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Thesis Abstract 
 

Dendritic cells (DCs) are the most efficient antigen presentation cells and 

execute a pivotal role in the onset and regulation of innate and adaptive immune 

responses and the recruitment of a variety of leukocytes to the site of inflammation 

or injury. To counter the challenge of continual exposure to exogenous pathogens, 

the lungs posess a complex immunological defense that is often initiated by DC 

activation. An increasing volume of research on DCs in recent years clearly shows 

that the disruption of DC equilibrium in the lung may may be at the root of several 

varied pulmonary diseases. In these studies, we used two different disease models 

to elucidate the importance of DCs in response to the control of natural killer cells 

(NK) in viral infection and the pivotal role of DCs in Pulmonary Langerhans Cell 

Histiocytosis (PLCH), a disease with a clear gene-environment axis.  

Respiratory syncytial virus (RSV) is a common cause of respiratory tract 

infection in vulnerable populations. Natural killer (NK) cells and DC are 

important for the effector functions of inflammatory cells following infection. To 

investigate the importance of NKG2D pathway in regulating RSV infection, wild 

type and NKG2D deficient mice were infected with RSV. We found that NKG2D 

deficient mice exhibited greater lung pathology, marked by the accumulation of 

DCs following RSV infection.  DCs isolated from NKG2D deficient mice had 
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impaired responses towards TLR ligands. DCs expressed NKG2D ligands on their 

surface, which was further increased in NKG2D deficient mice and during RSV 

infection. Adoptive transfer of DCs isolated from WT mice into the airways of 

NKG2D deficient mice ameliorated the enhanced inflammation in NKG2D 

deficient mice after RSV infection. In summary, we discovered that the NKG2D-

dependent interactions with DCs control the phenotype and function of DCs and 

play a critical role in pulmonary host defenses against RSV infection. 

PLCH is a rare interstitial lung disease characterized by focal DC 

accumulation, bronchiolocentric nodule formation, and cystic remodeling of the 

lung and occurs predominantly in active smokers. Approximately 50% of PLCH 

patients harbor somatic BRAF-V600E mutations identified mainly within the DC 

lineage. However, the rare nature of the disease and lack of animal models 

impedes the study of the pathogenic mechanisms of PLCH. We have established 

the first mouse model that recapitulates the hallmark characteristics of PLCH. In 

addition, we show that the BRAF-V600E mutation is associated with increased 

DC responsiveness towards multiple stimuli including the DC-chemokine CCL20. 

We provide evidence that DC accumulation in the lung is due to both increased 

viability and enhanced recruitment. Further evidence indicates that the 

accumulation of other inflammatory cells in PLCH is a secondary event driven by 

CCL7 secreted from DCs in a BRAF-V600E-dependent manner. Moreover, we 
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demonstrate that the PLCH-like phenotype in the mouse model can be attenuated 

following smoking cessation and removal of BRAF-V600E DCs. Furthermore, we 

show PBMCs isolated from PLCH patients harboring the BRAF-V600E mutation 

produce CCL7. Collectively, our studies provide the first mechanistic insights into 

the role of DC BRAF-V600E mutation and CS exposure that mediate PLCH 

pathogenesis. 

 Collectively, these results support the concept that the delicacy of DC-

mediated lung equilibrium can be affected by both innate defects (BRAF-V600E 

mutation) and interaction of other cells in the local lung microenvironment 

(NKG2D-dependent editing). Our findings not only provide insights into the 

pathogenesis of PLCH and severe RSV infection but also broaden the knowledge 

of basic DC biology and shed light upon other DC-related diseases.  
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1.1 Dendritic Cells   

 

Dendritic cells (DCs) were first described by Ralph Steinman and Zanvil Cohn in 

1973 as cells with branching, extended cellular processes that distinguish them 

from other adherent myeloid cells such as monocytes and macrophages (1). DCs 

are distributed throughout the body and are the “professional” antigen-presenting 

cells (APCs) of the immune system. Most notably, they are known to acquire 

antigen in tissues, migrate to draining lymph nodes (LNs), and initiate T cell-

mediated immunity.  Recently, our understanding of the origins, development, and 

effector functions of DCs has greatly expanded with the advent of DC-specific 

reagents and genetically engineered mice (2-8).  Human DCs are notoriously 

difficult to isolate, maintain, and study.  Therefore, most of our understanding of 

DC biology is derived from studies performed in mice.  

 

DCs originate in the bone marrow, circulate in the blood and either enter the LNs 

via high endothelial venules (HEV) to give rise to lymphoid DCs or enter 

peripheral tissues to give rise to nonlymphoid DCs (9). Novel reporter mice reveal 

that DCs arise from monocyte-DC progenitors derived from hematopoietic stem 

cells (HSC).   HSCs give rise to common myeloid progenitors (CMP), including a 

subset of FMS-related tyrosine kinase 3 (FLT3)- expressing cells, which 
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differentiate into more restricted macrophage and DC progenitors (MDP) in the 

bone marrow.  The FLT3-expressing MDP are the direct precursors to common 

DC progenitors, which give rise to precursor DC (pre-DC) and plasmacytoid DC 

(pDC) (10, 11).  Pre-DCs and pDCs leave the bone marrow and travel via the 

circulation to secondary lymphoid organs and non-lymphoid tissues. Pre-DCs 

terminally differentiate into conventional-DC (cDC) subsets in the periphery (12).  

Alternatively, MDP give rise to common monocyte progenitor (cMoP), which 

differentiate into circulating monocytes (13). Circulating Ly6C+ monocytes 

migrate into tissue or LNs via the HEV to either give rise to macrophages, if a 

niche is open, or differentiate into monocyte-derived DC (moDC) (14, 15). MoDCs 

are defined by their expression of MHC class II and CD11c and their DC 

functional properties include antigen presentation (16).  

 

 

1.2 The lung and pulmonary DCs 

 

Humans survive in a dangerous world that continuously faces the challenge of 

exogenous pathogens. Of all the organs, the lungs are at the frontier of this never-

ending battle. To counter this threat, the lungs developed an intricate and complex 

defense system. The respiratory epithelium participates in this battle as a physical 
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barrier and by releasing antimicrobial compounds (17). However, if the innate 

processes of the respiratory epithelium is unable to clear such foreign pathogens, 

the body’s next line of defense is an cellular and molecular immunological 

orchestra which is conducted by the professional antigen presenting cells – the 

dendritic cells (18).   

 In the lung, DCs are present throughout the epithelium and interstitium 

where they are ideally positioned to monitor the luminal microenvironment (19). 

DCs are comprised of a heterogeneous population of cells that possess unique sets 

of cell surface markers in different organs throughout the body. In the lung, DCs 

can be divided into three major subsets – plasmocytoid DCs (pDCs), conventional 

DCs (cDCs) and monocyte-derived DCs (moDCs). pDCs are important in 

maintaining self-tolerance and are responsible for the production of large amounts 

of type I IFN upon virus infection (20). moDCs are recruited to the lung in the 

inflammatory status and defined by their expression of major histocompatibility 

complex class II and CD11c, and their antigen presentation capacity (21). In mice, 

cDCs are divided into two subsets, CD103+ DCs and CD11b+ DCs, which are 

developmentally regulated by the transcription factors basic leucine zipper 

transcription factor ATF-like 3 (Batf3) and interferon regulatory factor 4 (Irf4), 

respectively. Compared with mouse DCs, there is no clear consensus regarding the 

classification of human pulmonary cDC subsets. Traditionally, the human cDCs 
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can be divided into CD1c+ DCs and CD141+ DCs (9). However, this classification 

is now challenged by a recent study that identified five different DC subsets in 

human lung based on differential expression of Langerin, CD1c, and CD14 (22). 

Clearly, it is important to obtain and collate additional transcriptional and 

functional data to definitively classify human pulmonary DCs and other 

mononuclear phagocytes. The surface phenotype and receptor expression of 

different subsets of mouse and human DCs are summarized in Table 1.  
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Table 1 Cell surface phenotype of human and mouse dendritic cells. 

Species Subpopulation Subsets 
 

Cell Surface 
Marker 

Residence 
in lung 
under 
steady 
state 

Toll 
Like 
Recept
ors 

Chemokine 
Receptors 
on 
Immature 
DC 

Chemokine 
Receptors 
on Mature 
DC 

 

 

 

 

 

Mouse 

 

 

Conventional 

DC 

 
 
CD11b+ 
DC 
 

 
CD11c+, CD8α–, 
CD11bhi, CD103–
, MHC class II+, 
Langerin- 

 
 
Yes 
 

 
 
1,2,4,6,7,
8,9,13 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
CCR1, CCR2, 
CCR4, CCR5, 
CXCR3, 
CXCR4 

 
 
 
 
 
 
 
 
 
 
 
 
 
CCR 7, 
CXCR4 

 
 
 
CD103+ 
DC 
 

 
CD11c+, CD8α–, 
CD11blo/–, 
CD103+, MHC 
class II+, 
Langerin+ 

 
 
 
Yes 
 

 
 
 
2,3,4,6,9,
11,12,13 
 

 
 
Plasmacytoid 
DC 
 

 
 
 
pDC 
 

 
CD11cint, 
CD11blo/–, 
B220+, Ly6c+, 
MHC class II–/lo, 
SiglecH+ 

 
 
 
Yes 
 

 
 
 
7,9,12 
 

 
 
Monocyte-
related DC 
 

 
 
 
MoDC 
 

 
CD11c+, CD64+, 
CD11bhi, CD103–
, MHC class 
II+,Langerin-
,Ly6C+ 

 
 
 
No 
 

 
 
 
3,7,8 
 

 

 

 

 

Human 

 

 

Conventional 

DC 

 
 
CD1c+ 
DC 
 

 
CD1c+, CD11b+, 
CD11c+, CD13+, 
HLA-DR+, 
BDCA-1+ 

 
 
Yes 
 

 
 
1,2,3,4,5,
6,8,10 
 

 
 
 
 
 
 
 
 
 
 
CCR1, CCR2, 
CCR4, CCR5, 
CCR6, 
CXCR1, 
CXCR4 

 
 
 
 
 
 
 
 
 
 
CCR 7, 
CXCR4 

     
CD141+ 
DC 

 
CD141+, XCR1+, 
CLEC9A+, 
BDCA-3+ 

 
 
Yes 
 

 
 
2,3,8 
 

 
 
Plasmacytoid 
DC 
 

 
 
 
pDC 

 
CD11cdim, 
BDCA2+, 
BDCA4+, 
CD123+, L-
selectin+, IL-3R+, 
HLA-DR–/lo 

 
 
 
Yes 
 

 
 
 
7,9 
 

 
Monocyte-
related DC 
 

 
 
MoDC 
 

 
CD14+, HLA-
DR+, CD1c-, 
CD141-, DC-
SIGN+, CD163+ 

 
 
No 
 

 
 
3,7,8 
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1.3 DC localization and migration 

In mice, all DC subtypes are found in the lung under steady state conditions (23). 

However, subsets of lung DCs are differentially distributed.  CD103+ DCs are 

closely associated with the respiratory epithelium and extend processes into the 

airway lumen, whereas CD11b+ DCs mainly reside beneath the airway basement 

membrane (Figure 2) (24-26).  Under steady-state conditions, a limited number of 

DCs reside in lung tissue and patrol the environment, while circulating pre-DCs 

migrate into the lung at a constant rate to replenish the resident DC pool as it turns 

over every 10-14 days (12, 27, 28).  In mice, DCs constitute up to 0.5-2% of total 

lung leukocytes at steady state (5). Following exposure to antigens, pathogens or 

pro-inflammatory cytokines, different subsets of lung DCs are rapidly recruited to 

the lung and comprise up to 5% of total lung leukocytes (18).  However, the 

number of DCs in the lung is difficult to estimate given their relative short lifespan 

and their migratory behavior.  For example, after DCs encounter antigens, they 

become activated, deploy innate immune defenses, and migrate to draining 

mediastinal LNs where they initiate adaptive immune responses and facilitate 

peripheral tolerance (29). Moreover, during inflammation, monocytes are rapidly 

recruited into the lung, differentiate into moDCs and participate in the 
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inflammatory response by secreting cytokines and chemokines, which in turn 

recruit and activate additional leukocytes (Figure 1) (30, 31).   

DC migration is tightly regulated by specific chemokines and adhesion molecules 

under both physiological and inflammatory conditions (23).  DC migration from 

the blood into the inflamed tissues is controlled by several chemokine receptors 

(CCR) including CCR1, CCR2, CCR5, and CCR6 (32-34).  CCR6 on immature 

DCs and its ligand CCL20 is the most important chemokine axis for recruitment of 

DC to the lung from the circulation (23, 35).  Lung epithelial cells express a basal 

level of CCL20 to maintain DC homeostasis.  However, CCL20 expression is 

rapidly induced after encountering pathogenic and environmental stimuli (35).  

Lung DC recruitment is also mediated by additional chemokine receptors, such as 

CCR2, as well as other factors that facilitate DC migration including E- and P-

selectins, adhesion molecule L1, and integrins CD11b/CD18 (36-39).  

DC trafficking from the lung to the draining LNs rapidly increases during 

inflammation and infection (40, 41).  Lymphatic channels provide important routes 

for cell migration and are critical for DC trafficking between peripheral tissues and 

LNs (42). In the lung, DCs first migrate to bronchopulmonary LNs through the 

lymphatics then drain into the mediastinal trunk (Figure 2) (43).  Egress of DCs 

from lung to draining LNs is tightly regulated (23). Following pathogenic or 

environmental activation, DCs undergo maturation, decrease CCR6 expression and 
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increase CCR7 expression (23, 44). CCR7 is the chemokine receptor that drives 

DC migration along gradients toward higher concentrations of ligands CCL19 and 

CCL21 produced in the lymphatics and draining LNs (45, 46).  CCL19 is primarily 

secreted by stromal cells and mature DCs in the T cell zone of LNs (47) while 

CCL21 is produced constitutively by stromal cells and endothelial cells of 

lymphatic vessels and of high endothelial venules (48). DC egress can also be 

influenced by other mediators such as prostaglandin E2 and sphingosine-1-

phosphate (49, 50). Knowledge of how human antigen-laden DCs migrate from 

lung to peripheral LNs is limited. However, like mouse DCs, human DCs decrease 

CCR6 expression and increase CCR7 expression after maturation and to migrate 

towards CCR7 ligands (51). 

 

1.4 DC’s role in immunology 

The past two decades are marked by significant progress toward understanding the 

role of DCs control of the immune system, arising from intensive work detailing 

the mechanisms of antigen processing and presentation, the organization of the 

DC-T cell immune synapse, the control of DC activation by Toll-like receptors 

(TLRs), the relevance of plasmacytoid DCs (pDCs) in antiviral responses, the role 

of DCs in polarizing T helper cell responses, the regulation of natural killer (NK) 

and B cell responses and the in vivo analysis of DC traffic and immune 
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interactions. These advances in knowledge, reagents, and techniques have 

equipped us with the tools to decipher the specific roles of DCs regulating the lung 

immunology in almost any disease.  

It has been known that DC function is tissue, pathogen, and context specific. 

For example, during viral infection, DCs endocytose viral antigens and migrate to 

the mediastinal LNs, where they present the antigen and activate antigen-specific 

naive and memory T cells which finally initiate the cytotoxic effector T cells 

killing orchestrate (52). However, DCs respond differently in the context 

of Mycobacterium tuberculosis lung infections. During M. tuberculosis infection, 

DCs produce high levels of inflammatory cytokines, including IL-6, TNF-α, IL-12, 

IL-1α, and IL-1β which stimulate additional leukocytes and contribute to 

granuloma formation as a mechanism to control pathogen growth and distribution 

(53). In addition, the unique roles of DCs in asthma further exemplify the complex 

and plastic functional properties of DCs in lung diseases. In patients with asthma 

and mouse models of allergic asthma, multiple DC populations are increased in the 

lung that produce lymphocyte activating cytokines that resulting in an “over- 

excited”  immune response towards the otherwise harmless antigens (54). 
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1.5 DC function in pulmonary disease  

Much of our knowledge of DC function in pulmonary disease derives from the 

study of infectious diseases and common lung diseases. We know that DC function 

is tissue, pathogen, and context specific. For example, during viral infection, DCs 

endocytose viral antigens and migrate to the mediastinal LNs where they activate 

antigen-specific naïve and memory T cells (52).  Mouse studies reveal that these T 

cells undergo multiple rounds of proliferation and migrate out of the LN into 

peripheral tissues where they interact with newly recruited DCs that present viral 

antigens within the infected tissue.  In infected tissue, cytotoxic effector T cells 

orchestrate the direct killing of infected cells expressing viral antigens on the cell 

surface and contribute to the production of pro-inflammatory cytokines that help in 

the resolution of infection (55, 56).  DCs respond differently in the context of 

Mycobacterium tuberculosis (Mtb) lung infections.  During Mtb infection, DCs 

phagocytose the pathogen leading to the production of high levels of inflammatory 

cytokines including IL-6, TNF-α, IL-12, IL-1α, and IL-1β. These cytokines 

stimulate additional leukocytes which and contribute to granuloma formation as a 

mechanism to control pathogen growth and distribution (53).  The unique roles of 

DCs in asthma further exemplify the complex and plastic functional properties of 

DCs in lung diseases. In asthma patients and mouse models of allergic asthma, 

multiple DC populations are increased in the lung that secrete lymphocyte 
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activating cytokines  which are associated with disease severity (57, 58).  In 

asthma, otherwise harmless antigens modify airway epithelial barrier function and 

activate epithelial cells in a manner that leads to DC activation and the initiation of 

an allergic T cell response.  For example, house dust mite feces contains allergens 

with proteolytic activity that co-stimulate TLR receptors on resident lung cells.  

