterial Infection  

and Allergic Asthma 

 

Directed by Professor Sung Jae Shin 

 

The Master’s Thesis 

submitted to the Department of Medical Science, 

the Graduate School of Yonsei University 

in partial fulfillment of the requirements for the degree of 

Master of Medical Science 

 

Yeeun Bak 

 

 

June 2020 



 

 

This certifies that the Master’s Thesis of 

Yeeun Bak is approved. 

 

______________________________________________ 

Thesis Supervisor: Sung Jae Shin 

 

______________________________________________ 

Thesis Committee Member #1: Ji Hwan Ryu 

 

______________________________________________ 

Thesis Committee Member #2: Young Ae Kang 

 

The Graduate School 

Yonsei University 

 

June 2020 

 



 

ACKNOWLEGEMENTS 

 

열심히 하겠다는 포부 만을 가진 채 입학을 한 지도 벌써 2년이 

훌쩍 지났습니다. 지난날을 다시금 생각하여 보면 학위 과정 동안 

배운 것은 단순히 실험하고 결과를 도출하고 다음 실험을 

반복하는 것뿐만이 아닌 책임감과 끈기, 원활한 의사소통 등 

사회에 나아갔을 때에 한 사회인으로서 자리 잡는 방법을 배운 것 

같습니다. 처음 겪는 반복되는 실패와 무수히 많은 선택의 경로가 

낯설고 힘들었지만 함께 하는 분들의 도움과 지지가 다시금 

일어나게 하고 옳은 방향으로 나아가게끔 하는 원동력이 되어 

졸업을 할 수 있었습니다. 

특별히, 상호간의 이해와 배려를 강조하시며 연구자로서의 참된 

자세를 알려주신 신성재 교수님께 큰 감사의 말씀 드립니다. 전 

세계적인 재앙으로 어려움이 많았음에도 불구하고 아낌없이 

지도하여 주시고 생각의 길을 넓히는 방법을 깨우칠 수 있도록 

응원하며 도와 주셔서 감사합니다. 교수님의 가르침을 받아 

누군가를 쫓아가는 연구자가 아닌 개척해 나아가는 리더의 위치로 

자리 잡을 수 있도록 끊임없이 노력하겠습니다. 또한 세세한 

부분까지 신경 써 주시며 조언하여 주신 강영애 교수님과 

심사위원장님으로서 연구의 발전을 위하여 도움을 주신 유지환 

교수님께 진심으로 감사드립니다. 항상 인자한 모습으로 저의 

연구를 지지하여 주시고 다양한 조언을 해 주신 덕분에 참고하여 

연구내용의 질을 더욱 높일 수 있었습니다.  

이제는 가족보다도 더 많은 시간을 함께 보내는 연구실원분들께도 

감사의 말씀을 드립니다. 연구실의 가장 연장자로서 여러가지로 

신경 쓰실 일이 많음에도 항상 졸업에 관심 가져 주신 이한 

박사님, 연구실이 잘 흘러갈 수 있도록 도움을 주시는 홍희 

선생님, 가끔 나누는 이야기 속에 하나하나 진심을 다하여 주신 

지해 박사님, 동물실험 하면서 항상 많은 도움을 받은 기웅 오빠, 



 

서로 의지하며 응원한 졸업 동기 홍민 오빠, 실험 방법을 친절히 

알려주는 순명 오빠, 인자한 눈웃음으로 친 오빠 같던 재훈 오빠, 

같이 NTM연구하며 의지했던 주미 언니, 은근히 재미있는 내 동기 

은솔 오빠, 친구처럼 편하게 대해준 산이 오빠, 소소한 선물로 

항상 기분 좋게 해 준 유라, 환상의 티키타카를 자랑하는 지윤이, 

멋진 인생을 사는 하규 오빠, 새로 왔는데도 친근한 친구 상원이, 

복잡한 동물 실험 잘 진행될 수 있도록 신경 써 준 마로 오빠, 

마우스 모델링 하느라 고생한 친구 현지랑 인곤이, 나만 보면 

안기는 원희까지 다들 모두 감사합니다. 특히 정신적으로 많이 

의지하면서 희로애락을 함께한 소중한 다희 언니, 희선 언니, 

혜수 언니와 본업이 있으심에도 매주 신경 써 주시고 아버지처럼 

걱정하여 주신 연구실 아부지 상철 선생님과 바쁜 일정 함께 

소화하며 도와준 다연이에게 큰 감사 드립니다. 졸업은 결코 혼자 

할 수 있는 것이 아니라는 것을 가슴 깊이 느끼며 함께하는 

분들이 있어 힘이 되고 즐겁게 연구실 생활을 하였습니다. 

여러분들의 존재로 제가 좋은 사람으로 거듭날 수 있었습니다. 

모두의 나아갈 여정을 함께 응원하도록 하겠습니다. 

또한, 졸업하기만을 학수고대하며 응원해준 친구들, 항상 

바쁘다고 못 봤는데도 다 이해해주고 응원해줘서 고맙습니다. 

동고동락하며 재미있는 기숙사 생활 하게 해준 룸메이트 유림이, 

2 년동안 큰 불평 없이 함께 해 줘서 고맙습니다. 언급하지 

않았지만 애정으로 보듬어주고 연락하며 응원해준 모든 분들 

하나하나 사랑하고 감사하다는 말씀 전합니다. 마지막으로, 2년이 

넘는 시간 동안 지지해주고 집에 갈 때마다 행복을 느끼게 해 준 

가족들께 정말 감사합니다. 하늘에 계신 할머니, 엄마, 아빠, 

오빠, 예진이, 하루까지 다들 사랑합니다.  

 

2020년 7월 9일 

박예은 올림 



 

TABLE OF CONTENTS 

ABSTRACT………………………………………………………………...1 

I. INTRODUCTION………………………………………………………..4 

II. MATERIALS AND METHODS…….…………………..……...………10 

1. Animals.…………………………………………..................….....10 

2. Animal models and information about the pathogen……..........10 

A. Induction of allergic asthma………………………………..….10 

B. Induction of NTM-PD…………………………..…..……14 

3. Experimental protocol for comorbid diseases………….............…. .15 

4. Lung histology staining and inflamed area analysis………..….…..16  

5. Single-cell preparation from organs………………………………17 

6. Preparation of culture filtrated extract antigen from Mycobacterium 

avium  (SM#7 ) ….. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .…17 

7. Characterization of cell types using Flow cytometry………….…....18 

8. Analysis of T cell subpopulation and cytokine release………..…19 

9. Immunoglobulin titer in mouse serum ……………………….…20 

10. Generation of bone marrow-derived dendritic cells …....21 



 

11. Enzyme-linked immunosorbent assay……………………22 

12. Statistical analysis…………………………………………………22 

III. RESULTS…………………………………………...………………….24 

1. Growth of Mycobacterium avium complex (MAV) is exacerbated by 

allergic asthma induction in comorbid disease model.................... 24 

2. Progression of Mycobacterium avium complex (MAV) infection was 

accelerated after inducing allergic asthma as an underlying 

disease……………………………………………………………29 

3. Pro-inflammatory cytokines in the lungs were attenuated in the 

comorbidity group compared to those in the Mycobacterium avium 

complex (MAV) infection group………………………………34 

4. Infiltration of immune cells into the inflamed lungs did not increase 

in the comorbidity group compared to in the Mycobacterium avium 

complex (MAV) infection group...........................................42 

5. The comorbidity group with Mycobacterium avium complex infection 

and ovalbumin challenge induced the malfunction of CD4+ T 

c e l l s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 7 



 

6. Mycobacterium avium complex and ovalbumin co-stimulated bone 

marrow-derived dendritic cells are prone to have anti-inflammatory 

effects.....................................................................................52 

7. An allergic asthma-resistant mouse strain, C57BL/6J, did not show 

increased growth of bacteria accompanied with ovalbumin induction 

compared to the Mycobacterium avium  complex infection 

group................................. ..................................... ...........57 

8. Because of the allergic asthma induction, the immune responses to 

both Mycobacterium avium complex (MAV) infection and allergic 

asthma were converted in the comorbidity group of C57BL/6J and 

BALB/c mice..........................................................................62 

9. Increase in effector memory T cells during comorbidity demonstrated 

unbalanced immunogenicity and immunological memory responses, 

especially against Mycobacterium avium complex (MAV) infection 

in BALB/c mice...................................................................69 

IV. DISCUSSION…………………….………….…………………...…75 

V. CONCLUSION…………………………………………………..……..83 

REFERENCES………………………………..………………………85 

ABSTRACT (IN KOREAN) ……………………………..………..……94 



 

 

LIST OF FIGURES 

Figure 1. Experimental protocol for an allergic asthma model using 

a nebulizer and aerosol chamber...…………..12 

Figure 2. Characteristics of aerosol-challenged allergic asthma 

mouse model...………………………….…...……13 

Figure 3. Progression of disease according to the exposure of 

allergic asthma ongoing Mycobacterium avium 

complex (MAV) infection (Preceding infection, 

PI).....................................................................26 

Figure 4. Characteristics of ovalbumin (OVA)-induced allergic 

asthma in the preceding Mycobacterium avium 

complex (MAV)-infected mouse model……27 

Figure 5. Progression of disease with Mycobacterium avium 

complex (MAV) infection in established allergic 

asthma (Subsequent infection, SI).....................31 



 

Figure 6. Characteristics of ovalbumin (OVA)-induced allergic 

asthma in the subsequent Mycobacterium avium 

complex (MAV) infected mouse model.................32 

Figure 7. At 5 weeks post-infection, comparison of secreted 

c y t o k i n e s  f r o m i n f l a me d  l u n g  c e l l s  f o r 

Mycobacterium avium complex (MAV)-specific 

responses in aspects of antibacterial effects....36 

Figure 8. At 10 weeks post-infection, comparison of secreted 

c y t o k i n e s  f r o m i n f l a me d  l u n g  c e l l s  f o r 

Mycobacterium avium complex (MAV)-specific 

responses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .37 

Figure 9. At 5 weeks post-infection, comparison of secreted 

cytokines from inflamed lung cells for ovalbumin-

specific responses to aspects of the allergic 

asthma...…………………………..………….….38 

Figure 10. At 10 weeks post-infection, comparison of secreted 



 

cytokines from inflamed lung cells for ovalbumin-

specific responses to aspects of the allergic 

asthma. .........................................…..……...……40 

Figure 11. Flow cytometry gating strategy for identifying various 

immune cells population.…...................................44 

Figure 12. Alteration in the cellular composition of inflammatory 

lungs by Mycobacterium avium complex (MAV) 

infection co-occurring with allergic asthma............45 

Figure 13. Gating strategy in flow cytometry for determining the 

functional CD4+ T cell response in the differential 

phenotype of the lung...........................................49 

Figure 14. Attenuated Mycobacterium avium complex (MAV)-

specific cytokine levels from CD4+ T cells in 

response to stimulation of culture filtrated extract 

antigen ex vivo…………….......………........50 

Figure 15. Generation of co-stimulated bone marrow-derived 



 

dendritic (BMDCs) cells…………….……..….....54 

Figure 16. Expression of molecules in the activated bone marrow-

derived dendritic cells (BMDCs) by co-stimulation 

with Mycobacterium avium complex (MAV) and 

ovalbumin (OVA)………………………………...54 

Figure 17. Secretion of molecules in the activated bone marrow-

derived dendritic cells (BMDCs) by co-stimulation 

with Mycobacterium avium complex (MAV) and 

ovalbumin (OVA)………………………………...55 

Figure 18. Comparison between the response of allergic asthma 

susceptible mouse, BALB/c, and relatively hard to 

induce allergic asthma mouse, C57BL/6J, to co-

occurring allergic asthma and Mycobacterium avium 

complex (MAV) infection…………………….59 

Figure19. Characteristic of ovalbumin (OVA)-induced allergic 

asthma in Mycobacterium avium complex (MAV)-



 

infected BALB/c and C57BL/6J mice...............60 

Figure 20. Flow cytometry gating strategy for identifying various 

immune cells population........................................64 

Figure 21. Types of immune cells in the inflamed lung………..65  

Figure 22. Immune responses were regulated by additional 

induction of allergic asthma in response to the 

Mycobacterium avium complex (MAV)-derived CFA 

and OVA in BALB/c mice..............................66 

Figure 23. Immune responses were regulated by additional 

induction of allergic asthma in response to the 

Mycobacterium avium complex (MAV)-derived CFA 

and OVA in C57BL/6J mice............................67 

Figure 24. Flow cytometry gating strategy for identifying CD4+ 

subpopulation.........................................................71 

Figure 25. Attenuated Mycobacterium avium complex (MAV)-

specific cytokine levels from CD4+ TEM cells in 



 

response to stimulation of culture filtrated extract 

antigen (CFA) and ovalbumin (OVA) ex vivo in 

BALB/c mice.......................................................72 

Figure 26. Attenuated Mycobacterium avium complex (MAV)-

specific cytokine levels from CD4+ TEM cells in 

response to stimulation of culture filtrated extract 

antigen (CFA) and ovalbumin (OVA) ex vivo in 

C57BL/6J mice..................................................73 



1 

 

