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ABSTRACT 

Asthma is an inflammatory airway disease characterized by airway eosinophilia, 

airway obstruction due to an increased mucus production by goblet cells, airway 

remodeling, and airway hyperresponsiveness (AHR) to a variety of stimuli. In allergic 

airway inflammation, dendritic cells (DC) deliver antigen to T helper cells in the 

draining lymph nodes and induce a Th2 immune responses. An emerging concept is that 

DC subsets differentially skew T cell responses towards Th1 or Th2 immunity, or 

tolerance. Flt3-ligand (Flt3-L) is an indispensible synergistic hematopoietic growth 

factor for DC development and differentiation in hematopoietic and peripheral 

lymphoid organs. Administration of Flt3-L specifically affects the generation, phenotype 

and function of DCs in several organs. It has been observed that Flt3-L treatment not 

only prevents the development of allergic airway inflammation and airway 

hyperresponsiveness, but also reverses the established allergic asthma. In this study the 

lung DC subsets were defined and their functional responses in OVA-sensitization-

induced allergic airway inflammation and Flt3-L-induced immunomodulation were 

examined in a mouse model of allergic asthma.  

 

Two dendritic cell subsets, CD11chighCD11blow and CD11clowCD11bhigh, with distinct 

expression of CD8α, B220, CD19, F4/80, MHC II, CCR7, CD40, PDL1, PDL2, CD80, 

and CD86, were identified in the lungs of PBS-treated and OVA-sensitized and 

challenged mice with and without treatment with Flt3-L. Functional tests revealed that 

CD11chighCD11blow and CD11clowCD11bhigh dendritic cells were more prone to induce Th1 

and Th2 responses, respectively, thus playing a suppressive and immunogenic role in 
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allergic asthma, respectively. The two lung DC subsets demonstrated dynamic changes 

in numbers following OVA-sensitization and Flt3-L treatment. Most importantly, Flt3-L 

administration increased the number of suppressive CD11chighCD11blow DCs in the lungs 

of antigen-sensitized mice. This DC subset acquired a heightened regulatory capacity 

after Flt3-L treatment. Thus, Flt3-L exerts its therapeutic effect in allergic asthma by 

increasing the Th1 regulatory lung DC subset.  

 

The migratory pattern and antigen uptake ability were examined to gain a more 

in-depth understanding with regard to the role of Flt3-L on DC recruitment and 

migration to lymph node. Flt3-L did not alter the expression of CCR2, CCR5, and CCR6 

in CD11chighCD11blow regulatory DCs. In addition, immunogenic CD11clowCD11bhigh DCs 

in Flt3-L-treated-OVA-sensitized mice demonstrated a less mature phenotype 

characterized by a lower expression of CCR7 and the costimulatory molecules CD86 and 

CD40, inefficient antigen uptake, and impaired migration in vitro to various lymphatic 

chemokines than those in OVA-sensitized mice. In vivo studies showed that fewer 

antigen-carrying cells were detected in the lungs and lymph nodes of Flt3-L-treated-

OVA-sensitized mice than OVA-sensitized mice with a significant decrease in numbers 

of CD11clowCD11bhigh DCs. Consistent with previous findings, mediastinal lymph node 

cells from Flt3-L-treated mice secreted higher levels of Th1 cytokines and IL-10 than 

OVA-sensitized mice in vitro. These data suggest that Flt3-L increases numbers of 

CD11chighCD11blow DC merely through enhancing hematopoiesis, and the Flt3-L-

generated lung immunogenic CD11clowCD11bhigh DCs have a less mature phenotype than 

those in OVA sensitized mice, impaired antigen uptake and impaired migration to 

draining lymph nodes.  
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Finally, the expression and involvement of the calcium-activated potassium 

channel KCa3.1 in lung DC migration was examined. Both CD11chighCD11blow and 

CD11clowCD11bhigh dendritic cells expressed KCa3.1 mRNA and cell surface protein. OVA 

sensitization and challenge upregulated the expression of KCa3.1 in both lung DC 

subsets with a greater change observed in the immunogenic CD11clowCD11bhigh subset. 

Lung DCs that expressed highest levels of KCa3.1 also had highest levels of CCR7 

expression and more loaded OVA antigen. The Blockade of KCa3.1 channels in vitro by 

TRAM-34 impaired the chemotactic migration of both lung DC subsets to lymphatic 

chemokines CCL19 and CCL21. Thus, an involvement of KCa3.1 in lung DC migration is 

strongly implicated.  

 

In conclusion, the administration of Flt3-L in the mice with allergic asthma 

causes several changes on lung DC properties leading to suppression of Th2 responses.  

First, Flt3-L specifically increases the hematopoiesis of a Th1-prone regulatory lung DC 

subset. Second, Flt3-L contributes to a less mature phenotype of an immunogenic lung 

DC subset in asthmatic mice, functionally demonstrated by impaired antigen uptake and 

migration to draining lymph nodes. Third, the calcium-activated potassium channel 

KCa3.1 participates in lung DC migration, which opens a new direction for lung DC 

biology research. These findings suggest that Flt3-L could be used in the therapy of 

allergic asthma. 
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CHAPTER 1: 

1 INTRODUCTION 
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1.1 Asthma 

1.1.1 Definition of asthma 

According to the Global strategy for asthma management and prevention 2008, 

based on its clinical, physiological and pathological characteristics, asthma is defined as 

“a chronic inflammatory disorder of the airways in which many cells and cellular 

elements play a role. The chronic inflammation is associated with airway 

hyperresponsiveness that leads to recurrent episodes of wheezing, breathlessness, chest 

tightness, and coughing, particularly at night or in the early morning. These episodes 

are usually associated with widespread, but variable, airflow obstruction within the lung 

that is often reversible either spontaneously or with treatment” (1).  

1.1.2 Epidemiology of asthma 

1.1.2.1 Prevalence, morbidity and mortality 

Asthma is one of the most common chronic diseases worldwide that has affected 

almost 300 million individuals with tremendous social and economic burden (1). The 

global prevalence of asthma in children and adults varies by countries from 1% to 18% 

based on a standard method to measure the prevalence of asthma and wheezing disease 

(1, 2). Globally there have been approximately 250,000 asthma-related deaths reported 

each year. However, mortality do not appear to correlate well with prevalence, possibly 

because of differences in health care services and public health practices between 

geographic regions and countries (2, 3).  
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In the United States, approximately 34 million people have been diagnosed with 

asthma during their lifetime by a health professional (4); in 2005, 8.9% of children in 

the United States had been diagnosed with asthma (5). Asthma was responsible for 

3,384 deaths in the United States in 2005 (6). Asthma is emerging as a major public 

health problem worldwide. It has caused huge economical burden in addition to the 

suffering due to a poor quality of life in asthma patients. The absences at school and 

work contribute to the indirect monetary loss. In addition, there are costly health care 

expenditures related to emergency procedures, in-hospital health care services, and long 

term prescriptions.  

1.1.2.2 Triggering factors: 

Both host and environmental factors contribute to the development and onset of 

asthma. Epidemiologic studies have revealed that obesity (7), gender (8) and genetic 

factors (9) are intrinsic factors associated with asthma development. Additional efforts 

have been made to identify environmental factors influencing allergen-induced asthma. 

The identified allergens include domestic mites, furred animals, cockroach antigen, 

fungi, molds, yeast, and pollen antigen among others. These indoor and outdoor 

allergens can exacerbate asthma, but may not correlate with the development of asthma. 

The relationship between allergen exposure and sensitization is not straightforward, 

since it depends on the nature of the allergen, the dose, the time of exposure, and the 

age and gender of the patient (10). Other environmental factors such as viral infection, 

occupational exposure, tobacco use, air pollution, and diet, also contribute to the 

development and exacerbation of asthma (11), suggesting that the etiology of asthma is 
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far more complex than allergen-induced hypersensitivity. In fact, the diagnosis and 

definition of asthma encompasses multiple underlying molecular and cellular 

mechanisms and diverse pathogenesis pathways.   

1.1.3 Mechanism of atopic asthma 

1.1.3.1 Classification of asthma 

Clinically, asthmatic patients experience recurrent episodes of wheezing, 

breathlessness, chest tightness, and coughing, particularly at night or in the early 

morning (1). In general, these symptoms and clinical manifestations can be triggered by 

different types of stimuli, an allergen, an environmental factor, or an intrinsic condition. 

Depending on the stimuli, asthma can be classified into two major types, extrinsic 

asthma (allergic asthma or atopic asthma), which is typified by an allergen-induced 

sensitization and is accompanied by increased levels of serum IgE, and intrinsic (non-

allergic) asthma, which has no detectable sensitization and low serum IgE levels, and is 

mainly triggered by non-allergic factors such as cold air, occupational substance 

exposures, medication or exercise (12, 13).  

 

A controversy over these classifications has existed ever since the definition of 

intrinsic asthma was introduced by Rackemann in 1940 (12). Accumulating evidence has 

demonstrated clinical and pathophysiological characteristics that distinguish intrinsic 

and extrinsic asthma. Clinically, extrinsic asthma has an earlier onset of symptoms and 

less severe disease course than intrinsic asthma. Blood tests have revealed that 

individuals with extrinsic asthma have higher levels of total serum IgE as well as 
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antigen-specific IgE than individuals with intrinsic asthma. Moreover, the skin test for a 

specific antigen that is usually positive in allergic asthma is negative in intrinsic asthma 

(13). Studies have also demonstrated a different cytokine secretion pattern of IL-2, IL-4, 

IL-5 and IFN-γ between intrinsic and extrinsic asthma subjects (14, 15). Despite these 

findings, the discrepancy in the selection of sampled tissues, methods, and subjects 

might be responsible for a biased comparison between the two groups of patients. 

Studies have shown that there is a certain degree of allergic component in patients with 

intrinsic asthma that is possibly due to sensitization by unidentified allergens or self-

antigen (12). Most importantly, when considering the pathophysiological changes and 

cellular and molecular characteristics of both types of asthma, they seem to share a 

broad spectrum of common pathoimmunological mechanisms as opposed to involving 

distinct pathological pathways (16).  