These events lead to production of epithelial chemokines, including CCL20, which 

recruit lung DCs. Further, the proteolytic activity of the allergens can promote the 

production of cytokines that drive immune responses in DCs (57, 59, 60).    

  

1.6 DC function in rare lung disease 

 

Pulmonary Langerhans cell histiocytosis (PLCH) is a rare interstitial lung 

disease characterized by the accumulation of Langerin-positive dendritic cells, 

bronchiolocentric nodule formation, and cystic remodeling of the lung (61). PLCH 

is usually a single-system disorder with pulmonary impairment ranging from 

asymptomatic disease to life-threatening respiratory failure (62). PLCH occurs 

almost exclusively in active and former smokers (61) with the crude prevalence 

estimated at 0.27 and 0.07 per 100,000 in males and females, respectively (62, 63). 

Historically, PLCH was considered an idiopathic reactive disease because of large 

numbers of inflammatory cells found around pulmonary lesions and the presence of 
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high levels of inflammatory cytokines (64). However, recent genetic analyses 

indicate that PLCH is more accurately defined as an inflammatory neoplastic 

disorder. This classification is based on studies that demonstrate more than 50% of 

PLCH patients have an acquired, activating mutation in the proto-oncogene BRAF 

within the DC lineage that results in constitutive activation of the mitogen-activated 

protein kinase (MAPK) pathway (65, 66). The most common mutation identified is 

BRAF V600E, but recent studies revealed mutations in other signaling proteins in 

the MAPK pathway (67, 68). Interestingly, the DCs in PLCH lesions express high 

levels of DC maturation markers, which may contribute to the local “cytokine storm” 

that drives nodule formation and/or cystic remodeling (69). As described, DCs 

exhibit decreased expression of CCR6 and increased CCR7 expression after 

maturation, homing receptors that promote DC migration towards draining LNs 

(23).  However, Fleming et al. showed that DCs within lesions express both CCR6 

and CCR7 in the pediatric form of systemic Langerhans cell histiocytosis (70). 

Therefore, it is possible that altered regulation of CCR6 and CCR7 contributes to 

the increased accumulation and activation of DCs in PLCH. Alternatively, the 

aberrant accumulation of DCs in the lung may be a consequence of enhanced DC 

proliferation or viability. Indeed, MAPK pathway activation, especially BRAF-

V600E, has been known for promote increased cell proliferation or/and decrease 

cell apoptosis in melanoma and thyroid cancer (71, 72).  

https://en.wikipedia.org/wiki/Proto-oncogene
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 In addition to genetic mutations in the MAPK pathway, cigarette smoke is 

believed to be a key complementary factor in PLCH pathogenesis. Smoking is 

known to increase the expression of several pro-inflammatory mediators in the lung, 

such as TNF-α, granulocyte-macrophage colony-stimulating factor (GM-CSF), 

TGF-β and CCL20, which are involved in DC differentiation and function (73).  The 

effects of smoking on DC function have been investigated in other smoking related 

diseases such as chronic obstructive pulmonary disease (COPD). Overall, the 

number and maturation state of pulmonary DCs is increased in COPD.  However, 

regional lung differences in COPD patients are present, such as increased numbers 

of immature DCs in small airways and decreased total numbers of DCs in large 

airways (74-76).  Cigarette smoke increases CCL20 and recruits DCs into the lung 

in COPD patients and lung cancer (77-79).  In addition, DCs from COPD patients 

and mice exposed to cigarette smoke exhibit enhanced survival (80) and studies 

from smokers and mouse models indicate that multiple cytokines and chemokines 

that affect DC maturation, activation, and migration are elevated following smoking 

(81, 82).  The fact that the majority of PLCH patients are current smokers, and that 

the disease sometimes regresses with smoking cessation, suggests the pulmonary 

microenvironment created by cigarette smoke is required for disease expression and 

persistence. However, the specific nature of the alterations in the pulmonary 

microenvironment responsible for recruiting and retaining DC are unknown. 
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Sarcoidosis is a systemic granulomatous disease of unknown etiology that causes 

inflammation and tissue damage in multiple organs, most commonly the lung. The 

prevalence of sarcoidosis in the United States is approximately 10.9 and 35.5 per 

100,000 persons of European and African descent, respectively (83, 84).  Although 

the etiology is unknown, increasing evidence suggests that sarcoidosis is an 

antigen-driven autoimmune disease (85, 86).  It is characterized by T helper type 1 

(Th1) T cell polarization and exaggerated immune responses against unknown 

causative antigens (87-89). Although most research has focused on alveolar 

macrophages as the primary pathogenic antigen presenting cells in sarcoidosis, 

more recent evidence indicates that DCs play a causative role. There is an 

increased number of DCs in the draining LNs of sarcoidosis patients and, unlike 

other inflammatory lung diseases, there is an increased number of immature DCs 

in the lung tissue, especially the alveolar space (88). Furthermore, there is a 2-fold 

increase in cDCs in bronchoalveolar lavage from sarcoidosis patients which 

express lower levels of the maturation marker CD83 and the co-stimulatory 

molecule CD86 (90).  Pulmonary DCs from sarcoidosis patients demonstrate a 

reduced capacity to induce T cell proliferation ex vivo compared to DCs isolated 

from healthy lungs suggesting that the immature surface marker phenotype 

correlates with an observed reduction in DC function (91). Interferon-gamma 
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(IFN-γ) is one of the most important cytokines that induce DC maturation and 

cytokine production, including the major Th1 polarizing cytokine IL-12.  

Interestingly, IFN-γ and IL-12 levels are elevated in sarcoidosis bronchoalveolar 

lavage (BAL) fluid suggesting a defect in the process of IFN-γ dependent DC 

maturation (92, 93). Furthermore, moDCs isolated from sarcoidosis patients 

display normal maturation markers but have an enhanced ability to induce TNF-γ 

expression when co-cultured with allogeneic naïve CD4+ T cells (87). The role of 

TNF-α in sarcoidosis pathogenesis and prognosis has been well studied. Although 

the role of DCs remains to be defined, the high abundance of TNF-α receptor on 

DCs suggest that DCs may be important regulators of TNF-α mediated disease 

progression. Similar to another DC involved autoimmune disease, psoriasis, TNF-α 

inhibitors have been clinically tested in sarcoidosis patients with some promising 

preliminary outcomes in selected patient subsets (94, 95). Due to the undeveloped 

techniques and knowledge, most of earlier studies did not differentiate 

macrophages from DCs in BAL fluid, and additional studies are necessary to 

define distinct roles in sarcoidosis. Taken together, these data clearly demonstrate 

dysfunction within the DC population in sarcoidosis and the enrichment of DCs in 

the lung and draining LNs suggests that abnormal DC tracking contributes to 

pathogenesis. As increasing evidence emerges, it is possible that DC-targeted 

therapy may become a promising clinical option.   
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Hypersensitivity pneumonitis (HP) is an interstitial lung disease commonly 

characterized by granulomatous inflammation with prominent infiltration of 

lymphocytes, macrophages, and fibroblasts around indigestible antigens or 

particles.  A large variety of antigen and/or particle exposures can result in HP. 

Based on the rate of progression, HP can be divided into acute, subacute and 

chronic forms, although clinical presentations may overlap (96).  HP pathogenesis 

is complex but a  consensus understanding of HP involves pre-existing genetic 

susceptibilities and/or environmental factors, followed by exposure to specific 

antigens. It has been suggested that acute HP is mediated by immune complex 

formation while enhanced Th1 responses are responsible for the subacute and 

chronic forms (96).  Studies also implicate cytotoxic delayed hypersensitivity in 

the observed abundance of Th1/Th17 cytokines and mechanisms of tissue injury 

(97).  Additionally, type III and type IV hypersensitivity have been noted to result 

in fewer granulomas but more extensive fibrotic remodeling in some patients (98). 

Given the importance of DCs in maintaining lung immune homeostasis, the 

development of granuloma formation and mediating hypersensitivity reactions, a 

causative role in the development and progression of HP is certain.  Human data 

are limited although there is a 5-fold increase in the number of DCs in the lungs of 

chronic HP patients compared to healthy controls (99).   Much of our current 
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understanding of HP pathogenesis is derived from animal models.  An acute HP 

mouse model indicates that increased numbers of mature DCs persist in the lungs 

of Saccharopolyspora rectivirgula–challenged animals and that these DCs play a 

causative role in granuloma formation by via increased production of pro-

inflammatory chemokines (100).  Indeed, mice deficient in IFN do not develop 

granulomatous lesions after exposure to Saccharopolyspora rectivirgula (101).  

Further, depletion of CD34, a cell surface receptor involved in DC migration and 

activation, impairs DC migration from lung to peripheral LN and renders mice 

resistant to the development of acute HP (102).  The DCs from CD34-deficient 

mice show impaired cytokine secretion and fail to appropriately deliver antigen to 

T cells in the acute HP model.  Mouse studies also reveal that DCs are critical to 

the development of HP pathology, as depletion of the pathogen recognition 

receptor, TLR9, renders DCs unable to respond to antigens.  The end result is 

restricted Th1 cytokine and chemokine release, and attenuated lung pathology 

(103). Similar to HP patients, there are increased numbers of mature DCs in the 

lungs of the acute HP mouse model (104). The apoptosis of granulocytes and non-

hematopoietic cells are thought to contribute to HP pathogenesis by activating DCs 

to increase pro-inflammatory chemokine production (105). The local enrichment of 

these chemokines recruits other inflammatory cells to the lung, amplifying HP 

pathological changes. Together, the evidence suggests that DC maturation, 
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migration and interaction with other cells are critical to the pathogenesis of HP.  

Unfortunately, neither the human studies nor mouse models have identified 

specific populations of DCs involved in the pathogenesis of HP. Identifying these 

populations or other mechanistic details will facilitate future targeted approaches to 

reduce the immune-mediated components of HP pathology. 

 

Idiopathic interstitial pneumonias (IIPs) are a cluster of diseases sharing similar 

clinical and radiologic presentations. Based on histological features, IIPs are 

further divided into 8 different subsets (106). The etiopathogenesis of all types of 

IIPs are poorly understood. In this introduction, we will focus idiopathic 

pulmonary fibrosis (IPF) and nonspecific interstitial pneumonia (NSIP), the most 

common members of this family of scarring lung diseases.  NSIP is an important 

IIP with a clinical presentation that is similar to IPF but is associated with a better 

prognosis. NSIP is the second most common cause of IIP, and is commonly 

associated with autoimmune connective tissue diseases (107).  Little is known 

about the pathogenesis of NSIP except that there is a robust accumulation of DCs 

in the lungs of NSIP patients which are in close proximity to CD8+ and CD4+ 

lymphocytes (108).  In contrast, there are several lines of research that strongly 

implicate DC dysfunction in the pathogenesis of IPF which is one of the most 

lethal fibrotic lung diseases (109, 110). Lung biopsy of patients with IPF reveals 
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usual interstitial pneumonia, characterized by patchy, spatially and temporally 

heterogeneous areas of early and completed fibrosis in the lung periphery and 

lymphatic structures. The lungs of IPF patients are heavily infiltrated by immature 

DCs in areas of epithelial hyperplasia and fibrosis while mature DCs, characterized 

by the expression of maturation markers like CD40, CD86 and CD80, accumulate 

in well-organized lymph-node-like structures (111). This finding is supported by 

other studies demonstrating increased numbers of immature DCs in the lavage 

fluid of IPF patients (112).  Moreover, fibroblasts and epithelial cells in IPF 

patients express high levels of CCL19 which can lead to increased DC recruitment 

DC from the circulation (113, 114). Along these lines, Freynet et al. have shown 

that co-culture of DCs with lung fibroblasts from IPF patients diminishes the 

expression of DC activation markers (115). Together, these findings suggest that 

pulmonary fibroblasts may influence IPF progression by maintaining populations 

of immature DCs, which are unable to suppress ongoing inflammation.   

 

The most common mouse model for IPF involves the administration of bleomycin 

to induce acute or subacute fibrosis in the lung. In this model, there is a significant 

accumulation of DCs in the lung after bleomycin challenge. However, unlike 

human IPF, the mouse DCs express high levels of maturation markers including 

CD40, CD86 and CD83, and exist in close proximity to memory T cells (116). 
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These findings are consistent with observations in other pulmonary diseases, which 

have revealed that maturation of lung DCs is followed by a secondary activation of 

memory T cells that may perpetuate chronic inflammation.  Interestingly, 

experiments using antibodies to block DC maturation or deplete mature DC 

chemokine receptors attenuate the pathological hallmarks of pulmonary fibrosis in 

this model (116, 117).  Unfortunately, the discrepancy of DC phenotypes between 

mouse models and IPF patients suggest the bleomycin-induced model does not 

accurately reflect the immune alterations observed in human disease.  Mouse 

models that more authentically recapitulate the immune dysfunction observed in 

IPF are needed to further our understanding of IPF pathogenesis and the possible 

involvement of DC dysfunction.  
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Figure 1 Distribution and migration of pulmonary DCs.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Subsets of DCs are widely distributed throughout the lung and segregate into unique 

niches that vary by lung compartment. In the upper respiratory tract, CD103+ DCs mainly reside in the 

mucosal wall and extend processes into the airway lumen in between epithelial cells. CD11b+ DCs and 

pDCs are mainly located underneath the basement membrane. After maturation, both CD103+ DCs and 

CD11b+ DCs can migrate to LNs via lymphatics and present antigens to T cells. CD103+ DCs are the 

migratory subsets that populate LNs.  
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2.1 Introduction 

 

Epidemiology and current understanding of Pulmonary Langerhans cell 

Histiocytosis.  Pulmonary Langerhans Cell Histiocytosis (PLCH) is a rare 

interstitial lung disease characterized by focal Langerin-positive dendritic cell 

accumulation, bronchiolocentric nodule formation, and cystic remodeling of the 

lung (118). PLCH is usually a single-system disorder with pulmonary impairment 

ranging from asymptomatic disease to life-threatening respiratory failure (119).  

PLCH in adults occurs almost exclusively in active smokers and no accurate 

epidemiological data is available. However, the crude prevalence of the disease is 

estimated at 0.27 and 0.07 per 100,000 population in males and females, 

respectively, and PLCH may account for up to 5% of all interstitial lung diseases 

(119, 120). Since first described, we have discovered little insight into the PLCH 

etiology. The discussion of whether the nature of PLCH is a neoplastic or reactive 

disease was recently settled when several mutually exclusive activating mutations 

within the mitogen-activated protein kinase (MAPK) pathway were found in more 

than 70% of PLCH patients (121, 122), indicating that PLCH is more accurately 

defined as an inflammatory neoplastic disorder (123, 124). The most common 

mutation identified is BRAF-V600E which is found the most often within the DC 

lineage (125). However, due to the rare nature of this disease and the lack of a 
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useful animal model, our understanding of PLCH pathogenesis is limited and 

mostly speculative. The current clinical management of PLCH is challenging and 

often ineffective (126). Therefore, it is both critical and urgent to identify 

mechanisms of pathogenesis so efficient treatment strategies can be tested and 

provided.  

 

MAPK pathway mutation and PLCH.  Braf kinase plays an essential role in 

mediating cellular differentiation, proliferation, senescence, and survival in 

response to extracellular cues by signaling through the MAPK pathway. It has been 

estimated that the RAS/BRAF/MEK/ERK pathway is mutated in an estimated 30% 

of all cancers, with mutations in the braf gene found in approximately 7% of 

cancers (127). The most common braf mutation is the V600E transversion. The 

conformational change of in the kinase domain allows the activation of the MAPK 

pathway in the absence of any extracellular stimuli (128). Several neoplasms 

harbor BRAF-V600E mutations and have uncontrolled proliferation and impaired 

migration in affected cells (129, 130). A recent study suggested that induction of 

the BRAF-V600E mutation in the CD11c DCs drives a systemic phenotype in 

mice (125). In addition to the BRAF-V600E mutation, it has been reported that 

MAP2K1, which is another component of MAPK pathway, mutated in 33% of the 

LCH patients who don’t have a BRAF-V600E mutation (Figure 2). Similar to the 
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braf mutation, the MAP2K1 mutation results in continuous activation of the 

MAPK pathway (124). However, how this continuous activation of MAPK affect 

DC effector cell function and migration capacity is still unclear and will be the 

focus of this study.  