ABSTRACT 

 

Investigation on the Pathogenesis  

of a Comorbid Chronic Pulmonary Disease 

with Nontuberculous Mycobacterial Infection  

and Allergic Asthma 

 

Yeeun Bak 

 

Department of Medicine or Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Sung Jae Shin) 

 

 

 

Purpose: The incidence of pulmonary disease (PD) due to nontuberculous 

mycobacteria (NTM) and allergic asthma is increasing globally. Comorbidity by both 

chronic respiratory diseases has emerged, particularly in middle-aged women. 

Accumulating evidence suggests that patients with NTM-PD are susceptible to the 

development of allergic asthma, especially poorly controlled asthma; asthmatic 
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patients are also associated with susceptibility to 2NTM infection. However, there 

have been limited studies elucidating the association between these two diseases, 

particularly how they mutually affect each other in terms of disease progression and 

which disease can be a significant underlying disease to the other. Thus, the aim of 

this study was to investigate the disease phenotype and immunological characteristics 

of these comorbid diseases in animal models.  

Methods: BALB/c female mice were used to establish two animal models of 

comorbidity: 1) an NTM infection was established with a clinical strain of 

Mycobacterium avium complex (MAV), followed by ovalbumin-induced asthma, and 

2) a comorbidity model was established vice versa. We then compared the disease 

phenotypes using common evaluation criteria for each disease, such as bacterial 

burden, histopathological assessment of granulomatous inflammation and goblet cell 

hyperplasia, and antigen-specific immune responses. 

Results: Airway and pulmonary inflammation were exacerbated because of the co-

occurrence of NTM-PD and allergic asthma, regardless of both diseases. Moreover, 

the induction of allergic asthma accelerated the growth of bacteria because of the 

progression of NTM-PD and alleviated goblet cell hyperplasia. This phenotype 

resulted from inhibition of MAV-specific IFN-γ and -IL-17A. However, IL-13 and 

IL-5 levels were attenuated by OVA, regardless of which disease preceded the other 

in terms of onset.  
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Conclusions: The co-occurrence of allergic asthma and MAV infection aggravated 

inflammation and bacterial growth by diminishing MAV-specific Th1 and Th17 

responses. Taken together, NTM-PD was aggravated by the disruption of antigen-

specific T cell response because of exposure to an allergen, whereas allergic asthma 

gradually improved with the reduced allergen-specific Th2 response upon MAV 

infection. These findings will help in improving our understanding of the 

pathogenesis and establishing therapeutic strategies for patients with comorbid NTM-

PD and allergic asthma.  

 

 

 

 

 

 

--------------------------------------------------------------------------------------------- 

Key Words: Nontuberculous mycobacteria, Mycobacterium avium complex, allergic 

asthma, comorbidity, chronic respiratory disease, mouse model, Th1 response, Th17 

response. 
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I. INTRODUCTION 

Nontuberculous mycobacteria (NTM) are mycobacteria family other than 

Mycobacterium tuberculosis (Mtb) and Mycobacterium leprae which cause 

tuberculosis and Hansen’s disease, respectively. NTM are representative 

opportunistic pathogens that are found everywhere, such as in soil, rivers, and 
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especially in shower heads1,2. Typically, vulnerable patients with NTM infection are 

middle- and old-aged women, and the global prevalence of NTM infection is recently 

increasing compared to that of tuberculosis3-5. NTM can cause pulmonary diseases 

(NTM-PD), lymphadenitis, cutaneous diseases, wounds, foreign body infections, and 

disseminated diseases6. Among them, NTM-PD constitutes the majority of NTM 

infectious diseases and most of them are caused by Mycobacterium avium complex 

(MAV), the most prevalent virulent pathogen among the NTM worldwide3,7,8. 

Although Bacilli de Calmette-Guerin (BCG) vaccination, a protective agent against 

tuberculosis, has cross-reactivity withNTM9,10 and thus, NTM infection can be 

partially controlled by BCG vaccination, adequate NTM-specific vaccines are still 

lacking11. Furthermore, macrolide, ethambutol, and rifampin are used as multidrug 

therapeutics for NTM-PD; however, there are numerous disadvantages, such as the 

development of multidrug-resistant and -tolerant bacteria, long treatment period, and 

the burden of expenses on the patients12,13. Biofilms induced by NTM reduce the 

antibacterial efficacy by representing tolerance14. Besides paying attention to NTM 

infectious diseases, long-term research is required to understand the host immune 

response to NTM infection and NTM-specific therapy. 

Although NTM is innocuous to healthy people, the progression of NTM infectious 

diseases is notable in vulnerable to immunocompromised patients or those with 

accompanying underlying diseases4,5, for example, patients with acquired immune 
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deficiency syndrome, cancer, and especially patients who suffer from respiratory 

diseases, including chronic obstructive pulmonary disease, allergic asthma, 

tuberculosis, and bronchiectasises15-17. NTM-PD commonly co-occurs with other 

types of respiratory diseases. Among them, chronic lower respiratory diseases, 

including allergic asthma, are regarded as critical risk factors for NTM-PD 

patients18,19. In addition, allergic asthma patients exposed to NTM infection show a 

phenotype of severe asthma, which makes it difficult to control airway obstruction 

with corticosteroids20. 

Asthma is a chronic airway disease characterized by variable airway obstruction 

associated with airway hyperresponsiveness21. Infiltration of cells into the lesion and 

hyperplasia of epithelial cells caused by long-term inflammation cause difficulty in 

breathing or chronic cough by inducing airway narrowing. Asthma is a heterogeneous 

disease arising from various causes including infection, genetic factors and allergens. 

Among them, allergic asthma constitutes a significant portion and is caused by 

exposure to allergen worldwide. Sensitization to allergic responses is induced by 

aeroallergens such as pollen, house dust mite or animal’s hair. In allergic asthma, 

excessive inflammation is accompanied by the infiltration of cells into the lung and 

bronchus of allergic asthma patients and typically induces type 2 immune responses 

mediated by various cytokines and immune cells such as IL-33, TSLP, IL-4, IL-5, IL-

13 and eosinophils22. To control the irregular overactive immune system in allergic 



7 

 

asthma, inhaled corticosteroid (ICS) is most widely used as an anti-inflammatory 

drug. However, using ICS makes patients vulnerable to additional diseases, including 

infection due to the disruption in the defense mechanism of the host. 

In the case of Mtb, which is in the same family as NTM, using ICS can reactivate 

latent bacteria23. However, Mtb has been regarded as having protective roles in 

diminishing allergic asthma since middle of the 19th century24. Balancing the Th1/Th2 

response is the means of preventing allergic asthma25. Interestingly, BCG vaccination 

for the protection of tuberculosis develops a primary defense system against allergic 

asthma26,27. Thus, Mtb-derived peptides were prepared as new therapeutic drugs 

against allergic asthma28. 

As expected, NTM infection also increases significantly in patients with allergic 

asthma using ICS29-31. Although using ICS triggers the progression of the 

pathogenicity of opportunistic pathogens such as NTM, investigation of the 

association between the progression of NTM-PD and ICS as well as the mechanisms 

of penetration of NTM and progression have not been fully understood so far. 

According to current studies, while allergic asthma is dominant in Th2 immune 

responses, the host immune response against NTM infection is upregulation of TNF-

α, IL-6 and TGF-β32. Moreover, NTM-PD patients commonly show a diminished 

IFN-γ response, which is known for its antibacterial effects, especially against 

intracellular bacteria33,34 and the secretion of IL-17 but increases in IL-10 levels35,36. 
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Comparable to the clinical research, BALB/c mouse is more susceptible to NTM 

infection in response to the production of IL-10 from CD4+CD25+ T cells in contrast 

to C57BL/6J37. However, several researchers have demonstrated that NTM infection 

promotes type 2 immune responses such as like allergic asthma, immunoglobulin 

isotype switching to IgE and type 2 cytokines such as IL-538,39. Therefore, there is no 

investigation into whether comorbid patients with NTM-PD and allergic asthma have 

a balancing host immune response. 

NTM-PD is also representative of chronic airway diseases such as allergic asthma 

and presents with symptoms similar to those of allergic asthma, such as chronic cough 

and wheezing. The similarities between both diseases confuse physicians and hinder 

adequate diagnosis to and treatment40. Expecting comorbidity with NTM-PD and 

allergic asthma is important because using immunosuppressant such as ICS for 

relieving hyper-immune responses in response to allergens can cause susceptibility to 

NTM infection30. 

In contrast to Mtb, NTM infection co-occurring with allergic asthma can accelerate 

the progression of the diseases; thus, it is clinically important to make a correct 

diagnosis and administer adequate treatment to comorbid patients with NTM-PD and 

allergic asthma. Although several studies have investigated the immunological 

mechanisms of the comorbidity of Mtb and asthma41, little is known about those of 

NTM. The consistent presence of comorbid patients worldwide necessitates the 



9 

 

investigation of the immunological phenotype of comorbid patients to discover 

additional strategies for these patients. Unfortunately, suitable animal models 

representing comorbid diseases have not been established; thus, understanding the 

pathogenesis of NTM-PD with allergic asthma and elucidating the host immune 

responses to overcome chronic inflammation remain challenging. 

To address the above issues, this study investigated chronic pulmonary diseases with 

a focus on NTM-PD and allergic asthma in a mouse model. The study aimed to 

establish a vulnerable mouse model representing comorbid chronic patients who 

suffer from both NTM-PD and allergic asthma. Moreover, I aimed to analyze whether 

the phenotype and immunologic profiles of the two diseases are altered based on the 

independent underlying disease. 

 

 

  



10 

 

II. MATERIALS AND METHODS 

 

1. Animals 

Female BALB/c mice (5 to 6 weeks old) were purchased from Japan SLC Inc. 

(Shizuoka, Japan). They were bred in a specific pathogen-free facility. After an 

acclimation period of one week, the 6- to 7-weeks-old mice were subjected to the first 

infection of NTM or the first allergen sensitization. The use of animals in this study 

was approved by the Institutional Animal Care and Use Committee (Permit Number: 

2017-0342, 2020-0011) of the Yonsei University College of Medicine, and the study 

was conducted according to the International Association of Veterinary Editors 

guidelines on animal experiments. 