1.1.3.2 Phathophysiology of allergic asthma 

Previously asthma was viewed as an airway smooth muscle disorder since smooth 

muscle spasms were considered to be the main pathophysiological mechanism for onset 

of the symptoms. However, as more in-depth research has been accomplished in the 

past decade, it is now widely recognized that airway inflammation, characterized by 

airway obstruction due to increased mucus production and airway remodeling, and lung 

tissue and blood eosinophilia, and an airway hyperresponsiveness (AHR) to a variety of 

stimuli (11, 17, 18),  is a common pathophysiological basis of asthma irrespective of 

different triggering factors. (17).  
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Pathogenesis studies have revealed that asthma is essentially a T helper 2 

lymphocyte-mediated inflammatory airway disease and type I hypersensitivity reaction, 

in which antigen presenting cells, DCs or macrophages, take up a specific allergen and 

present the processed antigen peptide to naïve CD4+ T cells that then proliferate and 

differentiate into Th2 cells, which in turn release Th2 cytokines such as IL-4, IL-5 , IL-9, 

and IL-13. By direct contact and IL-4 secretion, Th2 cells cause immunoglobulin switch 

to IgE in B cells. Soluble form of IgE binds to FcεRI on mast cells and basophils. Upon a 

second exposure, allergen binds to the cell-bound IgE, which causes IgE cross-linking, 

mast cell degranulation, and release of histamine, prostaglandin, and leukotriene. 

Chemoattractants are also released, enhancing eosinophils, neutrophils and basophils 

recruitment. These mediators also stimulate the sympathetic nervous system in the 

airways resulting in airway smooth muscle contraction. The inflammatory mediators 

also increase permeability of airway vasculature and lead to edema, increased mucus 

secretion by epithelial cells, and the transformation of epithelial cells into goblet cells. 

The cytokine released by Th2 cells are also able to attract inflammatory cells leading to a 

blood and lung eosinophilia. As a result of these cellular events, a narrowed, spastic 

airway is responsible for the clinical signs observed in patients (Fig. 1) (19-21). 
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Figure 1: Pathophysiology of Allergic Asthma: the cellular elements, 

inflammatory mediators and hallmarks of asthma pathogenesis 

1.1.3.3  Th1 and Th2 response in asthma 

Since asthma is a T helper 2 cell-mediated airway inflammatory disease; the 

skewing of T cell response towards Th2 is a key step for the establishment of an allergic 

condition in the airway. Naïve CD4+ Th0 cells have a potential to differentiate into 

either of two types of T helper effector cells that have distinct cytokine expression 

profiles: Th1 cells secrete IL-12, IFN-γ, TNF-β, and high levels of TNF-α, and th2 cells 
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express IL-4, IL-5, IL-6, IL-10, and IL-13, and low levels of TNF-α (1–3).  The two 

directions of T cell differentiation and cytokine secretion profile exert differential impact 

on the nature of the functional host defense responses in host defense (4–8).  Th1 

cytokines such as IFN-γ enhance cellular immunity by recruiting and activating specific 

cytotoxic lymphocytes, such as natural killer and CD8+ T cells, inducing delayed type 

hypersensitivity response, and are associated with intracellular pathogens. Th2 cells and 

Th2 cytokines are more prone to induce humoral immunity by activating B lymphocytes 

and generate higher levels of antigen specific IgE production, resulting in the 

involvement of mast cells and basophils in asthma. Th2 responses underlie the 

pathogenesis of the allergic disease and immunological response to parasites infection.   

 

The factors contributing to T cell differentiation include the chemical nature and 

dose of the antigen, the affinity of the peptide antigen–T-cell-receptor (TCR) interaction, 

and costimulatory interactions between cell-surface molecules such as B7 and CD28 

(22), CD40 and CD40L(23) (24), and PDL1/PDL2 and PD1 (25). The cytokine 

environment plays an essential role in driving T cell differentiation. IL-12 drives the 

differentiation of naive CD4+ T cells towards interferon (IFN)- –producing Th1 cells via 

activation of transcription factors Stat4 and T-bet, whereas IL-4, drives differentiation of 

IL-4–producing Th2 cells through Stat6 and GATA3. IL-2, via initiating IL-4 secretion 

by T cells, is necessary for the polarization of Th2 differentiation (26). The role of 

antigen presenting cells, such as dendritic cells, as the primary regulator in Th1/Th2 

differentiation has also been implicated (27). This has been supported by their 

indispensable role in T cell activation, in which DCs also secret the Th1 and Th2 
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cytokines that are necessary for T cell differentiation, especially considering a 

differential secretion profile (28-30) by various DC subsets (31-34).  

 

Different cytokine patterns determine T helper cell differentiation (35), and Th1 

and Th2 exhibit a counter-regulation relationship (36). This implies that manipulating 

the Th1/Th2 balance may be a potential approach to treat diseases caused by 

inappropriate skewing of T helper cell response, such as asthma. There have been many 

attempts to address whether or not an enhanced Th1 response counterbalances the Th2 

response in allergic disease, although mixed results have been obtained in regard to the 

role of Th1 cell activation. Cohn and coworkers reported that airway eosinophilia is 

inhibited by adoptive transfer of Th1 cells (37) through an IFN-γ-mediated anti-

eosinophilia effect (37, 38).  In another study involving adoptive transfer of OVA-

specific T helper cells, the coexistence of adoptively transferred antigen specific Th1 and 

Th2 cells reversed bronchial hyperresponsiveness and bronchoalveolar lavage (BAL) 

eosinophilia; this process was IFN-γ dependent (39). Furthermore, Th1 cytokine 

treatment in both human (40) and animal asthmatic mouse models (41, 42), have 

consistently shown a Th2 suppressive effect: reduced AHR, airway eosinophilia and IgE 

production. The opposite findings (43, 44) have also been obtained, which weakens the 

validity of using Th1 cells/Th1 cytokines thereby as an effective anti-asthma treatment 

(45). However, further study is warranted to define the role of Th1/Th2 balance in 

regulation of the asthmatic condition, with an emphasis on the composition of the 

overall cytokine profile.  

1.2 Dendritic Cell 
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Dendritic cells are a heterogeneous group of professional antigen presenting cells. 

Once they have been activated and matured, they are characterized by a common 

morphology of long dendrites. They differ in origin, localization, phenotype, cytokine 

production, and function. Dendritic cells were  first identified in the spleen by Steinman 

and Cohn in 1973 (46), and became a popular research topic soon thereafter due to their 

essential role in the control of T cell-mediated immunity.  

1.2.1 Origin and development of dendritic cells 

1.2.1.1 Myeloid and lymphoid origins 

Dendritic cells, like other types of immune cells, are derived from bone marrow 

hematopoietic stem cells (Fig 2.) (47).  The surface expression of CD8 antigen on 

different DC subsets in lymphoid organs led to the dichotomous classification of 

dendritic cells into ‘lymphoid’ and ‘myeloid’ origins (48, 49). Adoptive transfer of 

myeloid and lymphoid progenitors from bone marrow into irradiated animals 

reconstituted CD8+ and CD8- DC populations (50, 51). This result demonstrates that 

myeloid and lymphoid progenitors can differentiate into CD8+ and CD8- dendritic cells 

of lymphoid organs. Therefore, the phenotypic characteristics do not accurately reflect 

cell lineage of DCs.  
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Figure 2: Mouse DC development from bone marrow hematopoietic stem 

cells and lineage-committed progenitors. HSC, hematopoietic stem cell; MPP, 

multipotent progenitors; CMP, common myeloid progenitors; CLP, common lymphoid 

progenitors; GMP, granulocyte and macrophage precursors; M-DCP,  Macrophage and 

DC precursors, cDC, conventional DC, GM-CSF, Granulocyte and macrophage colony 

stimulating factor. [Figure was modified based on Development of dendritic-cell 

lineages. Immunity 26:741-750. Wu, L., and Y. J. Liu. 2007 (47)] 

1.2.1.2 DC precursors 

The common myeloid or lymphoid progenitor cells serve as the major source of 

maintaining dendritic cell homeostasis in peripheral lymph organs in steady state, while 

the DC immediate precursors can be rapidly recruited and differentiated into immature 
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DCs to supply the peripheral DC pool and react to inflammatory stimuli (52). A number 

of studies have revealed that human peripheral monocytes serve as DC precursors that 

can differentiate into dendritic cells in the presence of GM-CSF and IL-4 (53). As a 

result, blood monocytes have been widely used as a source to generate DCs to study DC 

biology. In addition, León and colleagues have demonstrated that monocyte-derived 

DCs can extravasate from blood and home to the spleen, serving as immediate 

precursors of lymphoid organ CD8+ and CD8- DCs (54). This supports the previous 

similar findings in mice (55). Furthermore, O’Keeffe et al. identified two types of DC 

precursors in mouse blood with cell surface phenotype CD11clowCD11b-CD45RAhi and 

CD11c+CD11b+CD45RA-,  that are putative precursors for plasmacytoid and conventional 

DC, respectively (56). Monitoring the phenotypic changes of these DC precursors in 

allergic states will help define the source of lung DCs.  

1.2.1.3 Flt3-Flt3-L and DC development 

It is noteworthy that Flt3-expressing common lymphoid and myeloid progenitors 

demonstrate superior ability to differentiate into both conventional and plasmacytoid 

dendritic cells in the mouse spleen and thymus (57, 58). These cells are responsive in 

vivo to Flt3-L administration and develop into dendritic cells (58), which suggests a 

pivotal role for Flt3-Flt3-L interactions in DC development. Hieronymus et al. 

developed an in vitro system for obtaining Flt3+CD11b+ progenitors from bone marrow, 

and also demonstrated that these cells possess the potential to develop into the whole 

spectrum of DCs: CD11b+, CD11b- DC and CD8+ and CD8- DC in vivo (59). The role of 

Flt3-Flt3-L in DC development in peripheral lymphoid tissue was further defined by 
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Waskow and colleagues in 2008. They observed that superphysiological levels of Flt3-L 

can expand the population of committed DC progenitors in bone marrow, whereas 

physiological levels are sufficient and necessary for controlling DC division in peripheral 

tissues. Thus, the role of Flt3-expressing hematopoietic progenitors in DC development 

has been well established. However, further study is needed to delineate the role of Flt3-

Flt3-L on DC development in non-lymphoid tissues.    