 

The role of DC in PLCH pathogenesis.  DCs are the most efficient antigen 

presentation cells and, therefore, have a pivotal role in the onset and regulation of 

innate and adaptive immune responses and the recruitment of a variety of 

leukocytes to the site of inflammation or injury (131). The dysregulation of DC 

function often results in a pathological immune response that likely contributes to 

disease pathogenesis in many pulmonary diseases (132). In PLCH, focal Langerin+ 

dendritic cell accumulation and the development and expansion of nodules in early 

disease are prominent features of PLCH despite variable clinical presentations 

(118). This common phenotype and DC lineage specific mutations strongly suggest 

the role of DCs in the pathogenesis of PLCH.  As described previously, DC 

migration into and out of the lung is tightly regulated by multiple chemokines. It 

has been demonstrated that cigarette smoke (CS) affects DC numbers and maturity 

by increasing the expression of several pro-inflammatory mediators in the lung, 

such as TNF-α, GM-CSF, TGF-β and CCL20 in both smokers and mouse models 

of COPD (133-135). However, the effects of CS on DC function and the potential 
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contribution to the accumulation of DCs in PLCH is unknown (136). The fact that 

PLCH occurs predominantly in active smokers and the disease sometimes 

regresses with smoking cessation, it is fair to speculate that the CS related 

pulmonary microenvironment is required for the initiation and persistence of 

PLCH pathologies (119). However, due to the rare nature of the disease and the 

lack of animal models, the combined effects of BRAF mutations in the dendritic 

cell lineage along with a pulmonary microenvironment altered by exposure to CS 

is entirely speculative. 
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2.2 Knowledge Gaps 

 

While the concept of BRAF-V600E mutation and the CS-induced 

microenvironment changes are well studied in other disease context, how they 

contribute to the pathogenesis of PLCH have not been examined. The lack of 

knowledge in the pathogenesis combined with the rare nature of the disease 

indicate an imperative demand for an animal model of PLCH. The next chapter 

describes the very first PLCH mouse model we established and how we are using it 

as a platform to decipher the contribution of BRAF-V600E mutation and CS-

related changes to disease pathogenesis. In addition, there is no reliable biomarker 

for this orphan disease and the diagnosis is mainly based on the imaging which 

sometimes is easily confused with other interstitial lung diseases(118). Therefore, 

it is important to discover a biomarker that can facilitate the clinic diagnosis.   
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2.3 Aim of the current investigation 

 

Under normal conditions, a limited number of DCs reside in tissue and patrol the 

environment. Once activated, DCs play a key role in the development of the innate 

immune response and migrate to draining lymph nodes to induce adaptive immune 

responses. In PLCH, however, mature DCs accumulate in small airways leading to 

nodular inflammatory lesions and eventually cystic lung destruction primarily in 

upper and middle lobes of the lung. Clinical data indicated that there may be either 

reactive or clonal expansions of DCs as a consequence of CS exposure but the 

cellular and molecular mechanisms controlling DC accumulation and effector 

functions in the development of PLCH are largely unknown.  Exposure to CS leads 

to the elaboration of several mediators that may affect DC biology. Recent studies 

show that CS exposure increases expression of TNF-α, GM-CSF, TGF-β and 

CCL20 in lung which are involved in DC differentiation, migration and function.  

More recently, a causative link between a mutation in the BRAF gene in DC 

lineage cells and the development of DC neoplastic disease has been reported.  A 

common, acquired mutation in BRAF (V600E) is found in more than half of PLCH 

patients. BRAF regulates the MAP kinase/ERK signaling pathway and the somatic 

BRAF V600E is an activating mutation in different neoplasms resulting in the 

constitutive activation of the MAPK/ERK pathway.  These recent genetic data 
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along with the known effects of CS exposure on local pulmonary DC function lead 

us to hypothesize that: the acquired BRAF-V600E mutation in DC lineage cells 

in combination with CS-induced DC activation and migration signals leads to 

the accumulation of pathogenic DCs into the lung which directs the 

development PLCH pathogenesis (Figure 3).   

 We have generated mouse models harboring the inducible BRAF V600E 

mutation in DC lineages.  These mice will be used to investigate the effects of CS 

exposure on BRAF V600E mutant DC function and the combination of mutation 

and CS in the development of pulmonary pathologies in PLCH.  Specifically, these 

models will be used to examine the effects of smoking and BRAF V600E mutation 

on DC proliferation, maturation, migration and effector functions in shaping innate 

and adaptive immune responses. We will test this hypothesis with the following 

Specific Aims:  

 

Aim 1: Define the effects of CS exposure on Braf-V600E DC accumulation 

and proliferation in the lung. The accumulation of mature DCs in the lung is a 

prominent, defining event in PLCH pathogenesis.  This aberrant accumulation may 

be a result of unrestrained proliferation, enhanced recruitment to the lung, or 

impaired circulation. Based on preliminary studies and relevant literature, we 

hypothesize that: 1) mutant DCs and progenitors from CS exposed mice have an 
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increased proliferation rate. 2) CS exposure generates a pulmonary 

microenvironment rich in growth/differentiation factors and activating cytokines 

that leads to the excessive recruitment and maturation of Braf V600E mutated 

DCs.   CS-induced accumulation of DCs in WT and BRAF V600E mutant mice 

will be assessed in vivo by histological and flow cytometric methods. Proliferation 

will be studied both in vitro and in vivo using isolated and fluorescently labeled 

WT and BRAF DCs. DC recruitment and migration will be examined using 

adoptive transfer of isolated and labeled DC populations. The effects of CS 

exposure on migration capacity of DCs will be examined in vitro using lung 

dendritic cells and bone marrow DC progenitors by transwell microplate assays. 

DC chemokine receptor expression will be examined by flow cytometry.   

Completion of these studies will define the combined effects of BRAF mutations 

and CS exposure on BRAF V600E DC proliferation and migration, thus providing 

novel insight into the initiating event in the pathogenesis of PLCH. 

 

Aim 2: Define the effects of CS exposure on Braf-V600E DC effector functions 

and lung pathogenesis.  Many aspects of pulmonary immune functions are 

enhanced following CS exposure.  DCs are mechanistically positioned to influence 

both innate and adaptive immune responses.   We hypothesize CS exposure and 

Braf-V600E mutations results in overly reactive DCs that attract and activate other 
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immune cells to the lung resulting in the formation of nodular lesions and cyst 

formation. We will examine both direct and indirect DC effector functions using 

DCs isolated form filter air (FA) and CS exposed mice.  Direct assays will measure 

the ability of DCs to respond to endogenous and exogenous signals.  Indirect 

assays will measure the ability of DCs to influence other immune cell functions 

such as natural killer (NK) cells and T cells. The role of the CS and mutation in 

lung pathogenesis will be determined using multiple models of DC specific BRAF 

V600E mutant mice and various adoptive transfer strategies.  

 At the completion of these studies, we will define the mechanisms of DC 

accumulation and altered effector function in PLCH initiation and progression.   

Dissecting the mechanisms of PLCH pathogenesis will provide data to identify 

potential targets for treatment of PLCH patients.  Finally, these studies will not 

only shed a light on dendritic cell function in other smoking-related diseases 

characterized by disrupted immune function, such as COPD, interstitial lung 

disease and lung cancer but also expand our knowledge of basic DC biology.  
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2.4. Result 

 

2.4.1 BRAF-V600E expression in CD11c DC lineage drives PLCH-like 

pathologies in mice exposed to cigarette smoke.  Recent genomic studies 

indicate that the BRAF-V600E mutation is mostly DC-lineage specific with a 

largely different frequency between patients (125, 137). The adult PLCH is 

normally only involved the lung and has a much fewer circulating BRAF-V600E 

positive cells than the systemic LCH (121, 138).  A recent study suggested that 

continuous induction of the BRAF-V600E mutation in the CD11c DCs with high 

efficiency drives a systemic phenotype in mice (125). However, it has been 

speculated that the BRAF-V600E mutation in adult PLCH is acquired somatic 

mutation rather than a germline mutation. Thus, in order to generate a mouse 

model that recapitulate human situation, We generated a model of PLCH by 

crossing mice with a tamoxifen(TAM)-inducible CD11c promter driving Cre 

recombinase with transgenic mice harboring a floxed genomic cassette containing 

the BRAF-V600E mutation (referred to as BRAFVE hereafter).  Placing the 

BRAFVE mice on TAM-containing chow at the age of 6 weeks old induced the 

recombination of the endogenous BRAF locus with the transgenic BRAF-V600E 

exon in CD11c-expresing cells. Following two weeks of TAM chow, mice were 

exposed to either filtered air (FA) or cigarette smoke (CS) as described in Methods 
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and tissues were harvested and analyzed at intervals up to 24 weeks (Figure 4A). 

The inducible CD11c promoter has an estimated excision rate of 4-8% (139) and 

the expression of BRAF-V600E following TAM administration in DCs was 

confirmed by quantitative real-time PCR (qPCR) (Figure 4B) 

 BRAFVE mice were viable and developed normally without prominent 

phenotypical alterations compare to WT littermates with a few exceptions which 

developed splenomegaly and hepatomegaly after five months. However, BRAFVE 

mice developed mild inflammatory infiltrates in lung at 14 weeks that were further 

exacerbated exposure CS (Figure 5A). Following 4 months of CS exposure, the 

BRAFVE mice exhibited characteristic human-like PLCH phenotypes including 

the presence of cellular nodules and cyst-like lung lesions.  To identify and 

characterize the cell composition of the nodules in the lung, we conducted a 

series of IHC studies that showed that the nodules consist of centrally located 

histiocytes and peripherally distributed lymphocytes (Figure 5B). These findings 

are similar to those observed in PLCH (121).  MicroCT images further 

demonstrate that presence of multiple identifiable nodules in the lung of BRAFVE 

mice (Figure 5C).  These findings demonstrate that we have established a mouse 

model that recapitulate the hallmark characteristics of human PLCH. More 

importantly, our data demonstrate that CS is not only a demographic identifier of 
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PLCH patients but also a catalyst for the disease pathogenesis in the context of 

BRAF-V600E mutations. 

 

2.4.2 BRAFVE mice exhibit pulmonary inflammation and disrupted DC 

homeostasis in the lung following CS exposure. To examine the populations 

and phenotypes of cells accumulated in the lung of BRAFVE mice exposed to CS, 

we examined single cell suspensions obtained by enzymatic digestion by flow 

cytometric analysis. There was a significant increase in DCs and T cells but not 

macrophages in the lung of BRAFVE mice exposed to CS (Figure 6A). The 

histiocytes marker CD68 is expressed on DCs and macrophages in murine lung 

(140). The fact that the number of macrophages did not change between BRAFVE 

mice and WT mice suggests the CD68 positive histiocytes accumulated in 

granulomas (Figure 5B) may have a DC origin. In human PLCH patients, the 

accumulating DCs are CD1a positive and often co-express Langerin (141, 142). 

Similarly, to their human counterparts, mice pulmonary DCs can also be divided 

into conventional and plasmacytoid DCs (19). Our data shows that the DCs 

accumulated in BRAFVE mice were primarily CD103+ DCs (Figure 6B). CD103+ 

DCs in the mouse lung are thought to be the counterparts of lymphoid CD8+DCs 

and can be replenished by LY-6Chigh CCR2high circulating monocytes (143). DCs 

accumulated in PLCH patients express high level of maturation markers and are 
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important for the local excessive cytokine microenvironment (144). In our mouse 

model, we observe an increase of CD86+ matured DCs existing in the lung of 

BRAFVE mice that further increased after exposed to CS (Figure 6C). Next, we 

assessed the functional effects of the BRAF-V600E mutation and CS exposure 

by activating the pulmonary DCs ex vivo using TLR ligands. Our data showed 

that the pulmonary DCs isolated from BRAFVE mice secreted more IL-6 and IL-

12 upon activation which further increased in mice also exposed to CS (Figure 

6D-E).  These data indicate that aberrant DC function in PLCH is a consequence 

of both the BRAF-V600E mutation and CS exposure.  

 

2.4.3 BRAF-V600E mutation in DCs increases cell viability and expression 

of anti-apoptotic factor BCL-XL.  One possibility that may explain the 

accumulation of DCs in the lungs of PLCH is an increased activation and 

proliferation of DCs due to the BRAF-V600E mutation. To further examine the 

effects of BRAF-V600E mutation in DCs and their potential contribution to the 

pathogenesis of PLCH, we utilized an in vitro model of bone marrow derived 

DCs (BMDCs) to examine cellular activation, proliferation and apoptosis.  

BMDCs from BRAF-V600E transgenic mice were transfected with adenovirus 

contains Cre recombinase and generated a population of mutant DCs of ~65% 

(Figure 7A and 7B). The result of transfection was confirmed by RT-PCR using 
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mRNA isolated from transfected BRAFVE BMDC (Figure 7C). Similar to 

melanoma cells with a BRAF-V600E mutation and DCs isolated from LCH 

patients (123, 145), the BRAF-V600E mutation enhanced ERK phosphorylation 

indicating a constitutive activation of the MAPK pathway (Figure 7D). The p-

ERK expression in the BRAF-V600E BMDCs was specific to the recombinant 

mutation demonstrated by the complete inhibition with the BRAF-V600E-

specific inhibitor PLX4720 (Figure 7D). Constitutive activation of the MAPK 

pathway by BRAF-V600E is associated with increased cell proliferation and 

disrupted cell apoptosis (146, 147). To investigate if BRAF-V600E mutation 

affects DC proliferation, we enumerated the number of BMDC each day after 

transfection and observed no difference between WT and BRAF-V600E BMDCs 

(Figure 7E). We also examined in situ proliferation in lesions of our mouse 

model. Consistent with our in vitro results, we observed no Ki67 expression in 

lung histiocytes in BRAFVE mice (data not shown).  Alternatively, it has been 

shown that MAPK signaling is important in regulating apoptosis under different 

physiological and neoplastic conditions (148, 149). We next examined whether 

the BRAF-V600E mutation affects DC viability in BMDCs. Transfected WT and 

BRAF-V600E BMDCs were collected at day 7 and cultured with/without the DC 

survival dependent growth factor GM-CSF for 24 hours.  Flow cytometric 

analysis showed that the healthy non-apoptotic population (Pi-, Annexin V-) of 
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BRAF-V600E BMDCs was increased compared to WT BMDCs (Figure 7F). To 

further investigate the mechanism of enhanced BRAF-V600E DC viability, we 

measured the anti-apoptotic protein BCL-XL expression level in the BMDCs. 

Consistent with the observed reduction in apoptosis, the expression of BCL-XL 

in BRAF-V600E BMDCs was increased compared to WT (Figure 7G). 

 

2.4.4 Increased CCL20 expression and CCR6 responsiveness is associated 

with increased BRAF-V600E DC accumulation in the lung.  Along with 

increased cell viability, an alternative or complementary mechanism for 

pulmonary DC accumulation is the increased recruitment from the periphery. 

The lung resident DC pool is replenished by circulating DCs and pre-DCs at a 

constant rate under steady-state conditions.  This can be rapidly increased during 

inflammation and infection, and follows a gradient concentration of CCL20 

(150-152).  We measured CCL20 levels in BAL fluid was collected from WT 

and BRAFVE mice exposed to FA and CS.  CCL20 levels were increased in 

BRAFVE mice compared to WT and further increased in BRAFVE mice that were 

exposed to CS (Figure 8A). In order to identify the source of the CCL20 

production, WT and BRAFVE BMDCs were treated with/without LPS plus IFN-

gamma and CCL20 quantities measured in culture supernatants by ELISA. The 
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BRAFVE BMDCs secreted more CCL20 compared to WT BMDCs which was 

further increased after activation (Figure 8B).  

 We next examined whether BRAF-V600E mutation affects BMDC 

responsiveness to CCL20. The receptor for CCL20, CCR6 is a Gi coupled 

receptor that inhibits intracellular cAMP following receptor activation (153).  

Therefore, we assessed CCR6 responsiveness on BRAFVE BMDCs by measuring 

cellular cAMP levels following CCL20 exposure. Our data showed that the 

reduction of cAMP level was greater in BRAF-V600E BMDCs compared to WT 

indicative of increased CCR6 responsiveness (Figure 8C). CCR7 responsiveness 

assessed by CCL19 and CCL21 stimulation was not different between WT and 

BRAF-V600E BMDC (Figure 9A). Consistent with this finding, we also 

observed enhanced functional responses to CCL20 as measured by increased 

migration of BRAF-V600E BMDCs compare to WT BMDCs towards CCL20 

(but not CCR7 chemokines CCL19 or CCL21, Figure 9B) using a transwell 

migration assay (Figure 8D).  