 

2. Animal models and information about the pathogen 

Animal models were established with two specific aims as follows;  

A. Induction of allergic asthma : To reflect patients with respiratory disorders who 

suffer from asthma in response to an allergen, the aerosol challenge was performed 

using a nebulizer (Fig. 1A). To generate an adaptive allergic asthma mouse model, 

ovalbumin (OVA, albumin from a chicken egg, Sigma) was used as an allergen.  

 



11 

 

A mixture of 50 µg OVA and 1.32 mg adjuvant (Alum, Imject™ Alum Adjuvant, 

Thermo Scientific™) in 200 μL of 1×Dulbecco's phosphate-buffered-saline (dPBS) 

per mouse was injected intraperitoneally (i.p.) once a week over two weeks for 

systemic sensitization of allergen. After a week, OVA in autoclaved 4 mL 

1×phosphate-buffered-saline (PBS) was used to challenge the mice via the aerosol 

challenge route (a.c.). Pure 1× PBS was used as a negative control and the 

conventional protocol, which was administered intranasally to develop allergic 

asthma, was used as a positive control42. 

After one week, an additional aerosol challenge was performed three to four times a 

week, as described previously, according to the conditions (Fig. 1).  

After establishing the model, all mice were sacrificed to analyze the features of 

allergic asthma. The inflamed area around the bronchioles was observed in 

comparison to the positive control (Fig. 2A). Goblet cell hyperplasia was observed in 

both the 1% and 4% OVA induced mouse groups as well as in the positive control 

(Fig. 2B). 

OVA-specific immunoglobulin subtype IgE and IgG1 were also detected in mouse 

serum under all conditions (Fig. 1C). When 10 μg/mL OVA protein is re-stimulated 

in suspended lung cells, IL-5, which is a conventional type 2 cytokine and can trigger 

a response of type 2 helper T cells (Th2) in response to allergens, is increased in 
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response to the OVA protein depending on the concentration. However, there was no 

effect on IL-17A secretion in response to the OVA re-stimulation (Fig. 2D).  

These results showed that the aerosol challenge with 1% and 4% OVA using a 

nebulizer also adeptly established an allergic asthma mouse model compared to 

intranasal administration. Therefore, 1% or 4% of OVA was used to establish an 

allergic asthma model in an ongoing study not only in the allergic asthma group but 

also in the comorbidity group with bacterial infection.  

 

 

Figure 1. Experimental protocol for an allergic asthma model using a nebulizer 

and aerosol chamber. After sensitization with 50 µg OVA protein and 1.32 mg alum 
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(AIOH3) (i.p.), 150 µg OVA was induced using (i.n.) (green arrow) and 1% or 4% 

OVA in PBS was induced using a nebulizer (blue arrow), which is indicated under 

the protocol.   

 

 

Figure 2. Characteristics of aerosol-challenged allergic asthma mouse model. 

OVA allergen induced to BALB/c mice according to each procedure. (A) Infiltrated 

cells around the inflamed bronchioles represented by Hematoxylin & Eosin (H&E) 

staining (original magnification: ×20, scale bar: 100 μm). Quantification of inflamed 

area indicated as a bar graph. (B) Periodic acid Schiff (PAS) staining was performed 

for the identification of goblet cell hyperplasia and the measured PAS-positive area 

is indicated as a bar graph. (C) OVA-specific IgE and IgG1 in serum measured using 
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ELISA according to the manufacturer’s instruction. (D) The separated inflamed lung 

cells were re-stimulated with 10 µg/mL OVA protein for 12 h, ex vivo. IL-5 and IL-

17A were measured in the culture supernatant. One-way ANOVA was used for 

comparison between the samples followed by Tukey’s multiple comparison test of 

every pair. 

 

B. Induction of NTM-PD : To induce NTM-PD in mice, the clinical strain, SM#7, 

which was type of MAV strain and isolated from patients who were diagnosed with 

NTM-PD according to the guidelines of the American Thoracic Society and 

Infectious Diseases Society of America6 and kindly provided by Professor Won-

Jung Koh (Samsung Medical Center, Seoul, Korea), was used. The bacteria were 

initially cultured in Middle-brook 7H9 broth with enriched 10% mixture of albumin, 

catalase and dextrose (OADC) for 2 weeks at 37 ℃ in a shaking incubator. Single 

cell suspensions of the strain in 7H10-OADC agar were cultured again for one 

week under the same conditions in 7H9-OADC broth. The harvested mycobacterial 

strain was collected using centrifugation at 10,000× g for 30 min43. After, the 

medium was washed out with autoclaved PBS, twice. The MAV infection group 

was nebulized with prepared bacteria in 4 mL autoclaved PBS. To verify the 

number of infectious bacteria, three randomly selected mice were sacrificed and 

the initial colony-forming units (CFUs) per mouse soon after the infection was 
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determined. Homogenized right lung lobe was diluted and plated onto Middle-

brook 7H10 solid media supplemented with 10% OADC. All of the experiments 

from the time of infection were conducted in a biosafety level 3 laboratory (BSL-

3) area. 

 

3. Experimental protocol for comorbid diseases 

Each experiment included the same groups: control naïve group, MAV infection 

group, allergic asthma group and comorbidity group. Two independent experiments 

were performed according to preexisting diseases, namely preceding infection (PI), 

MAV infection followed by asthma induction and subsequent infection (SI), asthma 

induction followed by NTM infection.  

For the PI experiment, BALB/c mice, 6–8 week-olds, were infected with prepared 

SM#7 suspended 4 mL autoclaved PBS for 4 h using nebulization. Three randomly 

selected mice were sacrificed immediately to confirm the initial CFU (6–15× 104 

CFU/mL). After a week, some of the infected mice were additionally induced to 

establish an allergic asthma model for the comorbidity group. An independent group 

of allergic asthma was simultaneously induced with the comorbidity group to 

establish allergic asthma using the method stated above; 1% OVA nebulized by 

aerosol, three times a week until sacrificed after two-week intervals (6 times at 5 
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weeks post-infection and 12 times at 10 weeks post-infection).  

In the other experiment, SI, allergen sensitization were performed before the bacterial 

infection in the comorbid group. After injection of OVA plus adjuvant for allergen 

sensitization, 1% OVA in PBS was nebulized by aerosol three times a week as 

described previously. A bacterial preparation in 4 mL of 1×PBS was used to challenge 

the mice by the aerosol route after the administration of one set for inducing allergic 

asthma. The other groups were simultaneously challenged according to each 

condition. Inducing allergic asthma continued via the aerosol route until the mice 

were sacrificed (12 times at 5 weeks post-infection and 15 times at 10 weeks post-

infection).   

All groups were euthanized simultaneously for immunological analysis at 5 weeks 

and 10 weeks from the time of infection. 

 

4. Lung histology staining and inflamed area analysis 

The superior lung lobe was used for histology assessments. After the mice were 

sacrificed, the lobe was fixed in 10% formalin for over 24 h, followed by cutting the 

fixed tissues horizontally into three parts and designing the embedded paraffin block 

to appear in the section. Sectioned slides made from 4–5 μm sections were stained 

with H&E to analyze inflammatory lesions or PAS staining to identify goblet cell 
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hyperplasia. To grade the area, the color deconvolution plugin in ImageJ was used. 

The whole area was measured by inspection using a threshold tap and adjusted 

threshold rate to include only inflamed areas. To digitize an image, the coefficient 

was calculated based on a scale bar. A computer with open-access equivalent, ImageJ 

(v1.48k NIH, Bethesda, MA, USA) was used for quantification.  

 

5. Single-cell preparation from organs 

Other lobes, except the superior and left lung lobes, were separated from each mouse 

and cut into fine pieces. Collagen was removed using a collagenase cocktail (0.1% 

collagenase II, 0.1% MgCl2 and 0.1% CaCl2 in 1% FBS and 1% antibiotics in plain 

RPMI 1640 media (RPMI, Biowest, Nuaillé, France). After filtering out single cells 

with mesh, the red blood cells were lysed with Ack lysis buffer (Lonza, Basal, 

Switzerland). The cells were re-suspended with RPMI media supplemented with 10% 

FBS and 1% antibiotics (cRPMI) for seeding into each well the same quantity of cells 

(1×106 cells/mL). 

 

6. Preparation of culture filtrated extract antigen from Mycobacterium avium 

(SM#7) 
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To obtain high quality and high concentration of extraction, concentrated bacteria 

were cultured in a mixture of modified Wastson-Reid (pH 6.0) and in Middlebrook 

7H9 broth (Thermo Fisher Scientific Invitrogen, Waltham, MA, 

USA) 44. The mixture was suspended in 1×PBS and centrifuged at 3,500 rpm for 30 

min. After washing out the media, the sediments with a small amount of residue were 

collected into Lysing Matrix B 0.5–2 mL tubes-RNase/DNase-free (MP Biomedical). 

The bacteria concentrate was entirely disrupted using TissueLyser II (QIAGEN). The 

operation of the TissueLyser II was repeated 6–7 times and placed on ice to cool down 

the vial. After centrifugation at 2,000 RCF for 10 min at 4 °C, the supernatant was 

collected and filtered through 0.22 μm pore size filter. The concentration of the 

cultured filtrated extract antigen (CEA) was measured using a bicinchoninic acid 

(BCA) protein assay kit.   

  

7. Characterization of cell types using Flow cytometry  

Floated single cells were collected in a U-type 96-well plate at 1× 106 cells/mL.  

FACS buffer containing 1% FBS and 1% antibiotics in dPBS was used for cell 

suspension. Anti-mouse CD16/32 (TruStain FcX™) antibody was used to prevent 

nonspecific binding of the antibody to the Fc receptor with weak coherence before 

staining.  
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The antibodies listed below were diluted to 400:1 with FACS buffer and used to stain 

specific surface molecules to identify the cell types: BV421 conjugated anti-CD45, 

PE/Cy7 conjugated anti-F4/80, Alexa Flour 700 conjugated anti-SiglecF, 

PerCP/Cy5.5 conjugated anti-CD11b, PE-conjugated anti-CD64, PE/Dazzle-

conjugated anti-CD11c, APC/e780 conjugated anti-MHCII, BV711 or BV785 

conjugated anti-Ly6G, BV605 conjugated anti-CD90.2, and FITC-conjugated anti-

CD19. The LIVE/DEAD™ Fixable Far Red Dead Cell Stain Kit (Invitrogen, 

Carlsbad, CA, USA) was used in the 2000:1 diluent. After staining, the antibody was 

washed out and fixed with a 1×IC fixation buffer (Invitrogen, Carlsbad, CA, USA). 

The stained cells were analyzed using a BD LSR II Fortessa flow cytometer (Becton 

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

OR, USA). The procedure was performed according to the manufacturer’s 

instructions. 

 

8. Analysis of T cell subpopulation and cytokine release 

The suspended cells were re-stimulated with 10 μg/mL of OVA or 10 μg/mL of CEA 

with Golgi-Plug (BD biosciences, Franklin Lakes, NJ, USA) for 12 h at 37 °C in a 5% 

CO2 incubator to identify specific responses to antigens. After washing out the media 

with FACS buffer, the Fc receptor was blocked using the antibodies mentioned above 
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as described previously. The LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit 

(Invitrogen, Carlsbad, CA, USA) was used to stain dead cells. BV605 conjugated 

anti-CD90.2, BV785 conjugated anti-CD8α, PerCP/Cy5.5 conjugated anti-CD4, and 

V450 conjugated anti-CD44 were used to separate the subtype of effector T cells 

among live cells. Before intracellular staining for analyzing cytokines in the T cells 

according to the conditions, the cells were fixed and permeabilized (BD, Franklin 

Lakes, NJ, USA) for 40 min at 4 °C. The cells were washed with Perm & Wash buffer 

(BD, Franklin Lakes, NJ, USA). Alexa488 conjugated anti-IL-17A and PE-

conjugated anti-IFN-γ were stained for 1 h at 4 °C. Cells were washed into Perm & 

Wash buffer and fixed with a 1×IC fixation buffer. The procedure was performed 

according to the manufacturer’s instructions. The stained cells were analyzed using a 

flow cytometer (Beckman Coulter Life Sciences, Pasadena, CA, USA) and the 

FlowJo software (Tree Star, Inc., Ashland, OR, USA). The procedure was conducted 

according to the manufacturer’s instructions. 