1.2.2 Dendritic cell phenotype and subsets 

Dendritic cells are heterogeneous in many ways. DC subsets are usually defined 

in the context of a specific organ or tissue based on their phenotypic or functional 

characteristics.  In humans, due to the accessibility of tissue samples, only blood DC 

subsets have been thoroughly described.  

1.2.2.1 DC subsets in blood 

Two subsets of blood DCs, myeloid and plasmacytoid DCs, were identified 

according to the expression of CD11c, a beta2 integrin. Using a method of gradient 

centrifugation to isolate blood DCs, both DC subsets can be collected from the Buffy coat 

layer, the cell fraction containing peripheral blood mononuclear cells (PBMC). Human 

blood myeloid DCs are further divided into mDC1, which uniquely express CD1c (BDCA-

1), and mDC2, which uniquely expresses CD141 (BDCA-3). By comparison, blood 

plasmacytoid DC expresses CD123 and CD303 (BDCA-2) but not CD11c (47).  
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1.2.2.2 DC subsets in spleen and lymph nodes 

Mice DC subsets have been very well characterized in multiple tissues and organs. 

All mouse DCs fall into two categories: non-lymphoid tissue migratory and lymphoid 

tissue-resident DCs, and plasmacytoid DCs (interferon-producing DCs) (52). In spleen, 

DCs can be divided into three major subsets according to the surface phenotype: 

CD11c+CD8α+CD205+CD4-CD11b-, CD11c+CD8α-CD205-CD4+CD11b+, and CD11c+CD8α-

CD205-CD4-CD11b+ (60, 61). Functionally, CD8+ DCs are more involved in MHC class I 

presentation and inducing cellular immunity, whereas CD4+ DCs are involved in MHC 

class II presentation (62).  CD8+ and CD8- splenic DCs also demonstrate a differential 

impact on determining the direction of T helper cell response; CD8α+ DCs are more 

prone to induce a Th1 response while CD8α- DCs lead to a Th2 response (63, 64). In 

lymph nodes, two subsets of DCs, CD4-CD8-CD205+CD11b+, and CD4-

CD8lowCD205+CD11b+, are found in addition to the three DC subsets in the spleen (49, 

65). The reason for the more diverse phenotypes of DC in lymph nodes is that both 

blood-derived lymphoid tissue-resident DCs and migratory DCs from afferent 

lymphatics are present (66). DCs in upstream non-lymphoid organs may take up 

antigen and migrate towards lymphatic chemokine gradients to the lymph nodes.  

1.2.2.3 Lung DC subsets 

DC homeostasis in peripheral lung tissue demonstrates highly a dynamic nature 

due to the lung’s direct exposure to pathogens and allergens in the external environment. 

CD11c and CD11b are two types Beta2 integrins thought to have restricted expression in 

leukocytes of myeloid origin (67). These markers have been used as markers to define 
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the DC and macrophage populations because of distinct expression levels in different 

subsets in addition to inducible markers like MHCII and costimulatory molecules (68) 

(69). 

 

Little information is available regarding lung DC subsets and their phenotypic 

properties. Lung myeloid DCs, with a phenotype of CD11c+CD11bhiB220-Gr-1-, are 

thought to play a major role in inducing allergic airway inflammation in response to 

allergen challenge (70). A DC population with a surface phenotype of CD11cintGr-

1+B220+ has been identified in mouse lymph nodes (71), and these cells are able to 

produce type 1 interferon and demonstrate tolerogenic potential, which led to the notion 

that they are the murine counterpart of human plasmacytoid DCs (72). In 2006, 

Lambrecht and colleagues demonstrated that lung plasmacytoid DCs with CD11cintGr-

1+B220+ phenotype suppressed the T cell division and effector T cell generation induced 

by myeloid DCs (73) confirming the involvement of plasmacytoid DC in regulating lung 

inflammation. In addition, Omid et al. reported that an IL-10-producing lung DC 

population with a phenotype of CD80+CD86+CD40+MHCII+CD8- can induce pulmonary 

tolerance, which establishes the role of IL-10 in DC biology (74). Koya and colleagues 

demonstrated that IL-10 treated DCs can reverse allergic airway inflammation (75). A 

lung DC population, with a phenotype of CD11chighCD11blowCD103+ has been recently 

discovered and its function appears to be related to increased IL-12 production (76), 

CD8+ T cell stimulation, and particulate antigen uptake (77). Dunne et al. reported that 

lung CD11c+CD8α+ and CD11c+ CD103+ DCs provide protection against respiratory 

pertussis infection by enhancing a Th1 response (78). Thus, lung dendritic cells 

demonstrate highly flexible phenotypes and often accomplish diverse and opposing 
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functions. More thorough studies are necessary to further define the functional role of 

lung DCs. 

1.2.3 Lung DC activation, maturation, and T helper cells 

In the steady state, DC precursors are generated in the bone marrow, circulate in 

the peripheral blood, and home to lung tissue where they become resident DCs to 

maintain lung DC homeostasis. Under inflammatory conditions, such as allergen 

exposure, DC precursors are rapidly recruited to the lung by chemoattractants such as 

MIP-3α, that are secreted by a variety of sources like epithelial cells, endothelial cells, 

and other inflammatory leukocytes. The DC precursors then become immature DCs, a 

developmental stage where they demonstrate a high capacity to sense and sample 

antigen. Once immature DCs encounter and take up an allergen in the inflamed lungs, 

the DC undergoes a series of cellular and molecular changes, defined as DC ‘activation’ 

or ‘maturation’. Upon activation, DCs upregulate expression of the lymphatic chemokine 

receptor CCR7 permitting them to migrate in response to a lymphatic chemokine 

gradient created by cells in draining lymph nodes. At the same time, the DCs also 

upregulate expression of co-stimulatory molecules such as CD80, CD86, CD83, and 

CD40, whose expression levels are indicative of DC maturation. In the draining lymph 

nodes, migratory DCs encounter CD4+ naïve T0 cells. MHCII molecules loaded with 

peptide, screens naïve T cells and activate the one whose T cell receptor has the highest 

affinity for the antigen. In this process, two other signals are required: the engagement 

of co-stimulatory molecules to their receptors and the cytokines environment.  The 

outcome of the DC-T cell interaction is determined by multiple factors including the 
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chemical nature of the antigen, involvement of the co-stimulatory molecules, the 

cytokine profile, and the DC involved subset (79).  

 

Figure 3: DC-T cell interaction. Three signals, binding of MHCII loaded with 

antigen peptide to T cell receptor, engagement of co-stimulatory molecules with their 

receptors, and the cytokine milieu, are needed for DCs to induce T cell proliferation. +, 

stimulate; -, inhibit. (Figure modified from Lipscomb, M. F., and B. J. Masten. 2002. 

Dendritic cells: immune regulators in health and disease. Physiol Rev 82:97-130 (80). 
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1.2.4 Co-stimulatory molecules and dendritic cells 

The interaction between MHC class II molecule and the T cell receptors (TCR) 

serves as the first signal in the “two signal model”. The second signal is mediated by the 

engagement of co-stimulatory molecules on DCs to their receptors on T cells. The 

expression levels of co-stimulatory molecules are crucial in determining the 

consequence of the DC-T cell interaction since low expression of co-stimulatory 

molecules causes T cell anergy (81).  The B7 family members, CD86 and CD80 bind to 

their receptors CD28 or CTLA4, eliciting costimulatory or inhibitory effects, respectively. 

Two new B7 family members, B7-H1 (PDL1) and B7-DC (PDL2) and their binding 

receptor PD1, have been identified and shown to play bi-directional regulatory roles in T 

cell activation (81, 82). The PD-1 (CD279) is a 55 kDa type I transmembrane protein of 

the Ig superfamily, with an extracellular region having one V-like domain. PD-1–PD-L1 

belongs to the CD28–B7 signaling family and their interaction leads to a down-

regulation of T-cell activity (83). Studies by Latchman and colleagues have shown that 

the interaction between PD-L1 and PD-1 results in cell cycle arrest in G0/G1, but does 

not increase cell death (84). Multiple studies support that the PDL2-PD1 pathway 

inhibits T cell proliferation and inflammatory cytokine production (84-90). Chen and 

colleagues have demonstrated that antibody blockage of PD-L1 and PD-L2 exacerbates 

inflammation by increasing IL-2 production and T-cell proliferation (91). PDL1 is 

broadly expressed while PDL2 is only expressed on DCs and microphages. The relatively 

greater role of IFN-γ in stimulating PD-L1 expression and IL-4 in stimulating PD-L2 

expression, suggesting that PD-L1 and PD-L2 may have distinct functions in regulating 



Zhifei Shao   

35 

Th1 and Th2 responses (81). PD-L2 has been shown to have two to six times higher 

binding affinity for PD-1 than PD-L1 (92).  

1.3 Dendritic Cell Migration 

Chemokines belong to a large family of proteins produced by a variety of immune 

and non-immune cells with an essential role in guiding the migration of inflammatory 

cells migration. Most chemokine receptors can bind multiple ligands and most 

chemokines can bind multiple receptors (93). The efficiency of dendritic cells to induce 

an immune response is dependent on their migratory potential, the response to 

chemotactic factors and migratory speed. The migratory activity is driven by binding of 

chemokines to receptors that are expressed on DCs. Chemokine gradient in the tissue 

functions as a guide for DC’s migratory activity.  

1.3.1 Chemokines, chemokine receptors and DC recruitment 

Other than resident DCs in peripheral tissues, most DCs are recruited from the 

bloodstream to the site of peripheral inflammation in response to antigen invasion or 

inflammation thus allowing enhanced antigen presentation. This process establishes a 

chemokine gradient that guides DCs to migrate toward the site of inflammation. 

Following contact with specific antigen, activated DCs migrate to a secondary lymphoid 

organ along a chemokine gradient using the same mechanisms to interact with 

appropriate T cells, and elicit either tolerance or T cell proliferation. 
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After DC precursors enter the lung tissue, they differentiate into immature DCs. 

As a result, the expression of chemokine receptors changes from two receptors, CCR2 

and CXCR4 being expressed on DC precursors, into a wide range of receptors including 

CCR1, CCR2, CCR4, CCR5, CCR6, and CXCR4 on immature DCs. Binding of their 

ligands by these receptors plays an important role in stimulating DC migration to the 

site of inflammation (93-96). Robays and colleagues have reported that CCR2, but not 

CCR5 or CCR6 contributes to DC accumulation in inflamed lungs in asthmatic mice (97). 