 We hypothesize that the altered lung microenvironment is a key factor in 

the recruitment, accumulation and activation of BRAF-V600E DC’s in PLCH.  

To examine the effects of CS exposure on DC accumulation in the lung, we 

assessed the migration capacity of BRAF-V600E BMDCs by adoptive transfer. 

Donor WT or BRAF-V600E BMDCs on a CD45.2 background were injected 
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into the tail vein of CD45.1 recipient mice that were pre-exposed to FA or CS. 

Lungs and mLN were collected from recipient mice 2 days post-injection and the 

retention of donor BMDCs in these organs was analyzed by flow cytometry. 

These data show that BRAF-V600E BMDC accumulation in the lung was higher 

than WT BMDCs and was further increased in the CS-exposed recipients (Figure 

8E).  The migration to the mLN was not changed between WT and BRAF-

V600E BMDCs.  

 Together, these studies showed that the accumulation of DCs in the lung 

of our BRAFVE mice was likely due to the combination of enhanced cell 

viability, and increased recruitment due to the combined effects of the BRAF 

mutation and CS exposure. The idea that both the BRAF-V600E mutation and 

CS exposure are both requirements for the development of increased DC 

accumulation is further supported by the fact that the CS-conditioned lung had 

increased BRAFVE BMDC accumulation compared to WT BMDCs (Figure 8E). 

 

2.4.5 CCL7 chemokine expression is increased BRAFVE mice and is induced 

by BRAF-V600E mutation in DCs.  The characteristic inflammatory lesions 

and nodules in PLCH and BRAFVE mice consist primarily of macrophages, T 

cells and eosinophils besides DCs (121) (Figure 1D).  This indicates that 
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although the mutant DCs precipitate the inflammation and nodules, the 

recruitment of other cells to the site of DC retention in a BRAF-V600E-

dependent manner is a critical component of PLCH pathology.  Using multiplex 

ELISA, we measured the expression of several chemokines and cytokines in 

serum that are expressed by DCs. This analysis demonstrated that CCL7 showed 

a unique expression pattern in that it is expressed at very low levels in WT mice 

exposed to FA or CS but was increased in BRAFVE mice exposed to either FA or 

CS (Figure 10A). CCL7 (MCP3) is a pluripotent chemokine that can bind to 

multiple receptors including CCR1, CCR2, CCR3 and CCR5 expressed on 

inflammatory cells such as T cells, monocytes, eosinophils, and NK cells (154, 

155). In order to identify the source of this increased level of CCL7 in the 

BRAFVE mice, we isolated pulmonary DCs from mice and measured the CCL7 

secretion following stimulation. Our data indicates that the pulmonary DCs 

isolated from BRAFVE mice produced CCL7 at baseline compared to negligible 

amounts in WT.  Additionally, CCL7 levels were further increased following 

activation (Figure 10B). In addition, we show that CCL7 secretion is dependent 

on the BRAF-V600E mutation as the BRAF-V600E specific inhibitor PLX 4720 

decreased CCL7 expression in these cells (Figure 10B). The association between 

BRAF-V600E mutation and enhanced CCL 7 secretion was confirmed in BRAF-

V600E BMDC by immunofluorescence staining for CCL7 (Figure (10C).  
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Analysis of BRAF-V600E BMDCs show that mutant DCs produced CCL7 at 

baseline which is upregulated following DC stimulation and almost completely 

inhibited following BRAF-V600E inhibition (Figure 10D).  Examination of 

CCL2 levels (another pluripotent cytokine that can bind similar receptors as 

CCL7) demonstrate a significant amount of chemokine at baseline which is also 

increased by DC activation (Figure 10E).  However, there is no difference 

between WT and mutant DCs and there is no effect of BRAF inhibition of CCL2 

secretion demonstrating specificity for the BRAF-V600E mutation and CCL7 

production. Identical patterns of CCL7 and CCL2 expression was confirmed at 

the level of mRNA by RT-PCR (Figure 10F). These results suggest that the 

recruitment of other inflammatory cells into the lung is a secondary event to the 

accumulation of BRAF-V600E DCs and driven by the CCL7 secreted from the 

mutated pathogenic DCs. 

 

2.4.6 CS and Tamoxifen cessation ameliorate the PLCH phenotype in the 

BRAFVE mice.  We have shown that both the CS-conditioned local pulmonary 

environment and BRAF-V600E mutation are important for the pathogenesis of 

PLCH. Therefore, both smoking cessation and BRAF inhibition provide 

potential therapeutic targets. To investigate the efficacy of this treatment 

strategy, we discontinued the CS exposure and Tamoxifen (stop generating new 
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BRAF-V600E DCs) treatment for the BRAFVE mice that had been exposed to CS 

for 4 months (Figure 11A). Micro-CT images were captured before and after 1 

month of cessation from the same mice. The images indicate that nodules 

noticeable in the BRAFVE mice disappeared after cessation (Figure 11B). In 

addition, CCL7 and CCL20 levels in BAL fluid decreased after cessation and 

there was no difference between WT and BRAFVE mice (Figure 11C).  

Furthermore, the number of total cells, CD103+ DCs and T cells in the lung of 

BRAFVE mice was decreased after the cessation and returned to baseline (Figure 

11D). The lung lesion in BRAFVE mice also decreased after cessation (Figure 

12).  More studies in the future are needed to address the specific roles and 

mechanisms of these two treatment arms. However, here we showed that this 

combination treatment, which consisted with discontinuing the exposure to CS 

and generation of new BRAFVE DCs, was capable of mitigating lung pathology 

in BRAFVE mice.  

 

2.4.7 BRAF-V600E PLCH patients express increased levels of CCL7 and 

CCL20.  We further examined CCL7 and CCL20 levels in PLCH patient 

samples. We obtained plasma from 8 PLCH patients with 3 having a known 

BRAF-V600E mutation.  CCL7 levels in PLCH was not  was not significantly 

different compared to healthy control and smokers, or other cystic lung diseases 
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including Birt-Hogg-Dubé (BHD) or lymphangioleiomyomatosis (LAM) (Figure 

13A). Next we isolated Peripheral blood mononuclear cell (PBMCs) from three 

BRAF-V600E positive PLCH patients and examined CCL7 production. Among 

these PLCH patients, PBMC isolated from two of the three demonstrated 

increased secretion of CCL7 compared to healthy controls after activation 

(Figure 13B). A detailed flow cytometry analysis showed that there was a 

prominent cell population in PLCH patient 1 and 3 producing CCL7 following 

stimulation activation (Figure 13C). Additionally, we examined CCL20 

expression in lung biopsies of healthy controls, PLCH patients and smokers.  

Immunostaining of lung tissue showed increased CCL20 staining in smokers 

compared to controls and high levels of CCL20 expression in the PLCH patients 

including intense localization to cells within the inflammatory nodules (Figure 

13D).  
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2.5 Discussion 

 

PLCH is an orphan lung disease with no established animal models. The 

incomplete understanding of pathogenesis of PLCH is a major obstacle to develop 

effective and safe clinical therapies. This study aims to establish the first mouse 

model that resemble human PLCH phenotype and using it to study the 

mechanisms how BRAF-V600E mutation and CS contribute to the disease 

pathogenesis. Our experiments show that after 4 months of CS exposure, BRAFVE 

mice developed PLCH-like lesions in the lung. We demonstrate that CS exposure 

is important in recruiting inflammatory cells, especially CD103 DCs into the 

lung and the accumulation of DCs is the result of BRAF-V600E related 

increased viability and migration capacity. Moreover, we observed increased 

CCL20 and CCL7 secretion from BRAFVE DCs that was inhibited by BRAF-

V600E inhibitor PLX 4720. Finally, we show that the PLCH phenotype in 

BRAFVE mice was ameliorated after the cessation of CS exposure and Tamoxifen 

treatment. Collectively, these data demonstrate both BRAF-V600E mutation and 

CS exposure are important to the pathogenesis of PLCH and provide a new 

therapeutic strategy.  

 Even though the majority of PLCH patients are identified as active smokers, 

there was no evidence suggest the CS is required for the onset of disease (118). 



46 
 

However, our data shows that the PLCH-like phenotype only occurred in BRAFVE 

mice that were exposed to CS and the lesions progressed with increasing 

exposure time (Figure 5A). Moreover, in consistence with the clinical 

experiences of PLCH patients, the phenotype in CS-exposed BRAFVE mice were 

ameliorated after the smoking cessation (Figure 11-12). This observation suggests 

that CS generates a conditioned lung that favors the accumulation of pathogenic 

cells, especially BRAFVE DCs. Our data suggests the CCL20 level in the BAL 

fluid of CS-exposed BRAFVE mice was increased compare to FA-exposed mice 

and may contributed to the increased recruitment of BRAFVE DC. 

 PLCH is characterized by the nodule formation in the early stage and 

cystic lesions in the advanced stage (119). Thus it is important to understand the 

mechanism of abnormal cell accumulation so the disease progression can be 

stopped at the early stage. Previous studies shows that the CD1a+ DCs in the 

LCH lesions exhibit a low proliferation activity (156). Consistently, our data 

suggests the BRAF-V600E mutation is not associated with increased 

proliferative index in the DCs (Figure 7E). However, we found BRAF-V600E is 

associated with increased expression of anti-apoptotic protein BCL-XL and 

enhanced DCs viability (Figure 7F, G). 

 An alternative mechanism of the DC accumulation is through the 

chemotaxis.  DCs migrate through the lung utilizing different chemokines (19). 
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BRAF-V600E has been known to promote thyroid cancer cell migration and 

invasion by affects extracellular matrix composition (157).  Our data suggest 

BRAF-V600E mutation directly effects CCL20 secretion (Figure 8B) and 

migration capacity (Figure 8E) of DCs that both may can contribute to the 

increased recruitment from circulation to the lung. Interestingly, even though the 

BRAFVE DCs recruited to the CS-conditioned lung more efficiently than the WT 

DCs in the in-vivo transplant assay, the number of donor cells in the mLN 

showed no difference between BRAFVE DCs and WT DCs (Figure 8E). In 

consistence with this observation, in-vitro cell functional assays showed no 

difference in migration capacity between BRAFVE DCs and WT DCs (Figure 9) 

suggests that the BRAF-V600E is irrelevant of CCR 7-CCL 19/21 axis. 

Collectively, we demonstrate that the accumulation of DCs in the lung of 

BRAFVE mice is the result of the combination of increased viability and 

recruitment.  

 The MAPK pathway is important in regulating DCs maturation and 

effector cell functions (158, 159). Here, we show the BRAFVE DCs secreted large 

amount of cytokines both in the immature and mature conditions (Figure 6D, E). 

This increased cytokines secretion from DCs suggests that the pathogenic DCs in 

the PLCH may not only play the role as a conductor of the local immune 

responses but also a main contributor for the excessive cytokine secretion that 
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often seen in patients (160). The increased level of cytokines like IL-12 can skew 

the immune balance towards Th-1 response and may play a role in inducing the 

local tissue damage. The mechanism of how increased cytokines related to the 

local lesions will be further studied in the future.   

 The nodules in the PLCH patients consist of different kinds of immune 

cells which gave this disease an arguable nature as a reactive immune disorder in 

the past. Similar to DCs, other immune cells like monocytes, macrophages and T 

cells can be recruited into the lung following chemotaxis (161). CCL7 is a 

powerful chemokine that binds to different receptors including CCR1, CCR2, 

CCR3 and CCR5, which can be identified on different types of inflammatory 

cells (155, 162). Our data suggests that the BRAF-V600E mutation induces the 

secretion of CCL 7 in DCs that results in an elevated level of CCL 7 in the serum 

and BAL fluid of BRAFVE mice (Figure 10 A, B). In addition, the mRNA level 

and protein level of CCL7 in the lung of BRAFVE mice was increased compared 

to WT mice and continue to increase as the CS exposure prolonged (Figure 

10A). As the CCL7 level increases, the inflammatory cell continue to be 

recruited to the lung. This correlation suggests a plausible mechanism that the 

cells participate in the nodule formation are recruited to the lung following a 

CCL7 gradient that secreted by BRAFVE DCs.   
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 The clinical management of PLCH has been empirical and lack of 

consensus (126). We have shown that both the BRAF-V600E mutation and CS 

exposure are important to the pathogenesis of PLCH. Our data suggests that the 

PLCH-like phenotype in BRAFVE mice ameliorated after the cessation of CS 

exposure and Tamoxifen treatment (Figure 11 B). The amelioration of phenotype 

was associated with a decrease of DC related cytokine and chemokine levels in 

the BAL fluid that further confirmed the culprit role of BRAFVE DCs. Since the 

discovery of mutation in MAPK pathway, multiple studies showed that the 

PLCH and LCH patients treated with BRAF inhibitors resulted a favorable 

outcome (163, 164). However, the inhibition of BRAF protein can cause an 

alternative activation in the MAPK pathway that carry significant risks from a 

board spectrum such as cutaneous side effect including cutaneous squamous cell 

carcinomas and keratoacanthomas (165). Miriam and her group recently 

developed a nanoparticle based MAPK inhibitor drug delivery strategy that 

successfully decreased the tumor burden in their LCH mouse model with 

reduced side effects (166). Due to the similarity of LCH and PLCH, this 

innovative drug delivery system will be tested in our PLCH mouse model in the 

future.   

 In summary, we have established the first mouse model for PLCH and 

provided a novel insight into the underlying mechanism of PLCH pathogenesis. 
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Here we show that the BRAFVE DCs are recruited into the lung following CS 

induced CCL20 secretion. Then the locally accumulated BRAFVE DCs secrete 

CCL7 that further recruited other inflammatory cells to the lung and contribute 

to the nodule formation. The discovery of this mechanism encourages the 

development of new treatment strategies that targeting these chemokines. In 

addition, our data suggests that the BRAF-V600E inhibitor is sufficient to rescue 

the mutation-related effector cell functions in DCs and justify the rationale using 

BRAF-V600E inhibitors in the advanced stage of PLCH.  

To examine whether our working hypothesis relates to human PLCH, we 

measured CCL7 and CCL20 expression in PLCH patients (Figure 13A, D). Lung 

tissues IHC showed diffuse CCL20 staining in the lesions of PLCH patients 

compared to healthy controls as well as intense staining of histiocyte-like cells 

within the inflammatory nodules suggest a specific cellular origin of the 

excessive CCL20 secretion. Future studies are needed to phenotype and examine 

these CCL20 secreting cells. However, unlike in our mouse model, we did not 

observe a consistent elevation of CCL7 in the plasma of PLCH patients. We 

observed only 1 patient of 3 expressing CCL7 levels above baseline detection 

and 2 of 3 patients showed increased production of CCL7 in stimulated PBMCs.  

Nevertheless, flow cytometry reveals significant population of CCL7-producing 

CD11c+ cells following activation. It is likely that the number of circulating 
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BRAF-V600E-mutant cells is very low in these patients.  A recent study 

examining BRAF-V600E mutations in pediatric LCH revealed that the portion of 

DCs or monocytes carrying the mutations varied between 0.02% and 25.0% with 

the majority being less than 1% (125).  Given that pediatric LCH manifests as a 

severe, systemic, multi-focal disease with a spectrum of mutations in the 

myeloid/monocyte lineages that are very similar or identical to those of PLCH, it 

is possible that even lower mutation frequencies exist in the milder, highly 

restricted organ involvement patterns observed in adult PLCH patients. In 

addition, the point in the DC lineage where the mutation occurs determines the 

progression and severity of LCH (125). Even though it is very likely PLCH 

shares this pattern, there are no studies describe such correlation. Future studies 

targeting the frequency and scope of mutations in a large PLCH patient cohort 

are required to answer these important questions. Furthermore, there were studies 

show that virus infection is associated with disease aggression in LCH (167, 

168). Our model suggests that the stimulus like virus infection and cigarette 

smoke may serve as a role to activate the BRAFVE DC and increase the secretion 

of CCL7 which then recruit other inflammatory cells to the site and initiate the 

disease pathogenesis.  

 Overall, these studies also identify new roles for MAPK pathways in 

regulating general DC biology, including migration, survival and effector cell 
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responses. The discovery of this association will not only help decipher the 

pathogenesis of PLCH, but also provide insights into other DC-related diseases.  
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2.6 Material and methods 

Mice.  C57BL/6J, CD45.1, CD45.2 wild type mice and BRAF-V600Eflox/flox 

mice were obtained from Jackson Laboratories (Bar Harbor, ME). CD11c-

CreERT mice were a kind gift from Dr. Maries van den Broek and have been 

previously described (139). Inducible CD11c-BRAF-V600E mice were 

generated by crossing BRAF-V600Eflox/flox mice with CD11c-CreERT mice. 