 

9. Immunoglobulin titer in mouse serum 

To acquire serum, blood was collected from the mice using the orbital puncture 

technique and centrifuged at 8,000 rpm for 10 min. The serum samples were separated 

and kept at -30 to -80 °C. OVA protein (2 μg/mL) was used to coat each well on the 
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plate. Biotin-conjugated rat anti-mouse IgE (BD, Franklin Lakes, NJ, USA) was used 

as a detection antibody and biotin-conjugated rat anti-mouse IgG1 (BD, Franklin 

Lakes, NJ, USA) was used as a control detection antibody. The sample was diluted 

with 1% BSA blocking buffer in each dilution factor (OVA-specific IgG1 1:10000, 

IgE 1:50). The rest of the steps followed the protocol attached to the antibody 

products. TMB solution was used for color development (Thermo Fisher Scientific, 

Waltham, MA, USA). 

 

10. Generation of bone marrow-derived dendritic cells 

Tibia and femur from 7–9-week-old female mice were separated and bone marrow 

cells were extracted under aseptic conditions. Red blood cells were removed with 

Ack lysis buffer and the buffer was washed out after stopping the reaction. The pellets 

were suspended in RPMI supplemented with 100 U/mL penicillin/streptomycin 

antibiotics (Lonza, Basel, Switzerland), 10% fetal bovine serum (Lonza, Basel, 

Switzerland), 50 μM of 2-mercaptoethanol (Gibco™), 2.5 mM HEPES solution 

(Sigma-Aldrich, St. Louis, MO, USA), 20 ng/mL of GM-CSF (JW CreaGene Inc., 

Gyeonggi-do, Korea), and 5 ng/mL of IL-4 (JW CreaGene Inc.) (DC media). The 

cells were diluted to 1×106 cells/mL with DC media and seeded at 10 mL per 100 

mm petri dish. On Day 3, 10 mL DC media was added to the dishes and 10 mL of DC 
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media with cells were replaced with new 10 mL DC media three days later. On Day 

nine, the bone marrow-derived dendritic cells (BMDCs) were seeded at 1× 106 

cells/mL. OVA (100 μg/mL) was stimulated into the BMDCs to reflect allergic 

asthma-induced dendritic cells (DCs), and SM#7 cells were infected with at a 

multiplicity of infection (MOI)=0.5 for ELISA and MOI=0.1 for FACS into the 

BMDCs to reflect NTM-PD-induced DCs.  

 

11. Enzyme-linked immunosorbent assay 

Cytokine production was analyzed via sandwich enzyme-linked immunosorbent 

assay (ELISA) following the manufacturer’s instructions. In vivo, the isolated cells 

were stimulated again with 10 μg/mL OVA or 10 μg/mL CEA for 12 h at 37 °C in a 

5% CO2 incubator. The culture supernatant was collected and IL-5, IL-33, IL-17A, 

IFN-γ, TNF-α, IL-13 (Thermo Fisher Scientific Invitrogen, Waltham, MA, USA), and 

IL-10 (BioLegend, San Diego, CA, USA) were measured. In vitro, IL-12p70, IL-6, 

IL-33, IL-23 (Thermo Fisher Scientific Invitrogen, Waltham, MA, USA), and IL-10 

(BioLegend, San Diego, CA, USA) were measured in culture fluid with BMDCs.  

 

12. Statistical analysis 
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All data are representative of at least two independent experiments in vivo, and three 

independent experiments in vitro, with consistent results. Three to seven mice were 

sacrificed per group in each experiment. Data in the graphs are presented as the mean 

± standard deviation (SD) or ± standard error of the mean (SEM). Comparisons 

between samples were compiled using an unpaired t-test or one-way ANOVA 

followed by Tukey’s multiple comparison test using Prism 7 (GraphPad Software 

version 7, San Diego, CA, USA). Statistical significance was determined as not 

significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001. 
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III. RESULTS 

 

1. Growth of Mycobacterium avium complex (MAV) is exacerbated by allergic 

asthma induction in comorbid disease model 

To investigate the pathogenesis of co-occurring respiratory diseases of allergic 

asthma and NTM-PD, a comorbid disease model was established in BALB/c mice. 

First, the comorbid disease in the condition of preceding infection (PI experiment) 

was examined (Fig. 3A). Infiltration of inflammatory cells around the bronchia and 

parenchyma in the lungs was observed in the experimental groups, which was 

significantly higher in the comorbidity group than in the MAV infection group at 5 

weeks. At 10 weeks post-infection, lung inflammation was aggravated, especially in 

the infection and comorbidity groups, and increased slightly in the comorbidity group 

compared to that in the MAV infection group (Fig. 3B).  

In addition to the aggravation of histopathology, bacterial replication also increased 

in the MAV infection and comorbidity groups at 5 and 10 weeks post-infection (Fig. 

3C). The increase in bacterial burden was correlated with the severity of lesions in 

the lungs, which was higher at 10 weeks than at 5 weeks post-infection, and was 

remarkably higher in the comorbid group than in the NTM infection group. 

Then, the features of allergic asthma were analyzed using various factors. Goblet cell 
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hyperplasia, an indicator of asthma severity, increased significantly in allergic asthma 

and comorbidity groups compared with that in the control group. Goblet cell 

hyperplasia was comparable between allergic asthma and comorbidity groups at 5 

weeks post-infection, but unexpectedly, tended to decrease at 10 weeks post-infection 

in the comorbidity group compared to those in the allergic asthma group (Fig. 4A and 

4B). The levels of OVA-specific IgE and IgG1 were elevated in the asthma and 

comorbidity groups at both 5 and 10 weeks post-infection (Fig. 4C and 4D). 

These data show that MAV infection was exacerbated by the induction of allergic 

asthma, further disrupting resistance against NTM-PD from 5 weeks post-infection. 
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Figure 3. Progression of disease according to the exposure of allergic asthma 

ongoing Mycobacterium avium complex (MAV) infection (Preceding infection, 

PI). (A) Experimental protocol for the development of comorbid disease with MAV 

infection as an underlying disease. Mice were subjected to ovalbumin sensitization 

(green arrow) and challenge (blue arrow) after MAV infection (black arrow). Each 

group was sacrificed at 5 and 10 weeks post-infection. (B) Representative 

hematoxylin and eosin-stained (H&E) sections of the lung (original magnification: 

×4, scale bar: 500 μm). (C) Inflamed lung areas in the MAV infection (black), allergic 

asthma (blue), and the comorbidity (red) groups were quantified using the ImageJ 

software. (D) Bacterial burden was compared between the MAV infection group 
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(black) and the comorbidity group (red). Unpaired t-test followed by Mann-Whitney 

test was used to analyze statistical significance. (*p<0.05, **p<0.01, ***p<0.001, n.s., 

not significant) 

 

 

Figure 4. Characteristics of ovalbumin (OVA)-induced allergic asthma in the 

preceding Mycobacterium avium complex (MAV)-infected mouse model. In the 

preceding infection (PI) experiment, (A) Periodic acid Schiff (PAS) staining was 

conducted. Representative PAS-stained section of lung showing exacerbation of 

goblet cell’s hyperplasia (original magnification: ×4, scale bar: 500 μm). (B) Goblet 
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cell hyperplasia was quantified by using the ImageJ software. A comparison of the 

MAV infection (black), allergic asthma (blue) and comorbidity (red) groups is 

indicated on the figures. OVA-specific (C) IgG1 and (D) IgE were detected in mouse 

serum. One-way ANOVA followed by Tukey's multiple comparison test was used to 

analyze statistical significance. (*p<0.05, **p<0.01, ***p<0.001, n.s., not significant) 
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2. Progression of Mycobacterium avium complex (MAV) infection was accelerated 

after inducing allergic asthma as an underlying disease 

Next, the detrimental effects of allergic asthma on NTM-PD, such as inflamed lesions 

and increasing CFU in the lungs, were analyzed. To identify whether allergic asthma 

as an underlying disease could also affect NTM-PD, mice with previously induced 

allergic asthma were infected with MAV (SI experiment) (Fig. 5A). In comparison to 

the PI experiment, the inflamed lung areas in the comorbidity group were also higher 

than those in the MAV infection group at 5 weeks post-infection, but more severe 

lung inflammation was observed in the MAV infection group than in the comorbidity 

group at 10 weeks post-infection (Fig. 5B). Interestingly, the increasing rate of 

bacterial CFU was comparable between the MAV infection group and the comorbid 

group at 5 weeks post-infection, in contrast to the PI experiment (Fig. 5C). However, 

the growth rate of CFU was remarkably higher in the comorbidity group than in the 

MAV infection group at 10 weeks post-infection.  

Next, goblet cell hyperplasia and OVA-specific humoral responses were analyzed. At 

5 and 10 weeks post-infection, hyperplasia of goblet cells was noted in the asthma 

and comorbidity groups. Goblet cell hyperplasia increased significantly in the asthma 

and comorbidity groups compared to that in the naïve group and was more highly 

expressed in the MAV infection group than in the comorbidity group at 5 weeks post-

infection (Fig. 6A and 6B). The levels of OVA-specific IgE and IgG1 were also 
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elevated in the asthma and comorbidity groups at both 5 and 10 weeks post-infection 

in the SI experiment (Fig. 6C and 6D).  

Taken together, both PI and SI experiments represented different aspects of NTM-PD 

at the time of infection in comorbid disease. In the PI experiment, inducing allergic 

asthma significantly and rapidly aggravated NTM-PD in the early phase, although 

replication of bacterial burden in the SI experiment required 10 weeks after infection. 