The CCR2, CCR5 and CCR6 are postulated to play a similar role when guiding DC 

precursors to peripheral tissue, but the mechanisms vary in different immunological 

settings (98). The ligands for the aforementioned chemokine receptors, including CCL2, 

CCL3, CCL20, and CXCL12, are secreted by a variety type of cells. Their expression 

largely determines the migratory behavior of DC under asthmatic conditions. Different 

subsets of DCs may have unique expression patterns of chemokine receptors. Specific 

chemokine receptors may function under certain conditions such as uninfected versus 

inflammatory states, or be responsible for recruiting DC precursor to the site of 

inflammation (95, 98, 99). It is noteworthy that the response of DCs to chemokines 

reflects the maturation status of the DCs. This is evidenced by the fact that mature 

monocyte-derived dendritic cells respond more strongly to CCL19, a CCR7 ligand, than 

to CXCL12, a CXCR4 ligand, which results in a directional migration (100). (Fig. 4) 

1.3.2 Lymphatic chemokines and receptors 

CCR7 is thought to play a unique role in guiding the migration of activated DCs to 

secondary lymphoid organs, in both steady-state and inflammatory conditions (94, 101). 
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Studies have demonstrated that DC crucially rely on CCR7-directed migration for the 

induction of protective immunity as well as for the establishment of immunological 

tolerance (102). CCR7 ligands CCL19 and CCL21 are highly expressed by stromal cells in 

the T cell-rich area of lymph node areas and by endothelial cells on the luminal side of 

the high endothelial venules (HEV) and afferent lymphatic vessels. Binding of these 

ligands to their cognate receptors stimulates antigen-bearing DCs to migrate towards T 

cell zone of lymph nodes (103, 104). Studies have also demonstrated that the CCR8 

receptor is involved in DC migration to the lymph nodes (105, 106). (Fig. 4) 

 

Figure 4: Lung DC recruitment, activation, maturation and migration to 

thoracic lymph nodes.  

1.4 Flt3-L 
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FMS-like tyrosine kinase 3 (Flt3) is a member of the type III receptor tyrosine 

kinase (RTK) subfamily, which also includes macrophage colony-stimulating factor (M-

CSF) receptor, Steel factor receptor (KIT), and PDGFR, the receptors for platelet-

derived growth factors A and B (107).  The ligand of Flt3, Flt3-L is a type I 

transmembrane protein belonging to a small family of cytokines including stem cell 

factor (SCF) and M-CSF (108). So far, Flt3 is the only identified receptor for Flt3-L.  

1.4.1 Biochemical characteristics of Flt3-L 

Mouse and human Flt3-L proteins have 231 and 235 amino acids, respectively, of 

which, 72% of the amino-acids are identical. Homology is highest in the extracellular 

region of the protein, where the ligand binding activity occurs (109, 110). Several 

biologically active isoforms of human and mouse Flt3-L have been discovered (109, 111). 

Human Flt3-L has cross-species reactivity with murine Flt3 receptors and can activate 

tyrosine kinase activity and stimulate cell growth (112, 113). Flt3-L can be released from 

cell membrane as a soluble homodimeric protein as a result of proteolytic activity. Both 

membrane-bound and soluble forms of Flt3L can activate Flt3 receptor tyrosine kinase 

and stimulate cell growth (114-116). 

 

1.4.2 Expression of Flt3-L and Flt3 

Flt3 mRNA and cell surface protein are expressed in a broad range of murine and 

human hematopoietic and leukemia/lymphoma cell lines. In normal human and murine 

cells, the Flt3 receptors are primarily expressed on CD34+ myeloid and lymphoid 
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progenitors in the very early stages of hematopoiesis. Examples of these cells include 

common myeloid and lymphoid progenitors, granulocyte-monocyte colony forming 

units and proB, proT and early NK cells, (109, 116-119). These progenitors all possess 

the potential to differentiate into granulocytes, monocytes, B cells, and T cells, but not 

erythroid cells, mast cells or megakaryocytic cells (108, 116). In murine peripheral 

lymphoid tissues, steady-state DCs in thymus, spleen, and epidermis, express Flt3 (58). 

This confirms that Flt3-L is involved in the regulation of DC development. In addition, 

the expression of Flt3 occurs in most hematologic malignancies and its expression 

profile appears to be similar to its counterpart of the normal cell (110).  

 

In contrast to the limited expression pattern of Flt3 receptor in humans and 

murine animal models, Flt3-L is widely expressed in most hematopoietic and non-

hematopoietic tissues. The highest levels of Flt3-L mRNA were detected in human 

peripheral mononuclear cells (PBMC). Organs that express Flt3-L include bone marrow, 

lung, colon, ovary, testis, heart, liver and placenta, spleen, thymus, prostate, kidney, 

brain, and intestine (120). Flt3-L is present in intra-articular synovial fluid, a site of 

inflammation in human rheumatoid arthritis implicating its involvement in 

automimmune disease (121). In terms of the cell types that are able to produce Flt3-L,  

bone marrow endothelial cells have been shown to be an important source of Flt3-L 

(122); bone marrow stromal cells spontaneously produce Flt3-L (123).  

 

The biological effect of the Flt3-L is strictly dependent on the engagement of 

either membrane-bound or soluble isoforms Flt3-L with Flt3. According to the 

expression characteristics of Flt3 and Flt3-L in the particular tissues, this process has 
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been proposed to be achieved in the following ways. Expression of both Flt3-L the Flt3 

receptor by the same cells suggests both autocrine and paracrine signaling mechanisms 

(124). This mostly occurs in hematopoietic organs such as the bone marrow. 

Additionally, cells that only express membrane-bound Flt3-L can only exert their effect 

on adjacent cells via cell-to-cell contact and thus serve as a regulatory ligand in the local 

microenvironment. This has been observed in T lymphocytes and stromal fibroblasts in 

bone marrow (108),  a neural crest-derived tumor cell line (125), and a human colorectal 

cancer cell line (126). Lastly, the soluble form of Flt3-L can affect distant organs.  

 

Flt3-L is maintained at a very low level in healthy individuals. The producers of 

soluble Flt3-L are only located in hematopoietic organs such as the bone marrow. Flt3-L 

expression levels appear to be regulated by a feedback loop, in which a failure of 

hematopoiesis in bone marrow can boost Flt3-L expression and thus enhances the 

hematopoiesis. It has been observed that patients with leukopenia (127), severe 

pancytopenia (128), or patients who have undergone chemotherapy, have higher 

plasma/serum Flt3-L levels (129).  

1.4.3 Flt3 and Flt3-L signal transduction pathway  

The molecular events initiated after Flt3-L binds to Flt3 receptor have been 

investigated mainly in mouse models and human cell lines, and are critical to cell 

proliferation and apoptosis regulation. Similar to other common RTK, Flt3-L binding 

activates three downstream cascades including the Ras-Raf-Mek-Erk, PI3K,-PDK1-Akt, 
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and PLCγ-IP3-Ca/PLCγ–DG-PKC pathways, resulting in alterations in cell proliferation, 

differentiation, and apoptosis. 

 

The signal transduction pathways activated by Flt3-L binding may vary between 

cell types and possibly between species. Limited information is available regarding 

which pathway Flt3 activates to regulate dendritic cell development and differentiation. 

However, in an attempt to demonstrate the regulatory role of Flt3-L-Flt3 in 

hematopoietic cell migration, Flt3-L-Flt3 interaction was shown to regulate 

CXCL12/CXCR4 axis signal transduction. The synergistic effect of Flt3-L plus CXCL12 

on cell migration was associated with enhanced phosphorylation of mitogen-activated 

protein kinase p42/p44 (MAPK p42/p44), activation of cyclic adenosine 

monophosphate response element binding protein (CREB), and Akt, the downstream 

factors of Ras-Raf-MAPK, PKA and PI3K pathways, suggesting that these pathways are 

involved in the Flt3 signaling pathway. Prolonged exposure to Flt3-L inhibited CXCL12-

mediated phosphorylation of MAPKp42/p44, CREB, and Akt, and impaired migration 

toward CXCL12. This finding suggests that there is a more complicated interaction 

between Flt3/Flt3L and the CXCL12/CXCR4 signal transduction pathway controlling 

the transformation, traffic and homing of hematopoietic cells (130). Moreover, Stat3 is 

crucial in regulating the development of dendritic cells (131); Flt3 signaling induces 

transcription of Stat3, as well as PU.1 and G-/M-/GM-CSFR, which are important for 

the development of interferon producing cell, dendritic cells, and 

granulocyte/macrophage development (132).  
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1.4.4 Flt3-L in normal hematopoiesis 

Of interest to hematologists, the mutation of Flt3 and ligand-independent 

activation of Flt3 contribute to development of acute myeloid leukemia and is associated 

with a poor prognosis (110, 124, 133-135). In the context of normal hematopoiesis, Flt3-

L exerts profound hematopoietic effects on proliferation of normal myeloid and 

lymphoid progenitors when combined with other hematopoietic growth factors and 

interleukins, such as interleukin 3 (IL-3), granulocyte colony-stimulating factor (G-CSF), 

colony-stimulating factor-1 (CSF-1), and granulocyte macrophage colony-stimulating 

factor (GM-CSF) (108, 109, 136-138). As expected, Flt3-knockout mice exhibit relatively 

normal hematopoiesis, with no gross morphological changes in the bone marrow (139). 

Moreover, a recent study by Buza-Vidas et al. employing Flt3-L -/- and Flt3 -/- mice 

demonstrated that both Flt3-L and Flt3 were dispensable for maintenance and 

expansion of hematopoietic stem cells (140). This further supports the concept of 

synergistic function of Flt3 in hematopoiesis. However, scientists are still attempting to 

utilize Flt3 as a therapeutic target in treating hematopoietic malignancies. Some 

progress has been made. Inhibition of Flt3 by imatinib, impaired CD34+ progenitor cells 

growth in vitro and increased apoptosis (141); In vivo blockage of Flt3-L by an antibody 

had a similar inhibitory effect (142).   