All experimental groups used mice with one BRAF-V600Eflox allele and one 

CD11c-CreERT allele. Littermates that are negative for the Cre recombinase 

transgene construct were used as controls. Induction of the BRAF-V600E allele 

was accomplished with a diet containing tamoxifen (80 mg/kg, Envigo) two 

weeks after weaning.   Both male and female mice were included in the study. 

All mice were housed in the University of Cincinnati animal care facilities.  All 

experimental procedures were performed in accordance with the University of 

Cincinnati Institutional Animal Care and Use Committee (06-04-07-01).  

 

Cigarette smoke exposure.  Mice were exposed to either filtered room air (FA) 

or cigarette smoke (CS) generated from 3R4F Kentucky Reference Cigarettes 

(University of Kentucky, Lexington, KY) as previously described (169). Whole 

body exposure were performed 4h/day, 5d/wk for up to 4 months with a TE-10z 

smoking machine attached to an exposure chamber (Teague Enterprises, 
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Woodland, CA). The concentration of the smoke/air mixture was maintained at 

150 ± 15 mg/m3 total suspended particulates.  

 

Cell isolation.  Purification of DCs from lung and mediastinal lymph nodes 

(mLN) were performed as previously described (170). Single cell suspensions of 

mLNs were obtained by passing the nodes through a 100-μm nylon mesh.  To 

obtain lung DCs, the lung vasculature was perfused with 10 ml phosphate-

buffered saline (PBS) containing 0.6 mM EDTA, via the right atrium.  Lung 

single cell suspensions were obtained by using a gentle-MACS Dissociator 

(Miltenyi Biotec Inc, Auburn, CA) after incubating harvested lung tissues with 

100 mg/mL collagenase type IV and 20,000 U/mL DNases (Millipore-Sigma, St 

Louis, MO) as described (171). After ammonium chloride red blood cell lysis, 

CD11c+ cells were isolated by positive selection using CD11c magnetic 

MicroBeads beads following the manufacturer’s protocol (Miltenyi Biotec Inc, 

Auburn, CA).   

 

Generation and transfection of bone marrow derived DCs .  Bone marrow 

DCs (BMDC) were derived from bone marrow as previously described (172). 

Briefly, bone marrow was collected from both femurs. Red blood cells were 
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lysed and the remaining cells passed through a 100 µm cell strainer to remove 

small pieces of bone and debris. Cells were then washed twice with Ca/Mg free 

PBS and seeded on 10 cm petri dishes at 5  × 105 cells/ml with complete DC 

medium (RPMI 1640 containing 10% FBS, 2 mM L-glutamine, 1mM sodium 

pyruvate, 0.1 mM nonessential amino acids, 50 µM β-mercaptoethanol, 1000 

U/mL Pen/Strep and 20 ng/ml GM-CSF). At day 3, cell culture media was 

replaced with fresh complete DC media. At day 5, non-adherent and loosely-

adherent cells were collected and re-seeded in a 6-well plate at the 5  × 

105 cells/ml with fresh complete DC media. Cre Recombinase Adenovirus 

mCherry (Ad-Cre) and control null virus (SignaGen, Gaithersburg, MD) was 

added to the culture at a  multiplicity of infection (MOI) of 150.  At day 7, non-

adherent and loosely-adherent cells were collected and used to perform 

experiments.  

 

Lung lavage, fixation, and pathology.  Bronchoalveolar lavage (BAL) fluid for 

cytokine analysis and cell enumeration was collected by instilling the lungs once 

with 1.0 mL (5 mM EDTA, Ca/Mg free PBS) followed by fluid withdraw via a 

tracheal cannula. For pathology, mouse lungs were inflation-fixed with buffered 

formalin and embedded in paraffin for histological analysis as previously 

described (173).  Processing and staining of tissue sections was performed at 
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Cincinnati Children’s Hospital Research Pathology Core.  Three non-contiguous 

tissue sections were stained with hematoxylin and eosin (HE), CCL20 (1:50; 

R&D Systems), CD68 (1:25; Abcam), B220 (1:1000; Abcam) and CD3 (RTU; 

Roche).  Healthy human controls and PLCH lung tissue obtained by biopsy was 

preserved in formalin and embedded in paraffin.  Human lung tissue was 

obtained from the Department of Pathology and Laboratory Medicine at the 

University of Cincinnati Medical Center. 

 

MicroCT.  Lung MicroCT was performed using a Siemens Inveon 

PET/SPECT/CT scanner (Siemens Medical Solutions, Malvern, PA, USA). 

Parameters were as follows: 220° rotation, 440 projections, 500 ms exposure 

time, 2 frames summing, 80 kV voltage, 500 μA current, and effective pixel size 

35.90 μm. Acquisitions were reconstructed with the Feldkamp algorithm, matrix 

size 1024 × 1024 × 1408, using manufacturer-provided software. Briefly, mice 

were anesthetized with isoflurane and connected to cardio-respiratory gating 

during image acquisition to minimize breathing motion artifacts. The Inveon 

Research Workplace (Siemens) general analysis and ImageJ (US National 

Institutes of Health) software were used for image review and analysis. 
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Flow cytometry.  For cell surface marker analysis, cells were blocked with anti-

CD16/CD32 (ThermoFisher Scientific) for 30 minutes followed by incubation 

with specific monoclonal antibodies at 4°C for 30 min in Flow Buffer (FB) (1X 

Ca/Mg free PBS, 0.5% bovine serum albumin (BSA), 0.1% sodium azide).  Cells 

were washed twice with FB and immediately analyzed by flow cytometry  

(Attune, Thermofisher). All antibodies were obtained from ThermoFisher-

ebioscience; (PE-cyanine 7 anti-mouse CD11c (N418), APC-efluor 780 anti-

mouse CD11b (M1/70), APC anti-mouse CD86 (GL1), PE anti-mouse PDCA-1 

(ebio129c), anti-pERK (T202/Y204 Clone MILAN8R)); BD Biosciences 

(PerCP-Cy 5.5 anti-mouse CD103 (M290); and anti-Bcl-xL (54H6, Cell 

Signaling). For p-ERK and Bcl-xL staining, bone marrow derived DCs (BMDC) 

were fixed with 4% PFA for 30 min at room temperature followed by 

fixation/permeabilization with ice cold  methanol (90% final concentration) for 

30 min. Cells were then washed 2X with FB and stained with anti-pERK and 

anti-Bcl-xL.  Data was analyzed using Flowjo software (v10) (Flowjo, LLC) 

and/or FCS Express V5 (De Novo Software). Cells were first gated on 

lymphocytes and doublets were excluded by gating on single cells (FSC-A vs 

FSC-W). CD11c+ cells were then gated, and macrophages were discriminated 

from DCs based on high cellular autofluorescence. DCs were gated as CD11c+, 

MHCII+ and autofluorescence mid/low cells. Subsets of DC and CD86 
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expression were then further gated from CD11c+, MHCII+ and autofluorescence 

mid/low DC populations.  The compensation matrix was determined by using 

UltraComp eBeads (ThermoFisher/eBioscience).  Appropriate fluorescence 

minus one (FMO) and negative controls were used to set gates for the above 

populations. 

 

Immunofluorescence staining.  Immunofluorescence staining was performed 

on cytospin preparations by double indirect immunofluorescence method as 

previously descripted (174). Briefly, slides were blocked with goat serum and 

then incubated overnight at 4°C with rabbit anti-mouse CCL7 (1:200; Biorbyt 

(Polyclonal)). Secondary labelling was performed with a 24 hour incubation with 

goat anti-rabbit (1:500; ThermoFisher). Nuclei were counterstained with DAPI 

(Sigma-Aldrich; 1:2,000). Images were captured using a Zeiss LSM710 inverted 

confocal microscope at the Live Microscopy Core, Department of Molecular and 

Cellular Physiology, University of Cincinnati. Negative controls (unstained and 

secondary only) were included in each experiment.  

 

Adoptive transfers.  BMDCs (> 90% purity) were derived from CD45.2 wild 

type and BRAF-V600E bone marrow as described above. BMDCs were 
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transfected with Ad-Cre at day 5. At day 7, a total of 2 x 106 BMDCs in 50 µl 

PBS were injected into recipient CD45.1 transgenic mice via tail vein. Two days 

after injection, the lung and mLN were collected and digested from the recipient 

mice as described. The donor BMDCs in lungs and mLN were determined by the 

surface expression of CD45.2 by flow cytometry.  

 

DC stimulation.  Freshly isolated pulmonary DCs and BMDCs were maintained 

in complete DC medium.  Toll-like receptor (TLR) ligand activation was 

assessed using 1 x 105 freshly isolated DC seeded in 100 uL of DC media in 96-

well round bottom plates.   DCs were rested for 1 hour followed by a pre-

incubation with 20 ng/ml IFN−γ (PeproTech) for 2 hours. DCs were then treated 

for 16 hrs with 1 µg/ml poly IC (InvivoGen), 1 µg/ml LPS (Sigma Aldrich).  IL-

12 p40 and IL-6 in supernatant were then measured by ELISA (ThermoFisher). 

 

Cyclic AMP assay.  cAMP levels were measured using the AlphaScreen cAMP 

assay kit (PerkinElmer) per manufacture’s protocol in 384 well plates 

(PerkinElmer). Briefly, 5 µl of cells at 1x106/ml and 5 µl of acceptor bead 

solution was added to each well in triplicate.  Cells were stimulated with 5 µl of 

Forskolin (1x10-5 M) was added and the plate was incubated at 37 ºC for 15 
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min.  Chemokines (5 µl) were then added to a final concentration of 300 ng/ml. 

After a further 30 minute incubation at 37 ºC, 15 µl of donor beads was added all 

wells. After 1 hour of incubation, cAMP levels were measured using a 

florescence plate reader at excitation 680/30 and emission 570/100 (Synergy 

HTX, Biotek).  

 

Chemotaxis assays.  Migration assays were performed using 24-well Transwell 

cell culture chambers with 5.0 μm pore size (Corning Glass) as previously 

described (175). Briefly, 3x105 day 7 BMDCs were placed in the upper chamber 

and allowed to migrate towards the lower chambers  containing either 

recombinant mouse CCL19 (300 ng/ml), CCL20 (300 ng/ml), or CCL21 (300 

ng/ml) in complete medium at 37°C. After 3 hours, the number of cells in the 

lower chamber were determined by flow cytometry.  

 

RNA extraction and Real-Time Quantitative PCR.  Total RNA was extracted 

using TRIzol Reagent (Invitrogen) and RNeasy MinElute kit (Qiagen). Reverse 

transcription was performed using the Quantitect Reverse Transcription kit 

(Qiagen), per manufacturer’s instructions. Quantitative PCR with chemokine 

genes was conducted with the Power SYBR Green Master Mix (ThermoFisher) 
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with the following primers from Integrated DNA Technologies, Inc: CCL2 

(Mm.PT.58.42151692), CCL5 (Mm.PT.58.43548565), and CCL7 

(Mm.PT.58.17719534). The RPL32 (F: 5'-gaagttcctggtccacaacg-3' R:5'-

gcgatctcggcacagtaag-3') was used as a house keeping gene for normalization.  

The quantitative PCR with mutation-specific BRAF primers was conducted 

using the iTaq™ Universal Supermix (Bio-Rad) as previously described (125). 

Briefly, the reaction was performed with 500 nM of the mutation specific BRAF-

V600E mRNA primer: (F: 5'-TAGGTGACTTTGGTCTAGCCACGGA-3' 

R: 5'-GTAGCTGGCCGGTCATCAGTTCG-3') and 250 nM of the FAM-labeled 

hybridization probe (6-FAM-TCAGACGTGTATGCGTTTGGGATTG-MGB-

NFQ) at an annealing temperature of 68°C for 45 cycles.  Experiments were 

performed in triplicate and relative fold change was determined by the delta delta 

Ct method.  

 

Statistics.  4-8 mice were used in each group with at least 3 independent 

experiments. Ex vivo experiments were performed in duplicate on at least three 

separate occasions. Unless otherwise indicated, data are expressed as mean ± 

standard errors of the means (SEMs).  Student's t tests and ANOVA were used 

for statistical analyses.  P < 0.05 was considered statistically significant. 
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2.7 Study limitations.   

 

The efficiency of the Cre-ERT mediated BRAF-V600E recombination in the DC 

lineage varied between mice and resulted in inconsistent disease penetrance. Due 

to the limitation of an assay to define excision efficiency , the correlation of the 

disease severity with the mutation frequency was beyond the scope of this study. 

In addition, we observed that the CD11c promotor in the Cre-ERT mice seemed 

leak to the type 2 alveoli epithelium cells and resulted in type 2 cell hyper-

proliferation in some mice. However, we observed no prominent phenotypical 

and physiological alterations compare to littermates that did not develop the type 2 

cell hyper-proliferation. Another limitation of our PLCH mouse model is that the 

lung tissue destructions in the mice were not surrounded by a fibrotic wall and 

did not represent the characteristic cystic lesion observed in human patients. 

Finally, we showed that the PBMCs isolated from PLCH secrete more CCL7 

upon activation. However, due to the limitation of sample size and the variance 

between samples, we were not sufficiently powered to determine if CCL7 can be 

used as a potential biomarker for PLCH.    
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2.8 Future direction 

 

We have established the first PLCH mouse model and suggested a chemotaxis-

based pathogenesis. Future studies should focus on examining the mechanism of 

lung tissue destruction. Granzymes and matrix metalloproteinases (MMPs), 

particularly MMP2 and MMP9, can be produced by DCs and other infiltrating 

monocytoid cells in inflammatory nodules and may contribute to the airway 

remodeling in various cystic lung diseases including PLCH.  To explore this idea, 

lung histology, immunohistochemical (IHC) for MMPs in PLCH patient biopsies 

and PLCH mouse lungs should be assessed for increased expression and 

activation. Both WT and mutant DCs can be isolated from FA or CS exposed 

mice and the secretion of MMPs can be measured by zymography, enzymatic 

activity and western blots. Furthermore, it will be important to study the 

mechanism of how the BRAF-V600E mutation controls the increased 

responsiveness of DC towards TLR ligands and CCL20 and how this mutation 

increases DCs secretion of CCL20 and CCL7. Currently, the diagnosis of PLCH 

relay heavily on HRCT and pathology. In order to identify a potential biomarker, 

and more importantly, correlate the circulating mutant cells with disease 

progression, efforts are already underway to collect more PLCH patient samples 
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through local recruiting and international collaborations to test the potential of 

CCL7 to answer these important questions. 
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2.9 Figure 

 

Figure 2. Schematic illustration of the MAPK pathway mutations in PLCH. 

The RAS-RAF-MEK-ERK pathway represents a driver in the pathogenesis of LCH 

while offering the potential explanation of pathogenesis and targeted therapeutic 

approaches for PLCH. Around  50% of LCH and PLCH patients carry mutated form 

BRAF (V600E) capable of constitutive phosphorylation of the downstream effectors 

MEK that ultimately drive ERK activity. Up to 33%BRAF-V600E–negative cases 

(14% total) harbor a mutation in MAP2K1 that leads to constitutive MEK1 and 

consequent ERK activation, promoting downstream proliferation and survival 

networks which may drive LCH pathogenesis.  
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Figure 3. Schematic illustration of the central hypothesis.  
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Figure 4. Generate of BRAFVE mice that harbors BRAF-V600E mutation in 

CD11c lineage. (A). Scheme of how to generate PLCH mouse model. CD11c-

ERT- BRAFVE mice were treated with Tomaxifen and exposed to CS at indicated 

time. (B) The expression of BRAF-V600E mRNA in lung of WT mice and 

BRAFVE mice that exposed to FA or CS was measured by RT-PCR. Data are 

shown as the mean ± SEM of at least 3 independent experiments.  *p < .05 

(unpaired student t test).   
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Figure 5. BRAF-V600E expression in CD11c DC lineage drives PLCH-like 

lesion in mice exposed to CS. (A) Representative H&E lung histology from 

BRAFVE mice that exposed to FA or CS at indicated time. Scale bar, 100 μm, 

n=6. (B) Representative H&E and IHC staining of lung granuloma lesion in 

BRAFVE mice that exposed to CS for 4 months. Scale bar, 250 μm, n=6. (C) 

Representative Micro-CT images of WT mice and BRAFVE mice that exposed to 

CS for 4 months. n=4.  
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Figure 6. Increased inflammatory cells and disrupted DC homeostasis in the 

lung of BRAFVE mice. (A) Absolute cell number of leukocytes, DCs, 

macrophages and T cells were determined by flow cytometry. Leukocytes were 

gated as CD45+, DCs were gated as CD11c+, MHCII+ and autofluorescence mid/low 

cells, macropages were gated as CD11c+and autofluorescence high cells, T cells 

were gated as CD11c- and CD3+cells. (B) The absolute number of CD11b DCs and 

CD103 DCs were determined by flow cytometry. Both subsets were gated from 

DCs population. CD11b DCs were gated as CD11b- and CD103+ cells and CD103 

DCs were gated as CD11b- and CD103+ cells.  (C) The number of DCs expressed 

maturation marker CD86 was determined by flow cytometry. (D, E) DCs were 

isolated from lung and treated with or without 20ng/ml IFN-gamma for 2 hours 

before treated with 1 µg/ml Poly IC, 1 µg/ml LPS for 16 hrs. The supernatant was 

collected and the IL-6 and IL-12 p40 was measured by ELISA. Data are shown as 

the mean ± SEM of at least 4 independent experiments.  *p < .05 

(unpaired student t test).  
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Figure 7. BRAF-V600E mutation is associated with increased cell viability 

by increasing expression of BCL-XL. (A) Scheme of how to generate BRAFVE 

BMDC. Ad-Cre that carried a mCherry reporter was added to the culture of 

BMDC at the indicated time and the cells were harvested and used for assays 

two days later. (B) Representative IF staining of the BMDCs generated from 

CD11c-ERT- BRAFVE mice that were transfected with or without Ad-Cre for 2 

days. Arrows point cells that positive for CD11c and mCherry staining (Blue – 

DAPI, Green – CD11c, Red – mCherry). n=4 (C) The expression of BRAF-

V600E mRNA in WT BMDCs and BRAFVE BMDCs with or without the Ad-Cre 

transfection was measured by RT-PCR.  *p < .05  (D) The p-ERK expression 

level in BMDCs were determined by flow cytometry. At indicated group, PLX-

4720 was added to the culture at day 6 at the concentration of 1 µM. (E) 

Absolute number of BMDCs were determined by flow cytometry at the indicated 

time.  Data are shown as the mean ± SEM of at least 4 independent experiments.  