These results suggest that chronic NTM-PD could be exacerbated when co-occurring 

with allergic asthma regardless of the order of precedence. In particular, the late phase 

of MAV infection was vulnerable to worsening in response to allergic asthma.  
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Figure 5. Progression of disease with Mycobacterium avium complex (MAV) 

infection in established allergic asthma (Subsequent infection, SI). (A) 

Experimental protocol for the development of comorbid disease with MAV infection 

as an additional induced disease. Mice were subjected to ovalbumin sensitization 

(green arrow) and challenge (blue arrow) before MAV infection (black arrow). (B) 

Representative hematoxylin and eosin-stained (H&E) sections of the lung (original 

magnification: ×4, scale bar: 500 μm). (C) Inflamed lung areas in the MAV infection 

(black), allergic asthma (blue), and the comorbidity (red) groups were quantified 

using the ImageJ software. (D) Bacterial burden was compared between the MAV 

infection group (black) and the comorbidity group (red). Unpaired t-test followed by 

Mann-Whitney test was used to analyze statistical significance and One-way ANOVA 
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followed by Tukey's multiple comparison test was used to analyze statistical 

significance. (*p<0.05, **p<0.01, ***p<0.001, n.s., not significant) 

  

 

Figure 6. Characteristics of ovalbumin (OVA)-induced allergic asthma in the 

subsequent Mycobacterium avium complex (MAV) infected mouse model. All 

groups in the subsequent infection (SI) experiment, (A) Periodic acid Schiff (PAS) 

staining was conducted. Representative PAS-stained section of lung showing 

exacerbation of goblet cell hyperplasia (original magnification: ×4, scale bar: 500 

μm) (B) Goblet cell hyperplasia was quantified by using the ImageJ software. A 
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comparison of the MAV infection (black), allergic asthma (blue) and comorbidity (red) 

groups is indicated on the figures. After the duplication of the inflamed lungs, the 

areas were indicated by means value and quantified. OVA-specific (C) IgG1 and (D) 

IgE were detected in mouse serum. One-way ANOVA followed by Tukey's multiple 

comparison test was used to analyze statistical significance. (*p<0.05, **p<0.01, 

***p<0.001, n.s., not significant) 
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3. Pro-inflammatory cytokines in the lungs were attenuated in the comorbidity 

group compared to those in the Mycobacterium avium complex (MAV) infection 

group 

Based on these results, I hypothesized that the aggravated NTM-PD was due to failure 

in the defense mechanism of the host. Therefore, the host immune response against 

MAV-specific antigens in CEA-stimulated lung cells was analyzed. TNF-α, which 

represents defense effects against infection by inducing systemic inflammation and 

is responsible for the acute immune reaction, was attenuated in the comorbidity group 

compared to that in the infection group in both the PI (Fig. 7A) and SI (Fig. 7B) 

experiments. Thus, I assumed that TNF-α was not the main cause of the acceleration 

in lung inflammation and bacterial growth. Interestingly, the level of IL-10, an anti-

inflammatory cytokine, was elevated against CEA in the comorbidity group rather 

than in the infection group in the PI experiment at 5 weeks post-infection (Fig. 7A). 

In addition, the secretion of IFN-γ and IL-17A was slightly attenuated because of the 

increase in IL-10 production in the comorbidity group. In contrast to the PI 

experiment, the level of IL-10 in the comorbidity group was similar to that in the 

infection group in the SI experiment. In addition, attenuated secretion of IFN-γ and 

IL-17A was not observed in the comorbid group in the SI experiment (Fig. 7B). Based 

on these results, I assumed that the comorbid group significantly increased anti-

inflammatory effects in the defense system against bacteria.  
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At 10 weeks post-infection in the PI and SI experiments, the secretion of TNF-α, IFN-

γ, and IL-17A in the comorbidity group remained attenuated compared to that in the 

infection group, although the secretion of IL-10 in the comorbid group was 

comparable to that in the infection group (Fig. 8A and 8B).  

Furthermore, type 2 cytokines were evaluated in OVA-stimulated lung cells. The 

expression of IL-13 and IL-5 was lower in the comorbidity group than in the asthma 

group in both PI (Fig. 9A) and SI (Fig. 9B) experiments, 5 weeks post-infection. The 

inhibition of type 2 cytokines in the comorbidity group was maintained until 10 weeks 

post-infection in both the PI (Fig. 10A) and SI (Fig. 10B) experiments. These results 

correspond to the improved hyperplasia in the goblet cells, possibly due to 

diminishing type 2 cytokines, especially IL-13 levels (Fig. 4A, 4B, and Fig. 6A, 6B).  

 

Collectively, induction of allergic asthma during NTM-PD contributed to the 

inhibition of the antibacterial immune system and the secretion of MAV-specific IFN-

γ and IL-17A by regulating anti-inflammatory responses such as IL-10 production. In 

addition, type 2 cytokines were significantly inhibited in the comorbidity group in 

response to OVA re-stimulation. 
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Figure 7. At 5 weeks post-infection, comparison of secreted cytokines from 

inflamed lung cells for Mycobacterium avium complex (MAV)-specific responses. 

Separated lung cells from the (A) preceding infection (PI) and (B) subsequent 

infection (SI) experiments were cultured for 12 h with 10 μg/mL of culture filtrated 

extract antigen (CEA) from MAV. Using ELISA, the cytokines were compared 

between the naïve group (white), MAV infection group (black) and the comorbidity 

group (red). One-way ANOVA followed by Tukey's multiple comparison test was 

used to analyze statistical significance. (*p<0.05, **p<0.01, ***p<0.001, n.s., not 

significant) 



37 

 

 

Figure 8. At 10 weeks post-infection, comparison of secreted cytokines from 

inflamed lung cells for Mycobacterium avium complex (MAV)-specific responses. 

Separated lung cells from the (A) preceding infection (PI) and (B) subsequent 

infection (SI) experiments were cultured for 12 h with 10 μg/mL of culture filtrated 

extract antigen (CEA) from MAV. Using ELISA, the cytokines were compared 

between the naïve group (white), MAV infection group (black) and comorbidity 

group (red). One-way ANOVA followed by Tukey's multiple comparison test was 

used to analyze statistical significance. (*p<0.05, **p<0.01, ***p<0.001, n.s., not 

significant) 
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Figure 9. At 5 weeks post-infection, comparison of secreted cytokines from 

inflamed lung cells for ovalbumin-specific responses to aspects of the allergic 

asthma. Separated lung cells from (A) PI and (B) SI experiments were cultured for 

12 h with 10 μg/mL of ovalbumin (OVA). Using ELISA, the production of IL-5, IL-

13, IL-10, and IL-17A against OVA was compared in the naïve (white), MAV 

infection (black), allergic asthma (blue), and comorbidity (red) group. One-way 
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ANOVA followed by Tukey's multiple comparison test was used to analyze statistical 

significance. (*p<0.05, **p<0.01, ***p<0.001, n.s., not significant)  
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Figure 10. At 10 weeks post-infection, comparison of secreted cytokines from 

inflamed lung cells for ovalbumin-specific responses to aspects of the allergic 

asthma. Separated lung cells from (A) PI and (B) SI experiments were cultured for 

12 h with 10 μg/mL of ovalbumin (OVA). Using ELISA, the production of IL-5, IL-

13, IL-10, and IL-17A against OVA was compared in the naïve (white), MAV 

infection (black), allergic asthma (blue), and comorbidity (red) group. One-way 



41 

 

ANOVA followed by Tukey's multiple comparison test was used to analyze statistical 

significance. (*p<0.05, **p<0.01, ***p<0.001, n.s., not significant) 
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4. Infiltration of immune cells into the inflamed lungs did not increase in the 

comorbidity group compared to that in the Mycobacterium avium complex (MAV) 

infection group 

To identify which immune cells are critical for controlling bacteria in comorbid 

diseases, the population of lung cells was examined using flow cytometry (Fig. 11). I 

hypothesized that hyper-inflammation and remarkable infiltration of immune cells 

into the lungs will occur because of immune reactions against two different antigens 

in the comorbidity group. However, unexpectedly, infiltrated immune cells in the 

comorbidity group were comparable to those in the MAV infection group, and even 

tended to decrease in the MAV infection group at 5 weeks post-infection (Fig. 12).  

Previous studies have reported that MAV can escape phagolysosomes by interrupting 

the formation of phagosomes in the host and replicating in the alveolar macrophages 

(aMphs)45,46. aMphs that encountered bacterial replication diminished in the 

comorbidity group compared to those in the MAV infection group despite the 

increasing bacterial burden at 5 weeks post-infection in the PI experiment (Fig. 3D, 

12A, and 12C). Therefore, these results implied that increasing CFU in the 

comorbidity group was due to the abnormality of the host immune response. 

Interstitial macrophages (iMphs) and dendritic cells (DCs) are important for defense 

mechanisms by engulfing bacteria and presenting antigens to other immune cells for 

progressive immune responses. iMphs and DCs infiltrated into the inflamed lung in 
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the MAV infection group compared to those in the comorbidity group at 5 weeks post-

infection (Fig. 12A and 12B), but their migration into the inflamed areas was slightly 

attenuated at 10 weeks post-infection (Fig. 12C and 12D).  

Lymphocytes such as T and B cells, which are activated by antigen-presenting cells, 

did not show any change at 5 weeks post-infection (Fig. 12A and 12B), but finally 

decreased at 10 weeks post-infection (Fig. 12C and 12D).  

Eosinophils and neutrophils in the comorbidity group were simultaneously 

upregulated compared to those in the asthma and MAV infection groups, respectively, 

at 5 weeks post-infection in both the PI and SI experiments (Fig. 12A and 12B).  

The principal immune cells, such as antigen-presenting cells, lymphocytes, and 

granulocytes, diminished in the comorbidity group compared to those in the MAV 

infection group at 10 weeks post-infection (Fig. 12C and 12D). Therefore, these 

results suggest that allergic asthma with MAV infection developed imperfect immune 

systems or induced suppressed immune responses against MAV infection.  



44 

 

 

Figure 11. Flow cytometry gating strategy for identifying various immune cells 

population. Neutrophils (Neu), T cells, Eosinophils (EO), Alveolar macrophages 

(aMph), Interstitial macrophages (iMph), Dendritic cells (DC) and B cells.   
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Figure 12. Alteration in the cellular composition of inflammatory lungs by 

Mycobacterium avium complex (MAV) infection co-occurring with allergic 

asthma. The population of myeloid cells in the lungs was measured using flow 

cytometry. Antigen-presenting cells, lymphocytes, and granulocytes were compared 

between the experimental groups in the preceding infection (PI) (A) and subsequent 

infection (SI) experiments (B) at 5 weeks post-infection. Antigen-presenting cells, 

lymphocytes, and granulocytes were also analyzed and compared between all the 

experimental groups in the PI (C) and SI experiments (D) at 10 weeks post-infection. 

One-way ANOVA followed by Tukey's multiple comparison test was used to analyze 

statistical significance. (*p<0.05, **p<0.01, ***p<0.001, n.s., not significant) 
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5. The comorbidity group with Mycobacterium avium complex infection and 

ovalbumin challenge induced the malfunction of CD4 + T cells 

To verify the malfunctioning immune system in the comorbid disease, the immune 

responses of T cells against MAV-specific antigens were investigated using flow 

cytometry (Fig. 13). 

The intracellular levels of IFN-γ and IL-17A in CD4+ T cells were analyzed in 

response to treatment with 10 μg/mL of CEA and they showed increased levels in the 

MAV infection and comorbidity groups compared to those in the control group. As 

the infectious inflammation progressed, however, this defense mechanism against 

MAV was disturbed in the comorbidity group compared to that in the MAV infection 

group. At 5 weeks post-infection, the population of IFN-γ+ CD44+ CD4+ T cells and 

IL-17A+ CD44+ CD4+ T cells was comparable between the MAV infection and the 

comorbidity groups in both the PI and SI experiments (Fig. 14A, 14C, 14E, and 14G, 

open bars). However, at 10 weeks after infection, the population of IFN-γ+ CD44+ 

CD4+ T cells and IL-17A+ CD44+ CD4+ T cells decreased significantly in the 

comorbidity group compared to those in the MAV infection group in both the PI and 

SI experiments (Fig. 14A, 14C, 14E, and 14G, closed bars). The frequency of 

activated T cells is indicated on the bar graphs by dot plots (Fig. 14B, 14D, 14F, and 

14H). These results indicate that allergic asthma aggravated MAV infection via the 

downregulation of CD4+ T cell defense mechanisms regardless of the order of 
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preceding diseases. Therefore, I hypothesized that the DCs of the comorbid disease 

in the inflamed lungs developed toward inhibitory DCs leading to anti-inflammatory 

immunity, which failed to activate other immune cells and resulted in increased CFU 

in comorbid disease. 
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Figure 13. Gating strategy in flow cytometry for determining the functional 

CD4+ T cell response in the differential phenotype of the lung. After sorting out 

the single live cells according to the indicated procedure, Thy1.2+ cells were separated 

into CD4+ and CD8+ T cells. In the CD44+ CD4+ T cells, the cytokines secreted were 

analyzed.   
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Figure 14. Attenuated Mycobacterium avium complex (MAV)-specific cytokine 

levels from CD4+ T cells in response to stimulation of culture filtrated extract 

antigen ex vivo. After stimulating with 10 μg/mL of culture filtrated extract antigen 

(CEA), functional CD4+ CD44+ T cells in the inflamed lungs, including the MAV 

infection (black) and comorbidity (red) groups were evaluated using flow cytometry. 