1.4.5 Flt3-L and generation of dendritic cells 

Extensive studies have focused on the ability of Flt3-L to potentiate dendritic cell 

development and expansion since the initial study demonstrating that Flt3-L 

dramatically increases the number of DCs in several tissues (143). In addition to 
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affecting hematopoietic progenitors, studies in Flt3-L knockout mice demonstrated that 

Flt3-L affects the generation, phenotype, and functional aspects of specific cell lineages 

such as NK cells and DCs (144). Studies using a Flt3 inhibitor (145) and in vivo over 

expression of Flt3-L (146) further confirm the unique role of Flt3-L in DC biology. 

1.4.6 Synergistic effect of Flt3-L and DC generation 

The synergistic effect of Flt3-L impacts the phenotype and function of Flt3-L-

generated dendritic cells when Flt3-L is administered with other growth factors. A 

number of studies used a combination of Flt3-L and GM-CSF to investigate DC 

development since both are important in DC biology (147, 148). A study involving bone 

marrow derived dendritic cells has shown that treatment of these cells with Flt3-L and 

GM-CSF has a greater effect on generating both CD11blow and CD11bhigh DC than with 

either cytokine alone. Moreover, these DCs were more efficient at antigen capture ability. 

When interacting with T cells, Flt3-L-generated DCs more efficiently primed Ag-specific 

CD8+ T cells than DC generated with either pGM-CSF alone or Flt3-L+pGM-CSF (149).  

Another in vivo study has shown that spleen DCs from pGM-CSF-treated mice are more 

capable of capturing and processing antigen than DC from Flt3-L-treated mice (150).  

Similar functional differences have been observed in an antitumor study in which DC 

generated with GM-CSF/IL-4 and matured with TNF-γ, LPS, or CpG, stimulated more 

robust allogeneic T-cell responses than the one produced by Flt3-L/LPS-generated DCs 

(151). In fact, under physiological conditions, the concerted actions of both GM-CSF and 

Flt3-L determines and maintains the homeostasis of dendritic cells (152).  Likewise, the 

administration of Flt3-L under disease conditions, such as a Th2 dominated asthma, 
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might contribute to the generation of specific dendritic cells (34). Therefore, the 

composition of hematopoietic growth factors present in the microenvironment largely 

determines the phenotype and function of DCs. Many disease conditions are 

accompanied by a complex cytokine microenvironment, which influences DC biology. 

1.4.7 Flt3-L and lung DC subsets 

Flt3-L influences the generation and phenotype of a particular mouse DC subset. 

Early reports suggested that both myeloid (CD11c+CD11b+CD8α-) and lymphoid 

(CD11c+CD11b-CD8α+) DC subsets were expanded in vivo following Flt3-L 

administration (58). Also, both myeloid-related (CD11c+CD8α-) and lymphoid-related 

(CD11c+ CD8α+) DC numbers were reduced in the spleen, LN, and thymus in Flt3-L-/- 

mice DC (144). However, more recent reports have shown that Flt3-L preferentially 

increases the number of functionally active myeloid-related DCs in the lungs of mice, 

both lymphoid and plasmacytoid DC populations were expanded to a lesser extent (153). 

Since the lung is neither a hematopoietic nor lymphoid organ, the dynamic changes in 

DC subsets will be attributed to a number of factors including the composition of growth 

factors present. Another type of DC, the natural killer dendritic cell (NKDC) is a unique 

class of murine immune cells with characteristics of both natural killer (NK) cells and 

DC, It has been reported that Flt3-L treatment expands this DC population by 2-18 fold 

in several organs, enhancing anti-tumor immunity (146). It is well accepted that 

different DC subsets play specific functional roles in immunity. Therefore, the finding 

that Flt3-L administration stimulates the generation of DC subsets with special 

phenotypes and functions will shed light on a new area of DC research. 
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Compared to regular DCs, Flt3-L-generated DCs demonstrate some different 

functions. For example, Miller et al. reported that DCs generated by recombinant 

murine Flt3-L have a tolerogenic effect on T cells in several mouse models of cancer. 

This suggests that a tolerogenic DC subset might be generated under the influence of 

Flt3-L administration (154). The Flt3-L-generated splenic DCs express high levels of 

CD8 , DEC205, and B220 and also express moderate levels of MHC class I, MHC class 

II, CD40, CD54, and CD80 compared to the splenic DCs generated from mice treated 

with saline (154). Direct evidence that Flt3-L treatment generates a special DC subset is 

that Flt3-L-treated bone marrow cultures contain distinct CD8+ conventional DCs 

functionally similar to splenic CD8+ DCs although the phenotype is different (155). 

Lastly, Flt3+CD11b+ progenitors can develop into both CD11b+ and CD11b- DC, and 

CD8α+ and CD8α- DC in vivo, the two main conventional DC subtypes (59). This implies 

that Flt3+CD11b+ cells might be the most active progenitors under the influence of Flt3-

L.  

1.4.8 Immunological effect of Flt3-L 

A relatively high level of Flt3-L is only detected in bone marrow and peripheral 

lymph organs, whereas Flt3-L is maintained at very low levels in the circulation under 

physiological conditions (110). FLT3-L promotes dendritic-cell development and 

expands dendritic cell population in the bone marrow, spleen, lymph nodes and 

peripheral blood (156), enhancing the antigen presentation activity in immune response 

since dendritic cells are the most efficient APC. This finding warrants the exploration of 
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Flt3-L as a potential immunomodulator in the intervention of multiple disease 

conditions such as cancer, infection, and vaccination (151, 157-161).  

 

Generally, Flt3-L administration enhances an anti-intracellular pathogen, 

cytotoxic immune response or induces T helper 1 cell responses in a number of in vivo 

and in vitro studies. For example, Pulendran and colleagues showed that Flt3-L 

injection of mice dramatically expands mature lymphoid-related DC subsets, inducing 

high levels of Th1 cytokine secretion IL-2 and IFN-γ, but little or no Th2 cytokine 

response (162). Another study by Liu et al. demonstrated that the vaccination by 

adenovirus-Flt3-L-transfected DC stimulated a stronger CD4+ Th1 activation, enhanced 

tumor-specific cytotoxic T lymphocyte (CTL) and non-specific NK responses than the 

vaccination with untransfected DCs (163). Flt3-L-treated newborn mice demonstrated 

significantly increased resistance to virus and bacteria infections. The expansion of the 

CD11c+B220+ and CD11c+MHCII+ DC subsets might enhance immunity (164). Although 

the combination of Flt3-L and GM-CSF treatment causes increased tumor infiltration by 

dendritic cells, there was no convincing therapeutic effect in mouse model (148). In 

addition, the role of Flt3-L in protecting against infection through its unique capability 

as an APC promoter was studied. Although an enhanced Th1 response was observed, 

Flt3-L treatment does not lessen the severity of acute inflammation (165, 166). On the 

other hand, it has been suggested that while Flt3-L dramatically increases the DC 

number, it might not be positively associated with an increased immunity. The optimal 

parameters of DC expansion need to be defined for an efficient host defense (167).   
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1.4.9 Flt3-L and asthma 

Investigations in our laboratory have demonstrated the effect of Flt3-L on allergic 

airway inflammation and AHR in a mouse model of allergic asthma. Flt3-L treatment 

not only prevents the development of allergic airway inflammation and AHR but also 

reverses established features of allergic asthma. The findings in our previous studies 

include: (a) Flt3-L prevents ovalbumin (OVA)-induced allergic airway inflammation and 

suppresses the late allergic response and AHR (168), (b) Flt3-L treatment reverses 

allergic airway inflammation and the associated changes in pulmonary function in a 

murine asthma model (34), (c) treatment of mice with a Flt3-L-expressing plasmid 

completely reverses established AHR and airway remodeling; this effect lasts for at least 

7 weeks even after several intermittent exposures to allergen (159, 169). Although these 

observations suggest that Flt3-L could be a useful treatment for asthma induced by a 

diversity of antigens, more studies must be done to investigate the mechanisms 

underlying Flt3-L’s therapeutic effect.  

1.5 Objectives and Specific Aims 

The central hypothesis was generated given the central role of DC in controlling T 

cell-mediated immunity and the unique effect of Flt3-L on DC biology.  

 

Central Hypothesis: 

Flt3-L regulates the generation, phenotype and function of lung DC subsets 

leading to Th2 suppression in a mouse model of allergic asthma. 
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1.5.1 Specific aim 1: 

To examine the effect of OVA-sensitization and Flt3-L treatment on the 

generation, phenotype, and function of lung dendritic cell subsets in a mouse model of 

allergic asthma.  

1.5.2 Specific aim 2: 

To examine the role of Flt3-L in regulating the migratory pattern and antigen 

uptake/processing of lung dendritic cell subsets in a mouse model of allergic asthma. 

1.5.3 Specific aim 3: 

To examine the expression of calcium-activated potassium channel KCa3.1 in 

lung DC subsets and determine the role of KCa3.1 in lung DC migratory response to 

lymphatic chemokines in a mouse model of allergic asthma. 
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CHAPTER 2: 

2 GENERAL MATERIALS AND METHODS 
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The materials and methods used in a particular experimental setting will be 

described in more detail in the individual chapters. The present chapter will describe the 

current perspectives on mouse the model of asthma and invasive and measurement of 

non-invasive (whole body plethysmography) pulmonary function. The reagents, 

solutions, and buffers that have been used in the study are also listed in this chapter. 

2.1 Mouse Models of Allergic Asthma 

Despite the recognition of differences between mouse model of asthma and 

human asthma (170, 171), the mouse model of allergic airway inflammation and asthma 

is widely used in allergy and immunological research because of its availability and 

inexpensive cost of experimental animals, well-established sensitization and challenge 

protocols, accessibility of the entire mouse DNA sequence, and most importantly, the 

high similarity in the allergen-induced immune response and pathophysiological 

manifestations between human patients and mice (172, 173). Specific reagents and 

devices for functional tests, such as pulmonary function, have also been developed for 

mice and are commercially available (171, 174).  

 

BALB/c and C57BL/6 inbred mice are the most commonly used experimental 

animal strains in asthma studies. BALB/c mice are thought to be more susceptible to 

Th2 hypersensitivity in response to an allergen as compared to C57BL/6 mice. Therefore, 

they are consider to be better for studying early or mild asthma in which symptoms are  

not well developed but these mice have an intense functional response to allergen. In 

contrast, asthmatic C57BL/6 mice demonstrate more severe inflammation, e.g., more 
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severe eosinophilia because of the different genetic background (175). For those reasons, 

BALB/c mice are a better candidate for this study than C57BL/6 mice. 