*p < .05 (F) GM-CSF was deprived from the culture medium at day 7 and after 

16 hours the apoptotic status of BMDCs was measured by flow cytometry. Data 

show representative flow cytometry analysis of four independent experiments. 

(G) The expression of BCL-XL in BMDCs was measured by flow cytometry. 

Data show representative flow cytometry analysis of four independent 

experiments.  
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Figure 8. BRAF-V600E mutation increases the recruitment of DCs to the 

lung. (A) CCL-20 level in the BAL of mice that were exposed to FA/CS for 4 

months was measured by ELISA. Data are shown as the mean ± SEM of 5 

independent experiments.  *p < .05 (unpaired student t test). (B) CCL-20 

secretion of BMDCs that were treated with/without LPS+IFN-gamma for 

overnight was measured by ELISA. Data are shown as the mean ± SEM of 5 

independent experiments.  *p < .05 (unpaired student t test). (C) The cellular 

cAMP level was measured by florescence plate reader at excitation 680/30 and 

emission 570/100. Data are shown as the mean ± SEM of 3 independent 

experiments.  *p < .05 (unpaired student t test). (D) The number of cells migrated 

into the lower chamber of the transwell plate was determined by flow cytometry 

after 3 hours incubation. Data are shown as the mean ± SEM of 3 independent 

experiments.  *p < .05 (unpaired student t test). (E) 2 million of WT/ BRAFVE 

donor BMDCs were injected into the recipient CD45.1 mice that were exposed 

to FA/CS for 6 months. The number of donor cells in the lung and mLN of the 

recipient mice were determined by gating on the CD45.2 expression after 2 days 

of transplantation. Data are shown as the mean ± SEM of 3 independent 

experiments.  *p < .05 (unpaired student t test). 
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Figure 9. BRAF-V600E mutation does not alter CCR 7-CCL19/21 migration 

capacity. (A) The cellular cAMP level was measured by florescence plate reader 

at excitation 680/30 and emission 570/100. Data are shown as the mean ± SEM of 

3 independent experiments.  *p < .05 (unpaired student t test). (B) The number of 

cells migrated into the lower chamber of the transwell plate was determined by 

flow cytometry after 3 hours incubation. Data are shown as the mean ± SEM of 3 

independent experiments.  *p < .05 (unpaired student t test). 
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Figure 10. BRAF-V600E mutation induces DCs secretion of CCL 7. (A) 

Peripheral blood was collected from mice that exposed to FA/CS for indicated 

period and the CCL 7 level in the serum was measured by ELISA.  Data are 

shown as the mean ± SEM of 5 independent experiments.  *p < .05 

(unpaired student t test). (B) The secretion of CCL 7 from WT/ BRAFVE 

pulmonary DCs treated with/without 1 ug/ml LPS and 1 µM PLX-4720 was 

determined by ELISA. Data are shown as the mean ± SEM of 5 independent 

experiments.  *p < .05 (unpaired student t test). (C) Representative IF staining of 

the BMDCs that were treated with 1 ug/ml LPS for overnight. (Blue – DAPI, 

Green – CCL 7). Data are shown as the mean ± SEM of 3 independent 

experiments.  *p < .05 (unpaired student t test). (D, E) The secretion of CCL 7 and 

CCL 2 from WT/ BRAFVE BMDCs treated with/without 150 MOI Ad-Cre, 1 

ug/ml LPS and 1 µM PLX-4720 was determined by ELISA. Data are shown as 

the mean ± SEM of 5 independent experiments.  *p < .05 (unpaired student t test). 

(F) The CCL 2, CCL 5 and CCL 7 mRNA expression level in BMDCs treated 

with/without 1 ug/ml LPS and 1 µM PLX-4720 was determined by RT-PCR. 

Data are shown as the mean ± SEM of 3 independent experiments.  *p < .05 

(unpaired student t test). 
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Figure 11. CS and Tamoxifen cessation ameliorated the PLCH phenotype in 

the BRAFVE mice. (A) Scheme of cessation experiments. Mice were treated with 

Tamaxifen chow and exposed to CS and then switched to normal chow and FA at 

indicated time. (B) Representative Micro-CT images of mice that were pre-

exposed to CS for 4 months and treated with cessation for 1 month. Pictures 

show the pre-and after- cessation images of the same mouse. n=4. (C) The CCL 

7 level in the serum and CCL 20 level in the BAL of mice exposed to FA/CS for 

month with/without 1 month of cessation was measured by ELISA. Data are 

shown as the mean ± SEM of 4 independent experiments.  *p < .05 

(unpaired student t test). (D) The absolute number of inflammatory cells in the 

mice was determined by flow cytometry with gating strategy explained in Figure 

2A. Data are shown as the mean ± SEM of 4 independent experiments. 

 

 

 

 

 

 



81 
 

 

 

 

 

 

 

 

 

Figure 12. CS and Tamoxifen cessation ameliorated the lung lesions in the 

BRAFVE mice. Representative H&E lung histology from BRAFVE mice that 

exposed to FA or CS at indicated time. Scale bar, 100 μm, n=6. 
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Figure 13. PLCH patients were associated with increasing level of CCL 7 

and CCL 20. (A) The CCL 7 level in the plasma of patients was measured by 

ELISA. Data are shown as the mean ± SEM of 3 independent experiments.  (B) 

PBMCs were isolated from patients and treated with/without LPS+IFN-gamma 

overnight. The CCL 7 in the supernatant was determined by ELISA. Data are 

shown as the mean ± SEM of 3 independent experiments. *p < .05 

(unpaired student t test). (C) Representative flow cytometry analysis of CCL 7 

positive cells in PBMCs that were treated with/without LPS+IFN-gamma. n=4. 

(D) Representative CCL 20 staining on healthy controls’ and PLCH patients’ 

lung biopsy. Scale bar, 100 μm, n=5. 
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3.1 Introduction 

 

The importance of proper DC function maintaining the normal Lung 

immune response against virus infection 

 

As the most efficient antigen presentation cells,  DC play a pivotal role in the 

onset and regulation of innate and adaptive immune responses against virus 

infection. On the one hand, DC has highly efficient mechanisms that allow them 

to detect, capture, process and present antigens, and to activate and guide the 

differentiation of T cells into effector and memory cells present virus antigen 

and coordinate other inflammatory cells in the lung that initiate and participate 

the anti-viral immune response (176). On the other hand, some virus like HIV 

using DC like transinfection vehicle that avoid the proper immune surveillance 

and assistance in disease spreading (177). During virus infection, the 

homeostasis of lung microenvironment is disturbed in aspects such as the TLR 

expression on epithelial cells, DCs and macrophages; local cytokine milieu and 

cell-cell interactions (178).  
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Current understanding of RSV infection 

 

Respiratory syncytial virus (RSV) is a common cause of respiratory tract 

infection in young, elderly, and immunocompromised patients. It is estimated 

that there are 33.8 million new cases and 199,000 RSV related deaths worldwide 

each year (179). In susceptible populations the RSV infection can spread to the 

lower respiratory tract, causing bronchiolitis and pneumonia associated with 

airway epithelial cell destruction and sloughing, mucus secretion, and pulmonary 

immune cell infiltration (180, 181). Currently, there are no safe and effective 

RSV vaccines and therapeutic options are limited.  The incomplete 

understanding of RSV infection related pathogenesis, combined with the urgent 

need to identify safe and effective therapeutic targets, underscore the need to 

investigate the host response during RSV infection.  

 

The association of NKG2D and RSV infection 

 

Natural killer (NK) cells are important effector cells in controlling RSV infection 

although the mechanisms are not fully understood (182, 183).  NKG2D (KLRK1, 

killer cell lectin like receptor K1, CD314) is a well characterized activating 
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receptor expressed on virtually all NK cells (184), most Nature Killer T cells 

(NKT) cells and subpopulations of γδ T cells (185). Additionally, all human 

CD8+ αβ T cells express NKG2D, whereas mice express NKG2D only on 

activated and memory type αβ CD8+ T cells (186). Effector cells of both the 

innate and adaptive immune system utilize NKG2D in the surveillance of 

inflammation and cancers as well as in some autoimmune processes and 

transplantation reactions. NKG2D recognizes multiple ligands including MICA, 

MICB, and the UL-16 binding proteins in humans (ULBP1-6) and the mouse 

UL16-binding protein-like transcript 1 (Mult1), retinoic acid–inducible early 

transcripts (Rae1), and H60 in mice (187) . NKG2D ligands exhibit little or no 

surface expression under homeostatic conditions but are induced under 

conditions of stress including cellular transformation, DNA damage, infection, 

and other cellular stresses on several cell types (188). 

 

The cross talk between NK cells and DCs and its role in RSV infection 

 

As the most efficient antigen presentation cells, dendritic cells (DC) play a 

pivotal role in the onset and regulation of innate and adaptive immune responses 

(19); with NK and DC cross-talk being a critical mechanism for effective 
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antiviral immunity (189).  Multiple studies have shown the importance of DC 

and NK cells in RSV infection (182, 190). Human DCs express NKG2D ligands 

after in vitro stimulation with viral mimetics and RSV (183).  However, the 

interactions between NK cells and DCs and their roles in lung pathogenesis in 

response to RSV infection are not well defined.  Therefore, we sought to 

examine the role of NKG2D and DCs in the response to RSV infection in our 

mouse model.  
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3.2  Knowledge Gap 

 

Proper DC function is important in maintaining local lung hemostasis and 

orchestrating the immune response following viral infection. Specifically, the 

cooperation between DCs and other inflammatory cells play an important role in 

lung local immunity (191). It is understood that  DCs maintain and promote NK 

cell and T cell proliferation and effector functions in the lung (192, 193).  

However, how NK cells reciprocally affect DC function has not been well 

studied. NKG2D is an important activating receptors expressed on NK cells and 

NKT cells and play important role in regulating immune response during RSV. 

In this study, we will examine how this pathway affects DC function to regulate 

the pathogenesis of RSV infection.  
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3.3 Aim of the current investigation 

 

Respiratory syncytial virus (RSV) is a common cause of respiratory tract 

infection in vulnerable populations. Natural killer (NK) cells and dendritic cells 

(DC) are important for the effector functions of both cell types following 

infection. In this study, we will use RSV infected Wild type and NKG2D 

deficient mice to study the role of NKG2D in regulating DC function and RSV 

infection. Lung pathology, was assessed by histology. DC function and 

phenotype was evaluated by ELISA and flow cytometry. The expression of 

NKG2D ligands on lung and lymph node DCs was measured by immunostaining 

and flow cytometry. Adoptive transfer experiments were performed to assess the 

importance of NKG2D dependent DC function in RSV infection. In the study, 

we observed that NKG2D deficient mice exhibited greater lung pathology, 

marked by the accumulation of DCs following RSV infection.  DCs isolated 

from NKG2D deficient mice had impaired responses towards TLR ligands. DCs 

expressed NKG2D ligands on their surface, which was further increased in 

NKG2D deficient mice and during RSV infection. Adoptive transfer of DCs 

isolated from WT mice into the airways of NKG2D deficient mice ameliorated 

the enhanced inflammation in NKG2D deficient mice after RSV infection. In 

summary, our study indicate that NKG2D-dependent interactions with DCs 
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control the phenotype and function of DCs and play a critical role in pulmonary 

host defenses against RSV infection. 
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3.4 Results 

 

3.4.1 Increased severity of RSV-induced lung pathology in NKG2D-deficient 

mice.  We first examined lung inflammation, weight loss, and viral clearance in 

NKG2D- deficient and wild type (WT) mice following RSV infection. The B6 

mice are semi-permissive to RSV strain A2 and the infection induced only mild 

lung pathology (194, 195).   However, we found that bronchiolitis and alveolitis 

induced by A2 in B6 NKG2D-deficient mice was severe compared to the B6 

control mice (Fig. 14A). There was also increased inflammatory cell infiltration 

(Fig. 14B) and weight loss in the infected NKG2D-deficient mice compared to 

WT mice (Fig. 14C). The inter- mouse strain difference in RSV titer in lung 

homogenates was not different after 5 days of incubation but there was a trend 

toward higher titer in NKG2D-deficient mice (Fig. 14D). These data suggest that 

NKG2D performs a critical function in the immune response to RSV infection.  

 

 

 

3.4.2 Altered DC phenotype in NKG2D-deficient mice following RSV 

infection.  DCs play a critical role in RSV infection as they impart specific 
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effector functions to cells mediating both the innate and adaptive immune 

response. Following intranasal RSV infection, NKG2D-deficient mice exhibited 

increased whole lung DC accumulation and BAL DC accumulation (Fig. 15B) 

compared to WT mice with a peak difference at day 2 post-infection (Fig. 15A). 

A more detailed examination of the DC populations revealed that there is a 

larger subpopulation of mature DCs in the BAL and lung of NKG2D deficient 

mice (Fig. 15C). The lung leukocyte phenotypic analysis revealed that the 

increased number of DCs in NKG2D-deicient mice are mainly comprised by 

plasmacytoid DCs (pDC) (PDCA-1+ CD11c+ CD11b- CD103-) and CD103 DCs 

(CD11c+ CD103+ CD11b-) (Fig. 15D). The discrepancy of DC composition and 

increased number of DCs in NKG2D-deficient mice we observed demonstrates 

that the NKG2D receptor also plays an important role in regulating DC biology 

during RSV infection. 

 

 

3.4.3 NKG2D ligand expression in lymph node and pulmonary DCs. Multiple 

reports have demonstrated the presence of NKG2D ligands on human DCs in 

naïve or inflammatory states (183, 196). However, mouse DC expression of 

NKG2D ligands has not been reported. We isolated mediastinal lymph node 
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(mLN) from naïve and RSV infected mice and measured the NKG2D ligands 

Rae1 and Mult-1 on DCs by flow cytometry. We found two populations of DCs 

that express either Rae1 or Mult-1 in mLN and the percentages of these 

subpopulations increased following RSV infection (Fig. 16A, B). The NKG2D 

ligand expressing DC subpopulations appear to be distinct based on the lack of 

co-expression of either assayed NKG2D ligands. The percentages of these 

subpopulations of DCs were significantly higher in both naïve and RSV-infected 

NKG2D-deficient mice compared to WT (Fig. 16A, B).  Lung DCs exhibited the 

same expression patterns of NKG2D ligands. The number of DCs expressing 

Rae1 or Mult-1 increased in NKG2D KO mice compared to WT and further 

increased following RSV infection (Fig. 16C, D). The expression of NKG2D 

ligands is independent of DC maturity as further gating strategies showed Rae1 

and Mult-1 expression can be found on both mature and immature DCs.  

 

3.4.4 DCs from NKG2D-deficient mice are hyporesponsive to toll-like 

receptor (TLR) activation.  The difference in surface expression of NKG2D 

ligands on DCs prompted us to examine their potential functional implications 

by assessing TLR ligand stimulation and antigen presentation capabilities.  IL-12 

is a critical pro-inflammatory cytokine secreted by DCs and is also important in 

activating NK cells (197). Therefore, we assessed IL-12 secretion as an indicator 
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of DC responsiveness. Interestingly, the responses to TLR3 and TLR4 ligands 

were significantly lower in DCs isolated from the lungs of NKG2D-defcient 

mice compared to WT mice.  In, contrast, there were no detectable differences in 

lung DC responsiveness to TLR7 and TLR9 ligands (Fig. 17A). Impaired 

responsiveness towards TLR3 and TLR4 ligands was not observed in splenic 

DCs or bone marrow derived DCs (Fig. 17A) isolated from NKG2D deficient 

mice suggesting a unique role for the pulmonary microenvironment in 

modulating DC phenotype.   To confirm that the IL-12 p40 was produced by 

DCs but not pulmonary macrophages that may be contaminating the DC isolates, 

we measured intracellular IL-12 expression level and found that, indeed, most of 

the IL-12 was produced by DCs (Fig 17B).  