A count of (A) IL-17A and (E) IFN-γ secreted T cells in the preceding infection (PI) 
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experiment are indicated as a bar graph. The frequency of (B) IL-17A and (F) IFN-γ 

from CD4+ T cells in the PI experiment are represented as dot plots. A count of (C) 

IL-17A and (G) IFN-γ secreted T cells in the subsequent infection (SI) experiment 

are indicated as a bar graph. The frequency of (D) IL-17A and (H) IFN-γ from CD4+ 

T cells in the SI experiment are represented as dot plots. The left panel in each bar 

graph indicates a time point of 5 weeks post-infection (open bars) and the right panel 

in the graph indicates 10 weeks post-infection (closed bars).  One-way ANOVA 

followed by Tukey's multiple comparison test was used to analyze statistical 

significance. (*p<0.05, **p<0.01, ***p<0.001, n.s., not significant) 
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6. Mycobacterium avium complex and ovalbumin co-stimulated bone marrow-

derived dendritic cells are prone to have anti-inflammatory effects 

Next, to verify the hypothesis that the development of malfunctioned DCs, which 

failed to present an active signal to naïve T cells, increased the severity of comorbid 

diseases by diminishing the defense mechanism against MAV, the alteration of DCs 

was examined in response to the bacteria and OVA using BMDCs (Fig. 15). The focus 

was on the function of DCs in MAV infection with OVA stimulation because 

increasing CFU inversely correlated with functional T cell responses. Activated DCs, 

which have a representative role in innate immunity and adaptive immunity, are 

critical for the regulation of inflamed lungs. After identifying the BMDCs (Fig. 16A), 

major histocompatibility complex (MHC) II and CD40, which are activation 

molecules that present antigens to T cells, and PD-L1 and OX40L, which are 

inhibitory signaling molecules interacting with T cells, and CD80, whose function is 

decided by the co-stimulatory receptor on T cells, were analyzed using flow 

cytometry. Notably, not only co-stimulatory receptors but also co-inhibitory 

molecules were expressed more in the co-stimulated BMDCs than in the infected 

BMDCs (Fig. 16B–F).  

Interestingly, IL-10 tolerance or Th2-inducing cytokines increased remarkably in the 

co-stimulated BMDCs compared to that in the OVA-treated BMDCs and infected 

BMDCs (Fig. 17). The levels of IL-12p70, a Th1-inducing cytokine, and IL-23 and 
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IL-6, Th17-inducing cytokines increased in co-stimulated BMDCs, but they were 

comparable to those in OVA-treated BMDCs (Fig. 17).    

Taken together, these data show that the co-stimulated BMDCs were activated more 

than the infected BMDCs. However, IL-10 levels especially increased in the co-

stimulated BMDCs, and the co-stimulated BMDCs were characterized by the 

inhibition of T cells and provocation of anti-inflammatory immune responses. 

Although their pro-inflammatory receptors were still present on the surface of the 

BMDCs and the cytokines were normally distributed in response to antigens, the 

dominant expression of PD-L1 and IL-10 in the co-stimulated BMDCs could support 

previous in vivo results (Fig. 7, 8, and 14) that diminished Th1 and Th17 responses 

with anti-inflammatory profiles in the comorbidity group. 
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Figure 15. Generation of co-stimulated bone marrow-derived dendritic 

(BMDCs) cells. 
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Figure 16. Expression of molecules in the activated bone marrow-derived 

dendritic cells (BMDCs) by co-stimulation with Mycobacterium avium complex 

(MAV) and ovalbumin (OVA). (A) Gating strategy for sorting out BMDCs is 

displayed. The frequency of (B) PD-L1, (C) MHC II, (D) CD80, (E) CD40 and (F) 

OX40-L expression levels in the BMDCs is shown by bar graphs and histograms. The 

vertical axis in the middle of the histogram is based on the end of the unstained 

standard. One-way ANOVA followed by Tukey's multiple comparison test was used 

to analyze statistical significance. (*p<0.05, **p<0.01, ***p<0.001, n.s., not 

significant) 

 

 

Figure 17. Secretion of molecules in the activated bone marrow-derived 

dendritic cells (BMDCs) by co-stimulation with Mycobacterium avium complex 

(MAV) and ovalbumin (OVA). The production of IL-10, IL-12p70, IL-23, and IL-6 
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in the BMDCs were analyzed using ELISA in response to the indicated antigens.  

One-way ANOVA followed by Tukey's multiple comparison test was used to analyze 

statistical significance. (*p<0.05, **p<0.01, ***p<0.001, n.s., not significant) 
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7. An allergic asthma-resistant mouse strain, C57BL/6J, did not show increased 

growth of bacteria accompanied with ovalbumin induction compared to the 

Mycobacterium avium complex infection group 

To clarify the effects of allergic asthma on bacterial growth in a murine model, 

C57BL/6J mice were used as a mouse model, which is less inducible to allergic 

asthma. for comparison with the BALB/c mouse model. I hypothesized that 

phenotypes at the comorbid condition, which increased bacterial burden and 

aggravated inflammation in the lung compared to the infection group, will not occur 

in C57BL/6J because of resistance to allergic asthma induction. First, I confirmed 

that the C57BL/6J mouse strain had resistance to the OVA challenge in various 

aspects of allergic asthma. In contrast to BALB/c mice, C57BL/6J mice showed less 

hyperplasia of the goblet cells in the lung epithelium (Fig. 19A) and OVA-specific 

immunoglobulin formation (Fig. 19B). In addition, the frequency of eosinophils in 

the inflamed lung decreased in the C57BL/6J mice because of the induction of allergic 

asthma (Fig. 19C). C57BL/6J mouse showed allergic phenotypes rather than the 

naïve mouse; however, there were no allergic responses, such as those seen in the 

BALB/c mouse in response to the OVA induction. 

Therefore, I analyzed the features of MAV infection in the BALB/c mice in response 

to additional allergic asthma induction, compared to those in the C57BL/6J and the 

negative control of the BALB/c comorbidity group. Surprisingly, the C57BL/6J mice 
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did not show increasing bacterial burden, whereas the BALB/c mice showed 

increasing bacterial burden, as previous data have indicated at 5 weeks post-infection 

in the PI experiment (Fig. 3C). Correlating with bacterial growth, the inflamed lung 

area was more enlarged in the BALB/c comorbidity group than in the infection group, 

and the C57BL/6J mouse also showed aggravated inflammation in the comorbidity 

group more than in the infection group. This increase in inflamed lung area reflects 

the hyper-immune response against MAV infection and allergic asthma in both mouse 

strains under the comorbid conditions. Interestingly, more hyper-infiltrated immune 

cells were observed in the BALB/c mice in response to allergic asthma than in the 

C57BL/6J mice. These results indicate that aggravated bacterial growth during 

comorbid condition was affected by increasing immune cells due to allergic asthma 

induction. 
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Figure 18. Comparison between the response of allergic asthma susceptible 

mouse, BALB/c, and relatively hard to induce allergic asthma mouse, C57BL/6J, 

to co-occurring allergic asthma and Mycobacterium avium complex (MAV) 

infection. (A) The CFU in the lungs of each group at 5 weeks post-infection with 

MAV is indicated with a dot plot. (B) The right superior lobe of the inflamed lung 

was stained with hematoxylin and eosin (original magnification: ×4, scale bar: 500 
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μm). The inflamed areas of the lungs in the MAV infection (black), allergic asthma 

(blue), and the comorbid (red) groups were quantified using the ImageJ software. 

One-way ANOVA followed by Tukey's multiple comparison test was used to analyze 

statistical significance. (*p<0.05, **p<0.01, ***p<0.001, n.s., not significant) 
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Figure 19. Characteristics of ovalbumin (OVA)-induced allergic asthma in 

Mycobacterium avium complex (MAV)-infected BALB/c and C57BL/6J mice. (A) 

Periodic acid Schiff (PAS) staining was performed. Representative PAS-stained 

section of the lung showing exacerbation of hyperplasia of the goblet cell (original 

magnification: ×4, scale bar: 500 μm). Goblet cell hyperplasia was quantified using 

the ImageJ software. A comparison of the MAV infection (black), allergic asthma 

(blue), and comorbidity (red) groups is indicated by dot plot on the figures. (B) OVA-

specific IgG1 and IgE were detected in mouse serum. (C) Infiltrated eosinophils in 

the inflamed lungs were measured using flow cytometry. The frequency of live cells 

is indicated at the upper panel of the figure and the absolute count of the eosinophils 

is indicated under the panel of the figure by dot plot.  One-way ANOVA followed 

by Tukey's multiple comparison test was used to analyze statistical significance. 

(*p<0.05, **p<0.01, ***p<0.001, n.s., not significant) 
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8. Because of the allergic asthma induction, the immune responses to both 

Mycobacterium avium complex (MAV) infection and allergic asthma were 

converted in the comorbidity group of C57BL/6J and BALB/c mice 

To control the MAV infection, a specific immune response against the bacteria was 

required in the comorbid condition. Therefore, I compared the composition of 

antigen-presenting cells, which could increase antigen-specific immune responses, 

between BALB/c and C57BL/6J mouse strains by using flow cytometry (Fig. 20). 

Only the percentage of DCs was different between the BALB/c and C57BL/6J mice, 

which increased in the BALB/c comorbidity group whereas decreased in C57BL/6J 

mice compared to the infection group. Decreasing aMphs and increasing B cells were 

also significantly observed in the comorbid condition compared to those in the MAV-

infection group; however, this was indicated regardless of the induction of allergic 

asthma (Fig. 21).  

Immune analysis using ELISA was conducted in the supernatant of the CFA or OVA 

re-stimulated lung cells for 12 h to confirm that additional allergic asthma induction 

can control the immune responses based on the composition of the antigen-presenting 

cells (Fig. 22A and 23A). To verify the alteration in antigen-specific cytokine levels, 

the cytokine level in the infection or asthma group subtracted from that of 

comorbidity group (Fig. 22B and 23B). As shown in BALB/c mouse strain, IL-17A 

and TNF-α levels were lower in the comorbid condition than in the infectious group, 
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and IL-10 levels increased remarkably more than in the infectious group. In contrast 

to the CFA-specific immune responses, the OVA-specific IL-10, IL-13, and IL-5 

immune responses decreased significantly in the comorbidity group rather than in the 

allergic asthma group. The C57BL/6J mice also altered the immune responses in 

response to additional allergic asthma induction; however, the decrease in IL-17A and 

TNF-α was attenuated; instead, the secretion of IFN-γ decreased significantly in the 

comorbidity condition than in the infection group. Other immune responses, except 

for type 2 immune responses, increased more than those in the asthma group because 

of resistance to allergic asthma in the C57BL/6J mice.  
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Figure 20. Flow cytometry gating strategy for identifying various immune cells 

population. Neutrophils (Neu), T cells, Eosinophils (EO), Alveolar macrophages 

(aMph), Interstitial macrophages (iMph), Dendritic cells (DC) and B cells. 
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Figure 21. Types of immune cells in the inflamed lung. The frequency of the 

antigen-presenting cells of CD45+ immune cells was compared between each group 

and is displayed by the dot plot for (A) the BALB/c and (B) the C57BL/6J mice (C) 

The pie chart indicates all the immune cells in the inflamed lung. One-way ANOVA 
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followed by Tukey's multiple comparison test was used to analyze statistical 

significance. (*p<0.05, **p<0.01, ***p<0.001, n.s., not significant) 

 

 

Figure 22. Immune responses were regulated by additional induction of allergic 

asthma in response to the MAV-derived CFA and OVA in BALB/c mice.  