 

Most mouse models of allergic airway inflammation and asthma are based on 

artificial sensitization of a naïve mouse to a foreign antigen. The commonly used 

antigens include ovalbumin (176), cockroach antigen (177), or house dust mite (DHM) 

antigen (178, 179). The allergen-adjuvant mix [usually aluminum hydroxide (AlOH3)] 

(180) is administered to a naïve mouse by intraperitoneal injection to induce the innate 

immune response. This is followed by a second dose at a fixed time interval (one or two 

weeks) to induce adaptive immunity (181). A further antigen exposure to the lungs in the 

form of aerosol or intranasal injection will elicits a typical acute allergic inflammation in 

the lungs that is characterized by eosinophilia. Long term repeated exposure to the same 

allergen at a regular frequency will maintain the level of lung inflammation. This mimics 

the course of chronic allergic asthma characterized by airway remodeling, decreased 

eosinophilia in some cases, elevated levels of neutrophil infiltration, and worsened AHR 

(179, 181).  

2.2 Non-invasive (whole body barometric plethysmography) versus 

Invasive Measurement of Pulmonary Function in Mouse Model 

Establishing AHR is one of the most important steps for a mouse model of 

asthma. Non-invasive single-chamber barometric plethysmography, (e.g. Buxco System), 

has been widely used in asthma research to evaluate the AHR to increasing doses of 

cholinergic stimulation in unrestrained conscious mice because of its simplicity, and 
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suitability for longitudinal study (182). The enhanced pause (Penh), an indicator of AHR, 

is calculated using the box pressure signal during inspiration and expiration and the 

timing of early and late expiration (Fig. 5) (182). However, there is controversy 

whether or not Penh value correlates well with the airway resistance since it can be 

affected by the temperature, humidity and the motion of mouse inside the chamber 

(183-185). Instead, an invasive method of pulmonary function measurement (186) 

involving anesthesia, tracheotomy, tracheal intubation, and mechanical ventilation is 

currently recommended because it better assesses lower airway mechanics and dynamic 

compliance of lungs. However, the technique is time consuming so it limits data 

production. Furthermore, it requires the investigator to subtly control the dose of 

anesthetics plus to have considerable expertise at animal surgery and respiratory 

physiology (187). In this invasive method, pulmonary function is determined by 

measuring pulmonary resistance (RL) and calculating dynamic compliance (Cdy) (188), 

which can be calculated by fitting an equation of motion to the measurements of 

pressure, flow and volume (186, 189).  In this equation, PTP = V × RL+ VT/Cdyn, PTP is 

transpulmonary pressure (or in the mouse ≈ transrespiratory pressure), V is tidal 

airflow, RL is pulmonary resistance, VT is tidal volume, and Cdyn is dynamic pulmonary 

compliance. The non-invasive method can still be used for screening purposes while the 

most important pulmonary function data should be verified or generated by the invasive 

method. Both methods were used in these studies.  
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Figure 5: Computation of the parameters measured by barometric 

plethysmography (182). 

2.3 Sensitization Protocol 

The sensitization and treatment protocol followed is shown in Fig. 6. Four to five 

week BALB/C female mice were divided into sensitized and non-sensitized groups. 

Sensitized groups received 20 μg grade V chicken egg ovalbumin i.p. (OVA; Sigma-

Aldrich, St. Louis, MO) emulsified in 2.25 mg of Imject alum (Cat# 77161, Thermo 

Scientific, Rockford, IL) on day 1 and day 14. Non-sensitized mice received 100 μl of 

sterile PBS i.p. on day 1 and day 14. The mice were then challenged with either 1% OVA 

aerosol for sensitized mice or PBS for non-sensitized mice for three consecutive days 

starting from day 28 until day 30. On day 32, mice were challenged with 5% OVA 

aerosol and PBS for sensitized and non-sensitized mice, respectively. On Day 33 AHR to 

increasing doses of methacholine (3.125, 6.25, 12.5, 25, 50 and 100 mg/ml) was 
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evaluated and confirmed using a non-invasive whole body plethysmography chamber 

(Buxco, NY) (Fig. 6). Sensitized mice were randomized into two groups, one of which 

were given 5 g Flt3-L i.p. for 10 consecutive days from day 34 to day 43. The other 

group received sterile PBS i.p. as parallel controls. Non-sensitized mice received the 

same volume of sterile PBS serving as negative controls. On day 44 all three groups of 

mice underwent 5% OVA aerosol challenge followed by the measurement of AHR in 

response to increasing doses of methacholine (3.1, 6.25, 12.5, 25, 50, 100 mg/ml) on day 

45.  

 

Figure 6: Sensitization and treatment protocol of the mouse model of 

asthma. 

2.4 A Modified Mouse Model of Asthma to Identify Antigen-

Aarrying/Processing DCs 
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2.4.1 Rationale:  

Antigen uptake is a key step and a milestone for dendritic cell development (80). 

The identification of antigen carrying/processing cells by detecting labeled antigen in 

lung DCs is a powerful tool for investigating the cellular and molecular changes 

occurring during the process of antigen uptake and processing. Here a modified non-

invasive method was developed. A fluorochrome-labeled antigen was delivered 

intranasally into lungs of naïve or OVA-sensitized mice. Once lung DCs have taken up 

the labeled antigen, the antigen-carrying/processing DCs will exhibit fluorescence. The 

antigen-carrying/processing cells are defined as cells containing labeled fluorochrome. 

They can be identified and sorted by a FACSaria cell sorter.   

2.4.2 Materials 

The labeled antigens used in this study were DQ Ovalbumin (DQ-OVA) and 

AlexaFluor647-conjugated OVA (Cat# 0-34784, Invitrogen, Molecular Probes, OR). DQ-

OVA (Cat# D-12053, Invitrogen, Molecular Probes, OR) is a self-quenched conjugate of 

ovalbumin that exhibits bright green fluorescence upon proteolytic degradation in the 

cells. This allows for the detection of antigen-processing DCs. AlexaFluor647-conjugated 

OVA is a fluorochrome-conjugated OVA that exhibits fluorescence at wavelength of 

660nm upon antigen uptake by cells.  



Zhifei Shao   

56 

2.4.3 Methods 

Briefly, fluorochrome-conjugated OVA or DQ-OVA antigen was intranasally 

injected into the lungs of OVA-sensitized and challenged mice on day 45 of the 

sensitization protocol (Fig 7) using a revised non-invasive method of intranasal antigen 

delivery (77). AlexaFluor® 647-conjugated OVA (Cat# 0-34784, Invitrogen, Molecular 

Probes, OR) was reconstituted at a concentration of 5mg/ml in sterile PBS. Mice were 

completely anesthetized with 80 µg pentobarbital per animal (80 µg/20g body weight) 

and held in a vertical position perpendicular to the bench. The mouse tongue was pulled 

from the mouth and held gently with moisturized tweezers to prevent pharyngeal 

reflection in response to the inhaled OVA solution. A total of 30µl OVA solution was 

delivered intranasally during the inspiration phase of a respiratory period. The mouse 

position and tongue were held for an additional 60 seconds to ensure the entry of the 

antigen solution into the lungs. Coughing was usually observed as a consequent sign of a 

successful delivery. The mouse was then returned to its cage and laid on the cotton 

bedding at lateral position to keep body temperature constant and to prevent 

suffocation. Mice were observed for at least two hours until the recovery from anesthesia 

was complete. The mice were euthanized and the lungs/mediastinal lymph nodes 

collected 48 hours after the antigen delivery. 

 

Lung DCs were isolated according to the protocol described below based on the 

expression of CD11c and CD11b. The antigen-carrying cells were defined as 

AlexaFluoro647 (wave length 660 nm) or green fluorescence (wave length 530nm) 

positive cells. DCs isolated from mice that did not receive labeled antigen were used as 
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controls to define non-antigen carrying cells. Antigen-carrying and non-antigen-

carrying cells were sorted using a FACSaria cell sorter.  

 

Figure 7: Revised mouse method to identify antigen carrying/processing 

cells.  

2.5 Tissue Processing and Isolation of Lung Dendritic Cells 

Isolation of lung DC follows the procedures listed in Fig. 8. 
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Figure 8: Flowchart for lung DC isolation. Note that the steps will be discussed 

in the following sections. 

2.5.1 Processing lung tissues 

Mice were euthanized with 100 μl of sodium pentobarbital (5mg/20g). The lungs 

and spleen were collected, finely minced, and digested with 5 ml collagenase D (1 mg/ml) 

(Roche) at 37°C for 1 hour. The lung tissue was disassociated using a 1ml syringe. The 

sample was filtered with a 40µm cell strainer to obtain a single cell suspension, which 

was then transferred to a 15 ml centrifuge tube and centrifuged at 300g for 10 minutes. 

The supernatant was discarded and the pellet was resuspended in HBSS. The cell 

suspension was centrifuged again at 300g for 10 minutes and the supernatant discarded. 

The cell pellet resuspended in ACT (Ammonium tris chloride solution), mixed well, and 

placed in ice for 5 minutes. ACT was neutralized with 10% FBS (1ml FBS + 9ml RPMI-

1640) and the cell suspension was centrifuged at 300g for 10 minutes. The supernatant 

was discarded and the pellet resuspended in 10ml MACS buffer (PBS pH 7.2 

supplemented with 0.5% BSA) and centrifuged at 300g for 5 minutes twice. The final 

cell pellet was resuspended in 1ml of MACS buffer and the cell number was determined 

in a Beckman coulter counter (Beckman Coulter Inc, Fullerton, CA).  

2.5.2 AutoMACS separation of CD11c+ cells 

A total of 10 µl of CD16/32 Fc blocker (eBiosicences, San Diego, CA) per mouse 

lung was added to cell suspension and kept on ice at 4°C for 10 minutes. A total of 100 μl 

of MACS CD11c microbeads per 108 cells were added, mixed and incubated on ice for 15 
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minutes. The cells were washed by 2ml of MACS buffer and centrifuged at 300g for 5 

minutes, the supernatant was discarded, and the pellet was resuspended in 1ml of MACS 

buffer. The samples were passed through the columns of the AUTOMACS using a 

program for positive selection called POSSELDS which is described as a double positive 

selection of rare cells with high sensitivity, or POSSELDS2, a positive selection with 

higher specificity.  