 We next assessed the capacity of DCs to induce T cell proliferation given 

their critical role as antigen presenting cells. We explored antigen presentation 

using a model of ex vivo antigen presentation that utilizes fluorescently labeled 

CD8+ T cells (OT-1) isolated from transgenic mice engineered to over-express T 

cell receptors specific for an ovalbumin peptide. OT-1 T cells were then co-

cultured with DCs pulsed with the specific ovalbumin peptide.  Following 5 days 

of co-culture, the proliferation index of the T cells was calculated by the dilution 

of the CSFE fluorescent label by flow cytometry. These data demonstrate that 
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the capacity of DCs to internalize and present antigen to T cells was unaffected 

in DCs from NKG2D-deficient mice compared to WT mice (Fig. 17C).  

 

3.4.5 Adoptive transfer of WT DCs ameliorates enhanced RSV-induced 

pathology in NKG2D-deficient mice.  We performed adoptive transfer 

experiments to directly test whether WT DCs can modulate enhanced lung 

inflammation in NKG2D-deficient mice.  Specifically, we transferred freshly 

isolated pulmonary DCs from WT or NKG2D-deficient mice into WT or KO 

recipient mice followed by RSV challenge and examined lung pathology 5 days 

post-infection. These studies demonstrate that adoptive transfer of neither WT 

DCs nor KO DCs into WT recipient mice altered the disease course and lung 

pathology (Fig. 18A). However, transfer of WT DCs into KO recipient alleviated 

the lung pathology and partially rescued the phenotype displayed in NKG2D-

deficient mice (Fig. 18B). Furthermore, elaboration of the NK cell pro-

inflammatory mediator IFN-gamma was significantly lower in NKG2D-deficient 

recipient mice that received WT DCs (Fig. 18C). The amelioration of lung 

inflammation after adoptive transfer indicates that NKG2D depend DC editing is 

important in regulating immune response during RSV infection.  
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3.5 Discussion 

The incomplete understanding of immunologic pathogenesis of RSV infection is 

a major obstacle to the development of effective and safe clinical therapies. This 

study aims to examine NKG2D-dependent DCs functions in murine RSV 

infection, with an emphasis on the host immune response. Our experiments show 

that RSV infection induced pulmonary inflammation is enhanced in NKG2D 

deficient mice. We demonstrate that the NKG2D receptor is important in 

regulating DC accumulation, especially CD103 DCs, during RSV infection. 

Moreover, we observed subpopulations of DC expressing NKG2D ligands that 

increase in number in a NKG2D deficient environment and during RSV 

infection.  Furthermore, DCs isolated from NKG2D deficient environments have 

impaired responses towards TLR3 and 4 ligands. Finally, lung inflammation in 

NKG2D deficient mice after RSV infection was ameliorated after adoptive 

transfer of WT DCs prior to infection.  Collectively, these data demonstrate a 

role for NKG2D in DC regulation that is important in the immune response to 

RSV infection.   

 The NKG2D receptor is a well characterized activating receptor. Despite 

its well-known function in regulating the pathogenesis of other virus infections 

like influenza (198) and human cytomegalovirus infection (199), the importance 

of the NKG2D receptor in regulating RSV infection has received little attention.  
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Data shows that NK cells increased expression of NKG2D in response to RSV 

infection and secret IFN-gamma that results in acute lung injury (182).  Our data 

suggests that there is no difference in viral titer in wild type and NKG2D 

deficient mice 5 days after RSV challenge, indicating that RSV clearance is 

independent of the NKG2D receptor-ligand effects on DCs and suggests that the 

exaggerated lung pathology and weight loss induced by RSV infection is likely 

due to an impaired DC related host immune response. In addition to DCs, other 

cells in the lung (such as epithelial cells and alveolar macrophages) may express 

NKG2D ligands during RSV infection and contribute to the response to and 

resolution of RSV infection.  Future studies will examine the role of non-DC 

alveolar cells in the recruitment of and modulation of DC phenotype and 

function.  

 DCs play important role in regulating immune response against RSV 

infection and the impaired antigen uptake and processing of neonatal DCs may 

explain some of  the vulnerability of neonates to RSV (200, 201). Previous 

studies indicate lung DCs can be infected with RSV directly (202). After 

encounter with RSV, both CD103 DCs and CD11b DCs migrate to mLN where 

they present the antigens to T cells and induce adaptive immune responses (202). 

Different subsets of DCs play different roles in RSV infection with myeloid DCs 

(mDC) and plasmacytoid DCs modulating the innate immune response (202-
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204). The presence of large number of mDC often indicates an adverse response 

to infection. The abnormal accumulation of mDC in lung impairs efficient pDC 

induced Th-1 based antiviral responses, tipping the immune balance in favor of a 

Th-2 based response (205). We observed enhanced RSV induced lung 

inflammation in the NKG2D-deficient mice accompanied by abnormal mDC 

accumulation. Interestingly, the accumulated mDCs in the NKG2D-deficient 

mice are composed primarily of CD103+ DCs as opposed to the CD11b DC 

predominant inflammation found in WT mice. Whether these two subsets of 

mDC play different roles in RSV infection has not been well studied. In other 

infectious diseases, CD103 DCs elicit stronger Th1 and Th17 responses and can 

induce T cells to secrete large quantities of IFN compared to CD11b DCs (206). 

 DC effector functions are precisely coordinated during infection (207). We 

are the first to show murine pulmonary DCs express NKG2D ligands that are 

further induced in NKG2D-deficient mice and in response to RSV infection. 

Previous in vitro studies have shown that human DCs express NKG2D ligands 

after infection with RSV (183) and that NK cells enhance DC responses to 

Toxoplasma gondii through an NKG2D-dependent mechanism (208). Transwell 

experiments demonstrate direct cell-cell contact is required for this regulation 

and blocking the NKG2D receptor decreases IL-12 secretion from activated DCs 

when coculturing with NK cells (208). It has been demonstrated that RSV-
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induced lung inflammation is increased in IL-12-deficient mice compared to 

wild type mice (209). In our study, we found that DCs isolated from NKG2D 

deficient mice have impaired IL-12 secretion when activated with TLR ligands 3 

and 4 but not 7 and 9.  Interestingly, this impaired in vitro responsiveness 

towards TLR ligands by pulmonary DCs isolated from NKG2D deficient mice 

was not observed in bone marrow derived DCs or DCs isolated from spleens 

suggesting that unique NKG2D-dependent DCs functional subsets reside in the 

lung. Thus, our data suggests that NKG2D is not only important in mediating DC 

function during RSV infection but also has an important role in maintaining 

pulmonary DC homeostasis. Future studies will be required to identify the 

NKG2D receptor carrying cells (e.g., NK cells, T cells, NK T cells) that modify 

DC phenotype and function in lung by either direct (editing) or indirect 

mechanisms.  

 Adoptive transfer of DCs isolated from wild type mice into the NKG2D-

deficient mice before the RSV infection ameliorated viral induced inflammation. 

The decreased IFNγ secretion and pathology score demonstrate the protective 

role of the transplanted “normal” DCs. This rescue of phenotype demonstrates 

the importance of NKG2D receptor ligand interactions with DCs during an RSV 

infection. However, it is important to point out the pathology in the recipient 

mice is still more severe compare to wild type, emphasizing the possibility that 
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there are likely other cells affected by the absence of NKG2D receptors and 

contribute to the pathology. It is interesting to point out the transfer of DCs 

isolated from NKG2D-deficient mice into wild type mice does not alter the 

phenotype which indicates that host DCs have a survival advantage over DCs 

isolated from NKG2D deficient mice. Alternatively, there may be enough 

remaining host DCs to maintain the normal immune response against RSV.  

 Taken together, our data demonstrate that NKG2D is necessary for the 

normal control of RSV infection. We speculate that the NKG2D expressing cells 

are important in eliminating “unhealthy” DCs that express NKG2D ligands in 

lung. In the absence of this surveillance mechanism, DCs accumulate during 

RSV infection. Thus even some pulmonary DCs have impaired response towards 

TLR ligands individually, the huge influx of DCs in lung still produce increased 

levels of pro-inflammatory cytokines in the NKG2D deficient mice (data not 

shown) that impair the host immune response and result in enhanced pathology, 

such as augmented weight loss and lung inflammation. This newly described 

DC-NK cell pathway has novel implications for the regulation of DC function 

and provides insight into developing new potential targets aimed at resolving 

RSV-induced inflammation.  
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3.6 Material and methods 

 

Mice. C57BL/6J mice and OT-1 mice (female, 8 to 10 wks old) were purchased 

from The Jackson Laboratory (Bar Harbor, ME). NKG2D-deficient (Klrk1−/−) 

mice were generated and maintained as described (210).  Both male and female 

mice (6-8 weeks old) are included in the study. All mice were housed in the 

University of Cincinnati, animal care facilities and experimental procedures were 

performed in accordance with the Institutional Animal Care and Use Committee 

at the University of Cincinnati Medical Center.  

 

Respiratory syncytial virus and infection. RSV strain A2 was passaged in 

Vero cells (ATCC; Manassas, VA) cultured in serum-free-media 

(SFM4MegaVir; Hyclone, Logan, UT).  Mice were infected intranasally with 1 x 

106 PFU or control vehicle in 50 µl PBS. Mice were monitored and body weight 

changes were recorded daily after infection. Viral load was determined by RT-

PCR of lung as described (211). 

 

Cell isolation.  Purification of DCs from lung and mediastinal lymph nodes 

(mLN) were performed as previously described (198).  Briefly, mice were 
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euthanized with an i.p. injection of sodium pentobarbital. Lung vasculature was 

perfused with 10 ml phosphate-buffered saline (PBS) containing 0.6 mM EDTA, 

via the right atrium.  Single cell suspensions of mLNs were obtained by passing 

the nodes through a 100-μm nylon mesh.  Lung single cell suspensions were 

obtained by using a gentle MACS Dissociator (Miltenyi Biotec Ltd, Woking, 

United Kingdom) after incubating harvested lung tissues with 100 mg/mL 

collagenase type IV and 20,000 U/mL DNases (Sigma Aldrich Company Ltd, 

Gillingham, United Kingdom) as described (171). After red blood cell lysis, 

CD11c+ cells were isolated by positive selection using CD11c magnetic 

MicroBeads beads following manufacturer’s protocol (Miltenyi Biotec GmbH, 

Germany). T cells from OT-I mice were isolated from spleens following the 

manufacturer’s protocol using the EasySep Mouse T Cell isolation kit 

(Stemcell).  

 

Lung lavage, fixation, and pathology.  Bronchoalveolar lavage (BAL) fluid for 

cytokine analysis was collected by instilling the lungs once with 1.0 mL (5 mM 

EDTA, calcium and magnesium free PBS) via a tracheal cannula.  In separate 

mice, lungs were lavaged three times to obtain BAL for cell enumeration. 

Centrifuge the BAL fluid and resuspend the cells at 5 x 105 cell/ml. The cells 

were then directly used for flow cytometry and cytospin staining. Cytospin cell 
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preparations were obtained with 300 µl of BAL cells centrifuged at 300 × g for 5 

min on cytospin slides (Newcomer Supply, Middleton, WI).  Mouse lungs were 

inflation-fixed with buffered formalin and embedded in paraffin for histological 

analysis as previously described (173).  Three non-contiguous tissue sections 

were stained with hematoxylin and eosin (HE), and the number of infiltrated 

inflammatory cells were assessed by light microscopy.  The pathology scoring 

was similar to previously described (212). Specifically, “1” represented within 

normal range; “2” represented mild immune cell infiltration and accumulation; 

“3” represented moderate, multifocal aggregation; “4” represented to high 

cellularity and aggregation.   

 

Flow cytometry.  DCs were incubated with anti-CD16/CD32 for 30 minutes 

followed by incubation with specific monoclonal antibodies at 4°C for 30 min in 

PBS containing 1% bovine serum albumin (BSA).  Cells were washed twice with 

PBS containing 0.1% sodium azide and 0.5% BSA and immediately analyzed by 

flow cytometry (Attune, Thermofisher). All antibodies were obtained from 

Ebioscience; (PE-cyanine 7 Anti-mouse CD11c (N418), APC-efluor 780 Anti-

mouse CD11b (M1/70), APC Anti-mouse CD86 (GL1)); BD Bioscience (PerCP-

Cy 5.5 Anti-mouse CD103 (M290)); and R&D systems (APC Anti-mouse Rae1 

pan specific (186109), PE Anti-mouse Mult-1 (237104)).  Data was analyzed 
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using Flowjo software (v10) (Flowjo, LLC) and FCS Express V5 (De Novo 

Software). Cells were first gated on lymphocytes and doublets were excluded by 

gating on single cells. CD11c cells were then gated, and macrophages were 

discriminated from DCs based on cellular autofluorescence. DCs were gated as 

CD11c+, MHCII+ and autofluorescence mid/low cells. Subsets of DC and CD86 

expression were then further gated from DC populations.  The compensation 

matrix was determined by using UltraComp eBeads (eBioscience).  Appropriate 

fluorescence minus one and negative controls were used to set gates for the 

above populations. 

 

Immunohistochemistry.  Immunofluorescent staining was performed on 

cytospin preparations by double indirect immunofluorescence method as 

previously descripted (213). Briefly, slides were blocked with serum and then 

incubated overnight at 4°C with biotin anti-mouse CD11c (1:500; eBioscience 

(N418) and either APC Anti-mouse pan-specific Rae1 (1:500) (R&D Clone 

186107) or Anti-mouse Mult-1 (1:500) (R&D Clone 237104). Binding was 

detected following 24 hr incubation with streptavidin 488 (1:500; Vector Labs). 

Nuclei were counterstained with DAPI (Sigma-Aldrich; 1:2,000). Images were 

captured using a Zeiss LSM710 inverted confocal microscope at the Live 
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Microscopy Core, Department of Molecular and Cellular Physiology, University 

of Cincinnati. negative controls were included in each experiment.  

 

Adoptive transfers. DCs (> 90% purity) from wild type and Klrk1−/− 

mice were isolated from lung as described above. A total of 1.5 x 106 DCs in 50 

µl PBS or vehicle only were transferred intranasally to recipient mice 16 hours 

before the RSV challenge. \ 

 

DC Stimulation. Freshly isolated DCs were maintained in complete medium 

(RPMI containing 10% FBS, 2 mM L-glutamine, 1mM sodium pyruvate, 0.1 

mM nonessential amino acids, 50 µM β-mercaptoethanol and 1000 U/mL 

Pen/Strep).  TLR ligand activation was assessed using 1 x 105 freshly isolated 

DC seeded in 100 uL of DC media in 96-well round bottom plates.   DCs were 

rested for 1 hour followed by a pre-incubation with 20 ng/ml IFN-gamma 

(PeproTech) for 2 hours. The DCs were then treated for 16 hrs with 1 µg/ml poly 

IC (InvivoGen), 1 µg/ml LPS (Sigma Aldrich), 100 ng/ml ssRNA40 (InvivoGen) 

or 50 ng/ml CpG ODN 1826 (InvivoGen).  IL-12 p40 was measured by ELISA 

(ThermoFisher). To assess antigen presentation capacity, freshly isolated DCs 

were pulsed with 100 ng/ml ovalbumin (OVA) peptide SIINFEKL 
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(InvivoGen) or irrelevant peptide for one hour then cultured with CFSE-labeled 

OT-1 T cells at 1:5 ratio for 5 days. OT-1 T cell proliferation index was then 

measured by flow cytometry (214).  

 

Statistics. 4-8 mice were used in each group with at least 3 independent 

experiments. Unless otherwise indicated, data are expressed as mean ± standard 

errors of the means (SEMs).  Student's t tests and ANOVA were used for 

statistical analyses.  P < 0.05 was considered statistically significant. 
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3.7 Study limitations. 

 

Even though we have shown that the NKG2D dependent pathway is important in 

regulating DC function in both steady state and RSV infection, we did not show 

which specific cell type was executing this modification and where this editing 

occurred. NK cells are a major cell type that expresses NKG2D receptors and the 

mechanisms of NKG2D effector functions are well studied (215). However, in 

this study, we found no difference of NK cell dependent cell apoptosis in DCs by 

incubating DCs with WT and NKG2D-deficient NK cells (data not shown). 