(A) The absolute quantity of cytokines was analyzed in the supernatant of isolated 

lung cells after the re-stimulation of CFA or OVA. (B) The compartment of the 
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cytokine level is indicated by the difference between the single disease and 

comorbidity groups. One-way ANOVA followed by Tukey's multiple comparison test 

was used to analyze statistical significance. (*p<0.05, **p<0.01, ***p<0.001, n.s., 

not significant) 

 

 

Figure 23. Immune responses were regulated by additional induction of allergic 

asthma in response to the MAV-derived CFA and OVA in C57BL/6J mice.  
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(A) The absolute quantity of cytokines was analyzed in the supernatant of isolated 

lung cells after the re-stimulation of CFA or OVA. (B) The compartment of the 

cytokine level is indicated by the difference between the single disease and 

comorbidity groups. One-way ANOVA followed by Tukey's multiple comparison test 

was used to analyze statistical significance. (*p<0.05, **p<0.01, ***p<0.001, n.s., 

not significant) 
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9. Increase in effector memory T cells during comorbidity demonstrated 

unbalanced immunogenicity and immunological memory responses, especially 

against Mycobacterium avium complex (MAV) infection in BALB/c mice 

I hypothesized that alteration in immune responses against each type of antigen, 

which is MAV-derived CFA and OVA, was due to the conversion of intrinsic memory 

T cells because of the exposure to the unfamiliar antigen of allergic asthma. Prior to 

analyzing the function of the effector memory T cells against the different antigens, I 

investigated whether additional induction of allergic asthma after MAV infection 

established the formation and activation of CD4+ T cells. Because the comorbidity 

condition usually occurs chronically, memory T cell subsets are separated into central 

memory CD4+ T cells (CD4+ CD44+ CD62L+ T cells, TCM) and effector memory 

CD4+ T cells (CD4+ CD44+ CD62L- T cells, TE/EM). In particular, to identify antigen-

specific memory responses, I re-stimulated MAV-derived CFA or OVA into separated 

lung cells to provoke memory responses ex vivo. As expected, the frequency of TE/EM 

from total CD4+ T cells increased more in response to both antigens in the 

comorbidity group than in the single condition group (Fig. 25A).  

Although antigen-specific TE/EM cells increased, the bacteria grew faster in the 

accompanying allergic asthma group than in the infection group. Therefore, I 

examined the function of TE/EM in response to re-stimulating MAV-derived CFA or 

OVA into the lung cells and compared the composition of TE/EM cell type with or 
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without accompanying allergic asthma. Interestingly, additional induction of allergic 

asthma after MAV infection encouraged the formation of IL-5 secreting TE/EM against 

MAV-derived CFA, whereas the established IL-17A secreting TE/EM in only the MAV-

infected group was remarkably inhibited by the accompanying allergic asthma. CFA-

specific IFN-γ secreting TE/EM slightly increased in the comorbidity group compared 

to the infection group (Fig. 25B). In allergic asthma, only OVA-specific IL-5 

secreting TE/EM was slightly decreased by MAV infection co-occurring with allergic 

asthma compared to only allergic asthma induction group (Fig. 25C).  

I confirmed whether an alteration in TE/EM composition with allergic asthma after 

MAV infection also occurred in the allergic asthma resistant mouse strain, C57BL/6J 

(Fig. 26A). As a result, an increasing frequency of TE/EM against MAV-derived CFA 

and OVA was observed, as shown in BALB/c mice in the comorbidity condition 

compared to the single disease condition. In contrast to BALB/c, however, the ratio 

of functional TE/EM in the comorbidity group did not differ from the only infection or 

allergic asthma group against MAV-derived CFA and OVA. Overall, additional 

established allergic asthma during MAV-infected condition increased the proliferation 

of CD4+ T cells into TE/EM in response to both MAV-derived CFA and OVA stimulation, 

regardless of the severity of the allergic asthma induction. Moreover, MAV-specific 

TE/EM altered the function of memory response because of the accompanying allergic 
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asthma, which was prone to Th1/Th2 immune responses and significantly attenuated 

the Th17 immune response (Fig, 26B and C).  

  

 

Figure 24. Flow cytometry gating strategy for identifying CD4+ subpopulation. 

For analysis of the memory T cell subpopulation, Thy1.2+CD4+ T cells were sorted 

out from the single live cells. CD44+CD62L- cells were analyzed for effector memory 

T cells (TE/EM) and CD44+CD62L+ cells were analyzed for central memory T cells 

(TCM). 
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Figure 25. Attenuated Mycobacterium avium complex (MAV)-specific cytokine 

levels from CD4+ TEM cells in response to stimulation of culture filtrated extract 

antigen (CFA) and ovalbumin (OVA) ex vivo in BALB/c mice. (A) The activated 

memory T cell subtypes were analyzed by inducing CFA or OVA using flow 

cytometry. The effector memory T cells (TE/EM) were separated by CD44+CD62L- 

and the central memory T cells (TCM) were separated by CD44+ CD62L+ cells. (B) 

The function of TE/EM in response to CFA is indicated by the bar graph. The number 
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in the center of the pie chart represents the increasing ratio of the total CD4+ T cells 

of each group. (C) The function of the TE/EM in response to OVA is indicated by the 

bar graph. The number in the center of the pie chart represents the increasing ratio of 

the total CD4+ T cells of each group. One-way ANOVA followed by Tukey's multiple 

comparison test was used to analyze statistical significance. (*p<0.05, **p<0.01, 

***p<0.001, n.s., not significant)  
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Figure 26. Attenuated Mycobacterium avium complex (MAV)-specific cytokine 

levels from CD4+ TEM cells in response to stimulation of culture filtrated extract 

antigen (CFA) and ovalbumin (OVA) ex vivo in C57BL/6J mice. (A) The activated 

memory T cell subtypes were analyzed by inducing CFA or OVA using flow 

cytometry. The effector memory T cells (TE/EM) were separated by CD44+CD62L- 

and the central memory T cells (TCM) were separated by CD44+ CD62L+ cells. (B) 

The function of TE/EM in response to CFA is indicated by the bar graph. The number 

in the center of the pie chart represents the increasing ratio of the total CD4+ T cells 

of each group. (C) The function of the TE/EM in response to OVA is indicated by the 

bar graph. The number in the center of the pie chart represents the increasing ratio of 

the total CD4+ T cells of each group. One-way ANOVA followed by Tukey's multiple 

comparison test was used to analyze statistical significance. (*p<0.05, **p<0.01, 

***p<0.001, n.s., not significant)  
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Ⅳ. DISCUSSION 

 

The present study represents a reliable mouse model of comorbid diseases NTM-PD 

and allergic asthma. The established mouse model reflects the aggravation of 

symptoms in patients with NTM-PD co-occurring with allergic asthma infection, 

increasing bacterial burden and diminishing antibacterial immune responses. In 

addition, this study confirmed these results in vitro. 

This study has important clinical implications. NTM-PD and allergic asthma are 

obstructive pulmonary diseases that commonly co-occur, even aggravating each other, 

as reported in many clinical studies18-20. The rate of co-occurrence of allergic asthma 

and NTM-PD in patients is considerable. Moreover, the symptoms of both diseases 

overlap with each other; examples include chronic or recurring cough, stridor, 

wheezing, fatigue, sputum production, and dyspnea. Effective treatment of these 

diseases is difficult in some conditions; immunosuppressive drugs for the treatment 

of asthma cannot be applied to comorbid patients because of the possibility of 

breaking up the host immune response against the pathogen. Prior research has 

indicated that NTM infection co-occurring with allergic asthma is due to treatment 

with ICS, which is a cure for allergic asthma31. Moreover, NTM does not always 

induce symptoms unless infected subjects have compromised immunity. Furthermore, 
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the relationship between NTM infection and allergic asthma has not been investigated 

because there is no suitable mouse model for understanding comorbid diseases. In the 

present study, a reliable mouse model reflecting comorbid patients with NTM-PD and 

allergic asthma was developed for the first time. Furthermore, this study analyzed in 

detail the comorbid group according to the preceding disease sequence because 

clinical data for comorbid patients reflect only those who presented with symptoms 

of NTM-PD. Although allergic asthma is commonly associated with genetic factors 

and develops frequently in childhood, NTM, known to be opportunistic strains, can 

sufficiently cause infection without any symptoms before allergic asthma. Therefore, 

this study analyzed the histopathological and immunologic progression in both 

scenarios of NTM infection preceding allergic asthma (PI experiment) and allergic 

asthma preceding NTM infection (SI experiment). Interestingly, allergic asthma itself 

without corticosteroid was a predisposing factor for NTM infection in the present 

study, even though ICS, which is used for the treatment of allergic asthma, is known 

to aggravate NTM infection47. Thus, the established comorbid mouse model might 

offer an excellent platform for finding new targets for therapy. In this model, I 

identified that OVA-induced allergic asthma inhibits Th1/Th17 responses in NTM 

infection.  

These data indicate that the bacterial burden increased significantly in the comorbid 

group compared to that in the NTM infection group at 5 weeks post-infection in the 
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PI experiment and at 10 weeks post-infection in the SI experiment. These results 

suggest that allergic asthma has a greater effect on advanced NTM-PD than on the 

early period of NTM-PD. Consequently, controlling the NTM infection at the early 

time of infection is important to inhibit disease progression in patients with 

comorbidities. 

However, identification of the infection is difficult because NTM are opportunistic 

pathogens. Because patients who suffer from NTM-PD and allergic asthma usually 

realize their infection too late, preparations for comorbid diseases must be developed. 

The present study determined the immune response of a comorbid mouse model of 

NTM-PD with allergic asthma to reveal the cause of aggravation in the NTM-PD. 

Impairment in controlling bacterial growth is caused by increased bacterial virulence 

and decreased host defense mechanisms. First, the virulence of the bacteria increased 

because of the shortened doubling time of bacteria and the infection period from the 

latent period. Second, the defense system of the bacteria lacks allergic asthma. 

Impairment in immune balancing makes the host susceptible to infection by the 

bacteria. In a comorbid mouse model, allergic asthma disrupts resistance against 

NTM. Although the defense mechanism in NTM has not been investigated, patients 

who suffer from NTM-PD commonly show attenuation in IL-17 levels and increasing 

IL-10 levels in the peripheral blood mononuclear cells compared to those of healthy 

subjects35. Correlated with clinical research, IL-17 induced by NTM infection in 
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human macrophages showed resistance against NTM in vitro48. Although the role of 

IFN-γ in protecting against NTM infection is controversial, it is important to defend 

against intracellular bacteria49. Therefore, I investigated the regulation of IFN-γ and 

IL-17A, which are pro-inflammatory cytokines, as the main defense mechanism 

against NTM-PD in a comorbid model. Interestingly, the results indicated that IL-

17A and IFN-γ secretion diminished in the comorbid group rather than in the NTM 

infection group. These results correlated with the increase in bacterial burden in both 

conditions of experiments, PI and SI. It is considered that the deterioration in NTM-

PD is due to a breakdown in the host defense system in the comorbid group. 