2.5.3 Florescence-activated cell sorting  

The CD11c positive cell fraction collected from AUTOMACS was counted and 

resuspended at a density of 1 x 106/ml. The antibody cocktail used was CD11cPE-Cy7 

and CD11b PE-Cy5, and/or other fluorochrome-conjugated antibodies depending on the 

specific experimental design. The monoclonal antibodies were 1:800 diluted in PBS4. 

The single color controls were prepared using whole spleen cells. The monoclonal 

antibodies for single color controls were B220 PE-Cy7 and CD8α PE-Cy5 (eBioScience, 

San Diego, CA) prepared at a 1:200 dilution. The cell suspension was mixed 1:1 with the 

primary antibodies, and was mixed gently and incubated on ice for 30 minutes.  The 

tubes were then centrifuged at 300g for 5 minutes at 4°C, the supernatant was removed, 

and the samples washed twice with 1 ml ice cold PBS4. The samples were resuspended 

in 12x75 tubes and taken to the flow cytometry core facility for fluorescence activated 

cell sorting using a BD FACSaria flow cytometer (BD Biosciences, San Jose, CA). The 

sorted samples were collected in sterile 12x75 tubes and returned to the lab on ice.  
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2.6 RNA Isolation 

All procedures were performed at room temperature unless specified. Each DC 

sample was lysed in 1 ml of TRI Reagent (Sigma, Saint Louis MO) by repetitive pipetting 

and the homogenate was stored for 10 minutes at room temperature to permit complete 

dissociation of nucleoprotein complexes. The homogenate was supplemented with 0.1 

ml BCP or 0.2 ml chloroform per 1 ml of TRI Reagent and vortexed for 15 seconds. The 

resulting mixture was left at room temperature for 15 min and then centrifuged at 

12,000 g for 15 min at 4 C. Following centrifugation, the colorless upper aqueous phase 

was transferred to a microcentrifuge tube. A total of 0.5 ml of isopropanol was added 

into aqueous phase per 1 ml of TRI Reagent used for the initial homogenization. The 

samples were left at room temperature for 10 minutes and centrifuged at 12,000 g for 15 

min at 4 C. The supernatant was removed and the RNA pellet was washed with 75% 

ethanol, followed by a centrifugation at 12,000 g for 15 minutes at 4 C.  A total of 1 ml of 

75% ethanol was used per 1 ml TRI Reagent used for the initial homogenization. The 

ethanol supernatant was removed and the RNA pellet was left briefly to air-dry for 10 

min. Ten to twenty µl RNAase free distilled water was added into each tube to solubilize 

the RNA. The RNA concentration was measured using a GE Genequant 1300 

Spectrophotometer (GE healthcare life sciences). 

2.7 Reverse Transcription 

First-strand cDNA was synthesized using 1 µg total RNA with oligo dT (1µg) 

(Integrated DNA Technologies, Coraville, IA), 5 X reaction buffer, MgCl2, dNTP mix 
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and Improm II reverse transcriptase as per Improm-II reverse transcription kit 

(Promega, Madison, WI).   

2.8 Real-Time PCR 

Following the first strand synthesis, real time PCR was done using 8µl cDNA, 10 

µl SYBR green PCR master mix (Applied biosystems) and forward and reverse primers 

(10 picomol/µl)  (Integrated DNA Technologies, USA) using a 7500 Real Time PCR 

system (Applied biosystems, UK) or a CFX 96 Real Time PCR system (Bio-Rad, 

Hercules, CA). The primer sequences used are described in the results sections. The 

specificity of the primers was analyzed by running a melting curve. The PCR cycling 

conditions were 5 min at 95 ºC for initial denaturation, followed by 50 cycles of  45 sec 

at 95 ºC, 45 sec at 55 ºC and 45 sec at 72 ºC. Calculations of relative gene expression 

were based on the differences in the threshold cycles. The fold change in expression 

between samples was calculated by the fold change (compare to control) = 2 –ΔΔCt 

method. The results were normalized to glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). Statistical analysis of real-time quantitative PCR results was performed using 

single factor ANOVA.  

2.9 Reagents, Solutions and Buffers  

1% OVA solution for aerosol challenge 

0.1g   OVA  

10ml   1x PBS 
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OVA was dissolved in sterile 1x PBS.  

 

2N HCl 

16.66ml  Conc. HCl 

83.34ml  Distilled water 

The two components were combined and mixed well.    

 

5% OVA for aerosol challenge 

0.5g  OVA 

10ml  1x PBS 

OVA was dissolved in sterile 1x PBS.    

 

ACT 

Solution A 

8.3g  Ammonium chloride (NH4Cl) 

1000ml Distilled water 

Ammonium chloride was dissolved in 900ml of distilled water and the volume made 

upto 1000ml.    

Solution B 

20.6g  Tris base 

1000ml Distilled water 

100ml  2N HCl 

Tris base was dissolved in 900ml distilled water. pH was adjusted to 7.65 using 

2N HCl.    The volume was made upto 1000ml.  
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Working Stock 

90ml   Solution A 

10ml   Solution B 

 pH was adjusted to 7.2 using 2N HCl.  

 

DNase stock 

0.020g  DNase  

1ml   RPMI-1640 

The two were combined and 100µl were aliquoted into eppendorf tubes. Final 

concentration was 2000µg/100µl. 

 

Flt3-L stock 

1mg  Flt3-L 

1ml  1x PBS 

The components were mixed well and 100µl were aliquoted into eppendorf tubes.  

 

MACS buffer 

1000ml  1xPBS  

5g   Bovine Serum Albumin (BSA) 

0.744g   EDTA 

The ingredients were combined in 1xPBS and pH was adjusted to 7.2.  

 

Media for T cell proliferation assay and DC culture 

480ml   RPMI-1640 
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5ml   Penicillin-Streptomycin (100U/ml) 

5ml   Heat inactivated FBS 

The components were combined, mixed well and sterilized using a 0.22µ filter.  

 

Methacholine 

1g  Acetyl-β-Methylcholine chloride (Sigma Aldrich, Saint Louis, MO) 

10ml  1x PBS 

1g methacholine was dissolved in 10ml of 1xPBS to obtain a solution with concentration 

of 100mg/ml. Two-fold serial dilutions were then performed to obtain the 

concentrations 50mg/ml, 25mg/ml, 12.5mg/ml, 6.25mg/ml and 3.125mg/ml.  

 

Mitomycin C 

0.002g   Mitomycin C (Sigma Aldrich, Saint Louis, MO) 

3ml    RPMI-1640 

 

The mitomycin C was dissolved in 1ml of RPMI-1640 to obtain a 250µg/ml 

concentration. Ten-fold dilutions were then performed to obtain a concentration of 

25µg/ml.  

2000 μg/1000μl 

1:8 

250 μg/1000 μl 

25 μg/1000 μl 
  

1:10 

100 μl + 700 μl 

200 μl + 1800 μl RPMI-1640 
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OVA (i.p) 

0.004g  OVA 

10ml   PBS 

The OVA was dissolved in sterile PBS to give a final concentration of 20µg/50µl. 

 

OVA for T cell proliferation assay 

0.01g   OVA 

100ml   RPMI-1640 

OVA was combined with 1ml RPMI-1640 to obtain a 10000µg/ml concentration. Ten-

fold dilutions were then performed to obtain a 100µg/ml working concentration.  

 

PBS4 

  4ml  Fetal Bovine Serum (FBS) 

  96ml  1x PBS 

 

Phosphate buffered saline 

10x PBS (Phosphate buffered saline) 

80g  Sodium chloride (NaCl) 

2g  Potassium chloride (KCl) 

11.5g  Sodium phosphate, dibasic (Na2HPO4) 

2g  Potassium phosphate, monobasic (KH2PO4) 

The ingredients were dissolved in 800ml distilled water and the volume made up to 

1000ml.  
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1x PBS 

10ml  10x PBS 

90ml  Distilled water 

Components were combined and sterilized by autoclaving at 121°C for 30 minutes. 

 

Lung tissue digestion solution 

0.01g  Collagenase D 

25µl  DNase stock 

10ml  RPMI-1640 

The two ingredients were combined in 10ml of RPMI-1640 for digesting one set of lung 

and spleen each.  

 

DQ-OVA 

0.0o1 g DQ OVA 

0.2 ml  PBS, Sterile 

0.2 ml sterile PBS was added into 1mg DQ-OVA and the final concentration was 5mg/ml. 

 

AlexaFluor647-OVA 

0.0o5g DQ OVA 

1 ml  PBS, Sterile 

1 ml sterile PBS was added into 5mg DQ-OVA and the final concentration was 5mg/ml. 

 

CCL19 stock solution 

25 µg             CCL19 
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0.25 ml PBS, Sterile 

0.25 ml sterile PBS was added into 25 µg CCL19 and the final concentration was 10-5 nM. 

 

CCL21 stock solution 

25 µg             CCL21 

0.25 ml PBS, Sterile 

0.25 ml sterile PBS was added into 25 µg CCL19 and the final concentration was 10-5 nM. 

 

TRAM-34 stock solution 

5 mg             TRAM-34 

1.45ml  DMSO 

1.45ml DMSO was added into 5 mg TRAM-34 and the final concentration was 20 mM. 

2.10 Data processing and statistical analysis 

Flow cytometric data were processed and analyzed using Flowjo software (Tree 

Star Inc. OR). GraphPad (GraphPad Software Inc, CA) and MS Exel (MicroSoft Inc, WA) 

used to conduct statistical analysis. Unpaired Student’s t test was used to determine 

differences between two groups. Multiple group comparison was made using one-way 

ANOVA with the Bonferroni correction. A value of p<0.05 was considered significant. 

Values are expressed as means ±SEM if not indicated.  
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CHAPTER 3 

3 FLT3-L INCREASES A LUNG DENDRITIC CELL SUBSET WITH 

REGULATORY PROPERTIES IN A MOUSE MODEL OF 

ALLERGIC AIRWAY INFLAMMATION 
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3.1 Abstract 

Background: Administration of Flt3-L prevents and reverses allergic airway 

inflammation and airway hyperresponsiveness in a mouse model. However, the 

underlying mechanisms controlling these processes are unclear. 