Besides NK cells, some mouse T cells also express NKG2D receptors on the 

surface. The effect of these T cell on DC function in the context of NKG2D-

deficiency was not examined in this study. We have shown only pulmonary 

DCs’ function is altered in the NKG2D-deficient mice under steady state but not 

BMDCs and splenic DCs which suggested a tissue-specific influence. Another 

limitation of the current study is that we did not examine the DC development 

state this NKG2D-dependent modulation occurred.  
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3.8 Future directions. 

 

In the current study, we have shown that the NKG2D-dependent DC function is 

not only important in regulating RSV infection, but also plays an important role 

in regulating DC biology under steady state. We speculate that the NKG2D 

expressing cells are important in eliminating “unhealthy” DCs that express 

NKG2D ligands in lung. In the absence of this surveillance mechanism, DCs 

accumulate during RSV infection. Thus, although some pulmonary DCs have 

impaired response towards TLR ligands individually, the influx of DCs in lung 

still produce increased levels of pro-inflammatory cytokines in the NKG2D 

deficient mice. In the future, mechanistic study focusing on how and where this 

regulating occurs during DC maturation should be conducted. A better 

understanding of this mechanism may not only help illustrate the importance of 

this pathway during RSV infection, but also shed light upon other DC related 

diseases and applications.  
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3.9 Figure 
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Figure 14. NKG2D deficiency augments RSV-induced lung pathology. Mice 

were challenged intranasally with saline or RSV. (A) Representative H&E lung 

histology from WT and NKG2D-deficient mice  5 days post-RSV infection (dpi).  

Scale bar, 100 μm, n=6. (B)  Mouse lungs were harvested for pulmonary 

histopathology examination 5 dpi. The pathology features were scored as 

described in the Materials and Methods. Data are shown as the mean ± SEM 

from at least 5 independent experiments.  *p < .05, (C) Daily weight changes of 

control and RSV-infected mice were measured individually post infection. Data 

are means ± SEM, n=3 for each group. (D) Relative RSV titer in lung was 

measured by PCR 5-days post infection. n=8, *p < .05  
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Figure 15. Altered pulmonary DC phenotype after RSV infection in NKG2D 

deficient mice. Mice were challenged intranasally with saline or RSV.  

Pulmonary DCs were isolated from lung tissue. (A) Representative flow 

cytometry plot for DC population in lung after RSV challenge 2 dpi. DCs were 

gated as CD11chigh autofluorescence low. Alveolar macrophage (AM) were gated as 

F4/80+, CD11chigh autofluorescencehigh. (B) Percentage of DCs in lung single cell 

homogenate of early infection (2 dpi) and late infection (5 dpi) and the fold 

change of DC number compare to WT control mice was assessed in BAL fluid of 

2 dpi mice by flow cytometry. Data are shown as the mean ± SEM of at least 5 

independent experiments.  *p < .05 (C) CD86 expression on DC populations in 

BAL and lung were measured by flow cytometry. Data are shown as the mean ± 

SEM of at least 3 independent experiments.  *p < .05 (D) DC subpopulations in 

BAL measured by flow cytometry. pDCs are gated as CD11c+, PDCA1+, CD11b-, 

CD103-; CD11b DC as CD11c+, CD11b+ and CD103-; CD103 DC as CD11C+, 

CD103+ AND CD11b-. Data are shown as the mean ± SEM of at least 3 

independent experiments. Each experiments consist at least 4 mice. *p < .05 

 

 

 



114 
 

 

 

 

 



115 
 

 

Figure 16. Increased expression of NKG2D ligands on DCs in NKG2D-

deficient mice that is enhanced during RSV infection. (A, B) Rae1 and Mult-1 

expression on mediastinal lymph node (mLN) DCs were measured by flow 

cytometry 2 dpi of RSV infection.  Single lung cell suspension was prepared from 

mice at 2 dpi of RSV infection and stained with Rae1 and Mult-1 (C,D) Arrows 

point cells that positive for CD11c and Rae1 or Mult-1 staining (Blue – DAPI, 

Green – CD11c, Red – Rae 1 / Mult-1). Data is representative of 4 independent 

experiments with n= 6-8 mice.  *p < .05.  
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Figure 17. DCs from NKG2D-deficient mice have impaired responsiveness to 

TLR ligands. DCs were isolated from lung, spleen and derived from bone 

marrow and treated with 20ng/ml IFN-gamma for 2 hours before treated with 1 

µg/ml Poly IC (TLR 3), 1 µg/ml LPS (TLR 4), 100 ng/ml SSRNA40 (TLR 7) and 

50 ng/ml CpG ODN 1826 (TLR 9) for 16 hrs.  The supernatant was collected and 

IL-12 p40 was measured by ELISA (A).  Data are shown as the mean ± SEM of at 

least 5 independent experiments.  *p < .05, ** p<.01. (B) Schematic flow 

cytometry plot of intracellular staining of IL-12 p40 after LPS treatment. 

Macrophages were gated as CD11c+ autofluorescencehigh and DCs were gated as 

CD11c+, autofluorescencelow. (C) Freshly isolated DCs were pulsed with 100 

ng/ml OVA peptide for one hour then cultured with CFSE-labeled OT-1 T cell at 

2:10 ratio. OT-1 T cell proliferation index was measured after 5 days. Data is 

shown as average proliferative index ± SEM from 4 independent experiments.  
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Figure 18. Adoptive transfer of WT DC into NKG2D-deficient mice alleviates 

the RSV-induced pathology. DCs were isolated from lung of wild type and 

NKG2D-deficient mice as described in Materials and Methods. Recipient mice 

received 2 million freshly isolated DCs intranasally in 50 µl of PBS 24 hours 

before RSV challenge via the same route. Representative H&E lung histology 

from WT (A) and NKG2D deficient (B) recipient mice who received DCs isolated 

from WT/KO mice, 5 dpi. Scale bar, 100 μm. Lung pathology scores from 

WT/KO recipient mice were calculated as described (A, B). Data are shown as the 

mean ± SEM of at least 5 independent experiments.  *P < .05 (C) IFN-gamma 

level is measured in BAL of recipient mice by ELISA 5 days post infection. n=5, 

*P < .05 
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Chapter IV 

 

 

Thesis summary and conclusion 
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4.1 Summary of section-II 

 

Pulmonary Langerhans cell histiocytosis (PLCH) is a rare interstitial lung disease 

characterized by focal dendritic cell (DC) accumulation, bronchiolocentric nodule 

formation, and cystic remodeling of the lung and occurs predominantly in active 

smokers. Approximately 50% of PLCH patients harbor somatic BRAF-V600E 

mutations identified mainly within the DC lineage. However, the rare nature of the 

disease and lack of animal models impedes the study of the pathogenic 

mechanisms of PLCH. We have established the first mouse model that 

recapitulates the hallmark characteristics of PLCH. In addition, we show that the 

BRAF-V600E mutation is associated with increased DC responsiveness towards 

multiple stimuli including the DC-chemokine CCL20. We provide evidence that 

DC accumulation in the lung is due to both increased viability and enhanced 

recruitment. Further evidence indicates that the accumulation of other 

inflammatory cells in PLCH is a secondary event driven by CCL7 secreted from 

DCs in a BRAF-V600E-dependent manner. Moreover, we demonstrate that 

PLCH-like phenotype in the mouse model can be attenuated following smoking 

cessation and removal of BRAF-V600E DCs. Furthermore, we show PBMCs 

isolated from PLCH patients harboring the BRAF-V600E mutation produce 
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CCL7. Collectively, our studies provide the first mechanistic insights into the role 

of DC BRAF-V600E mutation and CS exposure that mediate PLCH pathogenesis.   
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4.2 Summary of section-III 

 

Respiratory syncytial virus (RSV) is a common cause of respiratory tract infection 

in vulnerable populations. Natural killer (NK) cells and dendritic cells (DC) are 

important for the effector functions of both cell types following infection. To 

investigate the importance of NKG2D pathway in regulating RSV infection, Wild 

type and NKG2D deficient mice were infected with RSV. Lung pathology was 

assessed by histology and DC function and phenotype was evaluated by ELISA 

and flow cytometry. The expression of NKG2D ligands on lung and lymph node 

DCs was measured by immunostaining and flow cytometry. Adoptive transfer 

experiments were performed to assess the importance of NKG2D dependent DC 

function in RSV infection. We found that NKG2D deficient mice exhibited 

greater lung pathology, marked by the accumulation of DCs following RSV 

infection.  DCs isolated from NKG2D deficient mice had impaired responses 

towards TLR ligands. DCs expressed NKG2D ligands on their surface, which was 

further increased in NKG2D deficient mice and during RSV infection. Adoptive 

transfer of DCs isolated from WT mice into the airways of NKG2D deficient mice 

ameliorated the enhanced inflammation in NKG2D deficient mice after RSV 

infection. In summary, we discovered that the NKG2D-dependent interactions 
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with DCs control the phenotype and function of DCs and play a critical role in 

pulmonary host defenses against RSV infection. 
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4.3 Thesis summary and conclusion 

 

An increasing volume of research on DCs in recent years show that pulmonary 

DCs occupy a pivotal role in regulating lung immune responses. Through the 

relentless sampling of inhaled antigen and in response to cues from the 

surrounding environment, DCs uphold the delicate homeostasis between initiating 

immune reaction to pathogens and tolerance to harmless substances. Any breach 

of this immunological equilibrium may lead to pathologic states. In this study, we 

have tested this theory from two different aspects using two different disease 

models.   

 Collectively, these results support the concept that the balance of DC-

mediated lung equilibrium can be affected by both innate defects and the tissue-

specific environment. Specifically, in section II, we showed that an intrinsic defect 

(BRAF-V600E mutation) of DCs can result an altered cellular function and results 

in a PLCH-like phenotype in mice exposed to CS. Our findings not only provide 

insights into the pathogenesis of PLCH but also offer a potential alternative 

therapeutic strategy in clinic. Moreover, we showed that the BRAF-V600E 

mutation increases DC’s responsiveness against different ligands and enhance 

secretion of chemokines which indicated the importance of examining an under-

studied area that links the MAPK pathway and DC biology in the future. In 
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section III, we demonstrated that without a proper NKG2D-dependent editing and 

selection from the surrounding micro-environment, DCs accumulate in the lung 

and result in severe RSV infection. In this study, we discovered a NKG2D-

dependent DC-NK cell pathway that provides insight not only into developing 

new potential targets aimed at resolving RSV-induced inflammation but also 

other DC-related diseases.   
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4.4 Future directions 

 

In chapter 2, we shown that we have established the first PLCH mouse model 

that recapitulate human pathology in many different aspects. Moreover, we 

reported the direct association of excessive CCL7 and CCL20 secretion, 

improved viability by increasing BCL-XL expression, increased response when 

activated with TLR ligands and CCL20 and enhanced migration capacity with 

BRAF-V600E mutation. In addition, we have shown that the PLCH-like 

phenotype was ameliorated after CS and tamoxifen cessation. We believe by 

using this mouse model, we can answer important questions regarding the PLCH 

pathogenesis therefore develop and test new clinic treatment strategies. 

However, some questions were raised when conducting the experiments that 

need to be answered in the future.  

 

(1)  To examine the mechanism of enhanced migration capacity in BRAF-

V600E DCs.  We have shown that the migration capacity was increased in 

BRAF-V600E DCs. However, if this enhancement was directly induced by 

the mutation and the related mechanism was not examined in this study. To 

investigate this, another experiment group that treated with BRAF-V600E 

inhibitor will need to be added in the migration assays. One possible 
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mechanism of how BRAF-V600E mutation enhance DC’s response towards 

CCL20 is by increasing the expression of CCL20 receptor -- CCR6. Future 

studies examining the CCR6 expression level on mutant DCs will help to 

elucidate this hypothesis. In addition, using techniques like RNAseq can 

help to discover genes that expressed differently in mutant DCs and may 

provide evidences that can connect the CCR6-CCL20 axis and MAPK 

pathway. Finally, the importance of the CCR6-CCL20 axis in the PLCH 

pathogenesis should be tested in the CCR6 knock-out mice that harbors 

BRAF-V600E mutations in CD11c cells or alternatively, using CCL20 

neutralizing antibody on the existing animal model.  Because of limited 

antibody availability and application, we could not obtain reliable and 

specific CCL20 staining on our mouse tissue. It will be interesting to study 

the source and distribution pattern of local secretion of CCL20 in the lung of 

the PLCH model using newer antibodies and techniques.  Meanwhile, the 

cells that expressed high levels of CCL20 in the human tissue can be 

phenotyped by IHC and RT-PCR following laser captured microdissection. 

The successful identification of the cellular source of CCL20 may help to 

develop new clinical strategies.  
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(2) To examine the association of BRAF-V600E mutation and DC 

differentiation. One prominent feature of PLCH is the accumulation of a 

specific DC subset -- CD1a+ DC in human and CD103+ DC in our mouse 

model. In mice, cDCs are divided into two subsets that each consist of 50% 

of the cDC population, CD103+ DCs and CD11b+ DCs, which are 

developmentally regulated by the transcription factors basic leucine zipper 

transcription factor Batf3 and Irf4, respectively. In human, the cDCs can be 

divided based on the surface expression markers and consists of similar 

percentage of the cDCs. The accumulation of the specific DC subset in 

PLCH brings up the question of whether this accumulation is due to a 

targeted recruitment or altered differentiation. Recent studies indicate that 

MAPK signaling is involved in regulating different aspects of phenotypic 

maturation, cytokine production, and functional maturation of DCs. 

However, how a hyper-activating MAPK pathway induced by BRAF-V600E 

affects DC differentiation has not been studied. To investigate this question, 

future studies are needed that focus on examining the differentiation of 

BRAF-V600E mutant BMDCs and the expression of DC differentiation 

dependent transcription factors Batf3 and Irf4 in the mutant BMDCs.  
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(3) To examine the potential of using CCL7 as a biomarker. We observed 

a consistent increase of CCL7 in the serum and BAL of our mouse model 

that may be secreted by BRAF-V600E mutant DCs. However, the CCL7 

level was not consistent in the serum of PLCH patients. The CC7 level in 

the serum was very high in one patient while the rest were at base line. As 

we suggested in our experiments, the increased CCL7 in the serum was 

secreted by BRAF-V600E mutant DCs. We did not examine if there is a 

correlation between CCL7 level and the number of circulating BRAF-

V600E mutant DCs in the peripheral blood. However, we observed a large 

increase of CCL7 in the serum of a LCH patient who has high frequency 

of BRAF-V600E mutant DCs in the blood which suggests such a 

correlation. It is known that in LCH patients, the frequency of BRAF-

V600E mutant DCs in PBMCs has a wide range from 0.03% to 20%. 

Given the fact that PLCH often only affects a single organ, it is expected 

that PLCH patients have fewer circulating mutant DCs compare to LCH 

patients, thus making it difficult to accumulate enough mutant DCs in the 

blood of PLCH patients that secrete significant levels of CCL7. In PLCH, 

most BRAF-V600E mutant DCs accumulate in the lung and surround 

airspace. Thus it is important to measure the CCL7 level in the BAL and 

examine the potential of using it as a marker to identify PLCH. In 
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addition, future studies that aim at measuring the frequency of BRAF-

V600E mutant DCs in the PBMC of PLCH patients and the PLCH mouse 

model will help to examine if there is a correlation between BRAF-V600E 

mutant DC frequency and CCL7 level.   

 

In chapter 3, we have shown that the NKG2D-dependent effects on DC function 

is not only important in regulating RSV infection, but also plays an important 

role in regulating DC biology under steady state. We speculate that the NKG2D 

expressing cells are important in eliminating “unhealthy” DCs that express 

NKG2D ligands in lung. In the absence of this surveillance mechanism, DCs 

accumulate during RSV infection. Thus, even some pulmonary DCs have 

impaired response towards TLR ligands individually, the huge influx of DCs in 

lung still produce increased levels of pro-inflammatory cytokines in the NKG2D- 

deficient mice. However, these experiments raised some questions that need to 

be answered in the future. The impaired DC function was only observed in 

pulmonary DCs but not shared with splenic DC and BMDC which suggests that 

this NKG2D-dependent regulation is specific to lung.  Although in most cases 

the function of DCs are similar in different organs, there are several precedents 

for phenotypic differences among DCs in different microenvironment. For 

instance, Langerhans cells are present only in the skin, and CD103+ 
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CD11b+ double-positive cells are found in large numbers in the lamina propria 

of the gut but are rare in the lung (216). And study showed that the regulations 

of pulmonary DC from different developmental lineage are also different (217).  

Thus, mechanistic studies focusing on how and where this regulation occurs 

during DC maturation are needed to better understand this pathway. Furthermore, 

the identification of NKG2D receptor-expressing cells responsible for the 

modification such as decreased response towards TLR ligands and how it is 

regulated is needed to be examined in the future. In addition, it will be important 

to investigate the importance of this NKG2D dependent mechanism in other 

diseases.  
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