The secretion of IL-10 is mentioned as a cause of susceptible to NTM infection and 

is upregulated in NTM-PD patients35,50-52. These results show that IL-10 secretion 

against NTM-specific antigens increased in contrast to IL-17 and IFN-γ in the 

comorbid group. Moreover, the secretion of IL-10 was correlated with the bacterial 

burden at 5 weeks post-infection in both PI and SI experiments. In particular, the 

bacterial burden increased as IL-10 was upregulated at 5 weeks in the PI experiment, 

although IL-10 secretion in the comorbid group was comparable to that in the NTM 

infection group at 10 weeks post-infection.  

IL-10 is a representative anti-inflammatory cytokine that suppresses Th17 cells53. I 

assumed that allergic asthma intensively targets IL-17 response in the host defense 

mechanism against NTM-PD progression via the regulation of IL-10 levels, and to 
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support this, IL-10 expression in BMDCs was investigated. In contrast to the 

expression of IL-12p70, IL-23 and IL-6 increased in the co-stimulated BMDCs 

compared to the OVA-treated BMDCs; IL-10 increased significantly in the co-

stimulated BMDCs compared to that in the infected BMDCs and OVA-treated 

BMDCs. Notably, these data show that stimulation with OVA in the infected BMDCs 

increased the expression of co-stimulatory receptors including MHC II, CD40, CD80, 

and PD-L1. In particular, the increase in PD-L1 in the co-stimulated BMDCs in 

comparison with that in the infected BMDCs was higher than that of other molecules 

on antigen-presenting cells. PD-L1 is a co-inhibitory molecule on the co-stimulated 

BMDCs; thus, these results indicate that additional induction of allergic asthma 

inhibits T cell activation. Therefore, I assumed that the levels of IL-17A and IFN-γ 

decreased and immune responses diminished against NTM.  

For allergic asthma, although some factors of allergic asthma were improved in the 

comorbid group, the levels of OVA-specific IgE and IgG1 and infiltrated immune 

cells in H&E stain were still sustained until 10 weeks after infection. Goblet cell 

hyperplasia was inhibited by NTM infection at 5 and 10 weeks post-infection in the 

SI and PI experiments, respectively. Type 2 cytokines, including IL-5 and IL-13, 

decreased from 5 weeks post-infection. However, IL-17A in OVA-stimulated lung 

cells and infiltrated neutrophils in the inflamed lungs were higher in the comorbid 

group than in the asthma group, which is characteristic of severe neutrophilic asthma, 
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which is difficult to control with conventional therapy. These results indicate that the 

phenotype and immune responses of allergic asthma in the comorbid group were still 

maintained, as seen in comparison with the control group.  

This study has some limitations. First, upregulated IL-10 and PD-L1 in BMDCs in 

response to NTM infection with OVA stimulation were indicated; however, responses 

of T cells activated by the co-stimulated BMDCs were not confirmed. Although 

activation of T cells in response to co-stimulation was not shown, upregulated 

frequency of PD-L1 levels in the co-stimulated BMDCs indirectly indicated that 

additional OVA treatment was able to signal forward to inhibitory responses such as 

upregulation of PD-1 expression level on CD4+ T cells and polarization into 

regulatory T cells. Interestingly, NTM-PD patients expressed higher PD-1 molecules 

on CD4+ T cells54. This report suggests that anti-signaling from DCs to T cells is 

critical for NTM progression. In addition, OVA administration resulted in the 

downregulation of pro-inflammatory cytokines, including IL-17A, IFN-γ, and TNF-

α, in vivo, suggesting that comorbid allergic asthma can increase the severity of 

symptoms of NTM-PD.  

Second, the present study could be insufficient to clarify the detailed mechanisms by 

which allergic asthma affects advanced NTM-PD and attenuates anti-bacterial effects. 

I plan to further investigate the fundamental mechanisms of comorbid exacerbation 

of NTM-PD and allergic asthma, such as the signaling pathways of immune cells. 
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Third, respiratory functions, including airway hyper-responsiveness, should be 

investigated. Although contraction of airways was indirectly observed with the H&E 

staining, airway hyper-responsiveness to inhaled methacholine is required to reflect 

severe allergic asthma patients.  

Fourth, inducing allergic asthma via OVA is not physiologically relevant in humans. 

Nevertheless, the present study aimed to suggest an ideal comorbid mouse model that 

is close enough for the comprehension of comorbid patients with allergic asthma and 

NTM-PD, and further studies are warranted to define the comorbid model with other 

allergens, such as house dust mite.  

Despite these limitations, the present study provided significant research advantages 

in that it establishes a reliable comorbid model with NTM-PD and allergic asthma. 

Furthermore, this study examined individual experiments according to the order of 

preceding disease and identified antigen-specific characteristics. This is meaningful 

because it is difficult to identify which disease plays a leading role in developing 

severe clinical phenotypes.  

In conclusion, the present study developed a reliable mouse model of comorbidity 

with NTM-PD and allergic asthma and a reproducible mouse model for the 

adjustment of drug therapy. To our knowledge, it is the first study to establish the 

comorbidity mouse model, which reflects comorbid patients in whom it is difficult to 
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control both NTM-PD and allergic asthma whether with or without using ICS 

treatment. The established comorbid mouse models are expected to contribute to a 

deeper understanding of the pathophysiology of comorbid diseases as well as the 

development of additional strategies to control NTM, especially in patients with 

NTM-PD and allergic asthma.  
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V. CONCLUSION 

 

Nontuberculous mycobacterial pulmonary disease (NTM-PD) is steadily increasing 

worldwide. Based on the characteristics of opportunistic pathogens, NTM-PD is 

commonly co-occurs with other diseases, including allergic asthma. Although the 

investigation of Mycobacterium tuberculosis infection with allergic asthma has been 

well established, interconnections between NTM-PD and allergic asthma are largely 

confined to clinical research. Here, I presented a reliable comorbid mouse model 

reflecting comorbid patients with NTM-PD and allergic asthma by performing 

separate experiments of preceding infection (PI) and subsequent infection (SI). Both 

experiments showed that inflamed lung deteriorated and bacterial growth was 

accelerated as the disease progressed in the comorbid group, whereas goblet cell 

hyperplasia was alleviated. Interestingly, NTM-specific TNF-α, IFN-γ, and IL-17A 

were attenuated according to the progression of the comorbidity; therefore, I assumed 

that the host defense systems malfunctioned. Although most immune cells in the 

inflamed lung were comparable between the comorbidity and infection groups at 5 

weeks post-infection, IFN-γ+ CD44+ CD4+ T cells and IL-17A+ CD44+ CD4+ T cells 

decreased in the comorbidity group in vivo. The anti-inflammatory DCs that 

significantly secreted IL-10 and expressed PD-L1 were induced after MAV infection 

and OVA stimulation in BMDCs. These results suggest that the exacerbation of NTM-
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PD with allergic asthma progression was caused by the anti-inflammatory immune 

system in the host. These characteristics in comorbid condition were specifically 

indicated only in the allergic asthma vulnerable mouse strain, BALB/c, not in the 

C57BL/6J.  

Through this study, an effective mouse model to reflect comorbid patients who suffer 

from allergic asthma with NTM infection was constructed to solve the problems. In 

addition, it was identified that the cause of exacerbation in comorbidity group is 

owing to the weakened host's immune reaction against the bacterial infection, and 

suggests a method of inducing the host's Th-1 or Th-17 response as a possibility to 

improve the comorbid disease. 
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ABSTRACT (IN KOREAN) 

 

비결핵 항산균 감염과 알레르기성 천식을 동반한 

만성 폐질환의 병인 기전 연구 

 

< 지도교수 신 성 재 > 

 

연세대학교 대학원 의과학과 

 

박 예 은 

 

극심한 환경오염과 서구화된 생활 환경에 따른 비결핵 항산균 

감염에 의한 유병률이 증가하고 있다. 비결핵 항산균을 제어하기 

위한 노력들이 계속되고 있지만 기저 질환과 동반하여 임상적으로 

딜레마에 빠져있다. 그 중에서도 공통적으로 중년의 마른 여성에게 

유발되면서 폐에 만성질환을 일으키는 알레르기성 천식과 비결핵 

항산균 감염의 경우, 서로 상반되는 면역체계를 이룸에도 불구하고 

두가지 질병을 모두 갖고있는 환자가 높은 수치로 존재한다는 

임상적 통계들이 보고되고 있다. 뿐만 아니라, 두 질병이 동반 될 

때 치료가 더욱 어려워 지는 특징을 갖는다. 따라서 알레르기성 

천식과 비결핵 항산균 감염이 동반된 마우스 모델을 새롭게 
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구축하고, 면역학적 병리학적 영향을 두가지 질병의 측면에서 비교, 

분석하였다.  

비결핵 항산균 감염과 알레르기성 천식을 발병 순서에 따라 

나누어 실험을 진행하였다. 그 결과, 비결핵 항산균 감염과 

알레르기성 천식 동반 시, 감염이 진행됨에 따라 폐의 염증 성 

병변의 증가와 균의 증식 속도의 가속화가 일어나는 것을 

확인하였다. 이러한 결과는 비결핵 항산균과 같은 세포 내 기생 

세균 제어에 중요한 IFN-γ의 생산과, 주목받는 방어 전략인 IL-

17A의 생산이 감소하는 것과 비례하여 발생한다. 반대로, 

알레르기성 천식의 특징인 술잔세포의 과형성은 감염이 진행될 

수록 감소하는 특징을 보였다. 이러한 결과는 제 2형 사이토카인인 

IL-5와 IL-13의 생산이 감소하는 것과 비례한다. 위 결과를 

종합하였을 때, 감염과 알레르기성 천식이 동반될 때 균에 대한 

숙주의 방어 체계가 무너지는 것을 알 수 있다. 감염 후 5주 

시점에서, 폐 내에 침윤하는 면역세포의 구성에는 큰 차이를 

보이지 않지만 균 특이적인 CD4+ T 세포의 방어 체계가 약화되는 
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것으로 보아 수지상 세포의 기능이 항-염증반응을 유도하도록 

활성화 될 것이라고 가설을 세웠다. 골수 유래 수지상 세포를 

이용하여 비결핵 항산균 감염과 알레르기성 천식을 유도하는 

항원인 오브알부민을 처리하였을 때 항 염증성 사이토카인인 IL-

10의 생성과 공동억제분자인 PD-L1의 발현이 감염과 알레르기 

유도 항원 처리를 동반하였을 때 특이적으로 증가함을 보였다. 이 

결과를 통하여 비결핵 항산균 감염과 알레르기성 천식이 

동반되었을 때 균의 제어가 어려워지고 폐의 염증성 표현형이 

악화되는 이유를 규명하였다.  

이러한 특징들은 알레르기성 천식이 약하게 발생하는 C57BL/6J가 

아닌 알레르기성 천식 유도에 취약한 BALB/c 마우스 종에서 

특이적으로 발생하는 것을 확인하였다.  

본 연구를 통하여 비결핵 항산균 감염과 알레르기성 천식의 동반 

시 일어나는 문제점들의 해결을 위하여 효과적인 마우스 모델을 

구축하였다. 또한 두 질병의 동반 시 발생하는 증상 악화의 원인이 

약화된 숙주의 염증반응임을 규명하였으며 동반이환 환자의 
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호전을 위하여 숙주의 Th 1 또는 Th 17 반응을 유도하는 방안을 

제시한다.  

 

 

 

 

 

 

 

 

 

 

 

 

 

------------------------------------------------- 

핵심되는 말: 비결핵 항산균, Mycobacterium avium complex, 알레

르기성천식, 동반이환, 만성 호흡기 질환, T 도움 1, 17 세포 반응 