Objective:  The role of lung dendritic cell subsets in the therapeutic effect of Flt3-L 

were examined and characterized.  

Methods: Dendritic cells were isolated from the lungs of OVA-sensitized and 

challenged mice treated with Flt3-L. Two populations of CD11c+ cells labeled with 

fluorochrome-conjugated antibodies, namely CD11chighCD11blow and CD11clowCD11bhigh, 

were sorted. The ability of the purified cells to stimulate T cell proliferation and cytokine 

secretion pattern by different DC subsets was examined. Also, dendritic cells were 

adoptively transferred in mice to examine their effect on pulmonary function.  

Results: Two dendritic cell populations, CD11chighCD11blow and CD11clowCD11bhigh, were 

identified in the lungs of naïve and OVA-sensitized and challenged mice with and 

without treatment with Flt3-Ligand. The expression levels of CD8α, B220, CD19, F4/80, 

MHC II, CCR7, CD40, PDL1, PDL2, CD80, and CD86 were different between the two 

DC populations. Lung CD11chighCD11blow DCs are prone to induce Th1 response. 

Administration of Flt3-L increased the numbers of CD11chighCD11blow DCs and IL-10 

secretion in the lungs of antigen-sensitized mice, and Flt3-Ligand maximized the 

regulatory capacity of CD11chighCD11blow lung dendritic cells. 

Conclusion: CD11chighCD11blow and CD11clowCD11bhigh dendritic cells, have regulatory 

and immunogenic properties, respectively. Under the influence of Flt3-Ligand 

treatment in OVA-sensitized mice, CD11chighCD11blow DCs induces a Th2 suppression 

involving an enhanced IL-10 secretion.  
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3.2 Introduction 

 
Asthma is an inflammatory airway disease characterized by airway eosinophilia, 

airway obstruction due to an increased mucus production by goblet cells, airway 

remodeling, and airway hyperresponsiveness (AHR) to a variety of stimuli (11, 18). In 

allergic airway inflammation, antigen-presenting cells (APCs) take up specific antigens 

and induce naïve T cells to differentiate into Th2 cells, which release cytokines, 

including IL-4, IL-5 and IL-13 that govern the immune response. Dendritic cells (DCs) 

are not only professional and the most efficient APCs, they are also a heterogeneous 

group of cells that differ in origin, location, cell surface phenotype and function (49).  

They are responsible for stimulating immune responses and inducing immunological 

tolerance as well as to determine the type of T cell-mediated immune response (Th1 or 

Th2) following DC-T cell interaction (27). This differentiation is dependent on a number 

of factors such as the nature of antigen, the types and expression levels of co-stimulatory 

molecules, the cytokine profile in the milieu and the DC subsets that induce T cell 

differentiation (190).   

 

An emerging concept is that DC subsets differentially skew T cell responses 

towards tolerance or immunity.  Splenic and mucosal CD8α+ DCs, but not CD8 α-  DCs 

tolerize the Th2 response (32, 191), and CD8α- DCs are more effective than CD8α+  DCs 

in inducing a Th2 response and eosinophilic airway inflammation (192). Other studies 

have supported the idea that CD8α+ DCs are more prone to induce a Th1 response while 

CD8α- DCs lead to a Th2 response (63, 64).  The CD11c+B220+Gr-1+DC subset that also 

expresses T cell lineage markers, CD8α and CD4, appears to be the murine counterpart 
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of IFN-α-producing human plasmacytoid DCs (71).  CD8α+B220+ DCs may represent a 

subset of DCs with regulatory potential and are involved in regulatory T cells (Tregs) 

generation and they are also less efficient in supporting CD4+ T cell proliferation (72). 

Moreover, this DC subset provides intrinsic protection against inflammatory responses 

to harmless antigens (73). A regulatory DC subset derived from IL-10 and TGF-β1-

treated bone marrow cells with a different phenotype from CD11c+B220+Gr-1+DC subset 

can protect airway inflammation in asthmatic mice (193). The DCs demonstrate highly 

flexible phenotypes and accomplish many diverse and opposing functions.  

 

Flt3-L is a synergic hematopoietic growth factor that dramatically increases the 

number of DCs in several tissues (116). Earlier reports have suggested the expansion of 

both myeloid (CD11c+CD11b+CD8α-) and lymphoid (CD11c+CD11b-CD8α+) DC subsets 

following Flt3-L administration (58). An increase in the number of lung DCs following 

Flt3- L administration (168, 194) was observed. Flt3-L prevented and reversed allergic 

airway inflammation and AHR in a mouse model of asthma (159, 168, 169).  

Additionally, Most of the previous studies on DC phenotype and functions obtained DCs 

from spleen, bone marrow, or thymus but not lungs, where antigen uptake occurs 

during sensitization and challenge with allergen, but the phenotype and function of DCs 

may be tissue-specific and they could  vary depending on different isolation techniques 

employed (147). Therefore, the phenotype and function of lung DCs in response to 

ovalbumin sensitization and Flt3-L treatment were examined in this study. 
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3.3 Materials and Methods 

3.3.1 Mice 

Four to 5 week old female Balb/c mice were purchased from Harlan Laboratories 

(Indianapolis, IN) and maintained under specific pathogen-free conditions at Creighton 

University. All of the animal experiments conducted in this study were approved by the 

Institutional Animal Care and Use Committee of Creighton University. 

3.3.2 Sensitization and treatment of experimental animals 

The sensitization and treatment protocol followed is shown in Fig. 9. Mice were 

divided into sensitized and non-sensitized groups. Sensitized mice received 20 μg grade 

V chicken egg ovalbumin i.p. (OVA; Sigma-Aldrich, St. Louis, MO) emulsified in 2.25 

mg of Imject alum (Thermo Scientific, Rockford, IL) with a total volume of 100 μl on 

day 1 and day 14. Non-sensitized mice received sterile 100 μl of PBS i.p. The mice were 

challenged with either 1% OVA aerosol or PBS for three consecutive days starting day 28.  

AHR to methacholine was established (Fig. 9). Sensitized mice were randomized into 

two groups. One group of mice were given 10 g Flt3-L i.p. on day 34, 36, 38, 40, 43. 

The other group received sterile PBS i.p.. Non-sensitized control mice received the same 

volume of sterile PBS serving as controls. On day 44 all mice underwent OVA challenge 

followed by the measurement of AHR to methacholine on day 45. Bronchoalveolar 

lavage fluid (BALF) was collected from each animal for cytokine measurement. Lungs 

were collected to isolate DCs.  
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Figure 9: Protocol for sensitization, treatment and adoptive transfer 

A. OVA sensitization was followed by methacholine challenge. A total dose of 50 mg 

Flt3-L treatment was given to each mouse prior to the final methacholine challenge to 

re-assess the AHR. B. Adoptive transfer of the lung DCs: Two DC populations isolated 

from three treatment groups of mice were adoptively transferred to OVA sensitized and 

challenged mice on day 34. 

3.3.3 In vivo antigen uptake/processing assay and tracking lung DCs 

Fluorochrome-conjugated OVA antigen was intranasally injected into OVA-

sensitized and challenged mice on day 45 (Fig 7) using a revised non-invasive method 

based on previously described intranasal delivery of OVA antigen (77). Briefly, 



Zhifei Shao   

74 

AlexaFluor® 647-conjugated OVA (Cat# 0-34784, Invitrogen, Molecular Probes, OR) or 

DQ-OVA (Invitrogen, Molecular Probes, OR) was reconstituted at a concentration of 

5mg/ml in sterile PBS. Mice were completely anesthetized with 80 µg pentobarbital per 

animal (80 µg/20g body weight) and were held in a vertical position perpendicular to 

the bench. The mouse tongue was pulled out and held gently using a moisture tweezers 

to prevent pharyngeal reflection in response to the inhaled OVA solution. A total of 30µl 

OVA solution was delivered intranasally during the inspiration phase of a respiratory 

period. The mouse position and tongue were held for an additional 60 seconds to ensure 

the entry of the antigen solution into the lungs. Coughing was usually observed as a 

consequent sign of a successful delivery. The mouse was returned to the cage and laid on 

the cotton bedding at lateral position to keep body temperature constant and to prevent 

suffocation, which is followed by at least two-hour observation until the recovery from 

anesthesia. The mice were euthanized and the lungs/mediastinal lymph nodes were 

collected at 48 hours after the antigen delivery. 

3.3.4 Pulmonary function measurement 

A non-invasive single-chamber whole-body plethysmography (Buxco Electronics, 

Troy, NY) without anesthesia or restraint was used to measure pulmonary functions on 

Day 33, as described in our earlier reports (168, 195). Penh, an index of airway 

obstruction (182) was calculated. On day 45, anesthetized, tracheostomized mice were 

placed in PLY4111-R/C plethysmography single chamber (Buxco Electronics, Troy, NY) 

and were mechanically ventilated (140 breaths/min and a tidal volume of 0.15 ml) using 

Harvard rodent ventilator (model 683, Harvard Apparatus, South Natick, MA). 
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Anesthesia was given by intraperitoneal injection of sodium pentobarbital (1.6mg/20g 

body weight). Lung specific airway resistance (RL) (186) was measured. In both methods, 

mice were challenged with increasing doses of nebulized methacholine up to 100 mg/ml 

to measure AHR.  

3.3.5 Isolation of lung dendritic cells 

After euthanization of mice, the lungs were collected, finely chopped and digested 

with 5 ml collagenase D (1 mg/ml) (Roche) in RPMI-1640 containing 1 mg/ml DNase 

(Sigma-Aldrich, St. Louis, MO) at 37°C for 1 hr. The lung cells were suspended in 1 ml of 

MACS (Magnetic-assisted cell sorter) buffer (PBS supplemented with 0.5% BSA) and the 

cells counted in a coulter counter. To isolate DCs, the cells were first incubated for 5 

minutes with an Fc blocker (BD Biosciences, San Jose, CA) followed by incubation for 

30 minutes on ice with 100 μl of CD11c microbeads (Miltenyi Biotech, Auburn, CA) for 

every 100 million cells counted. The cells underwent a double positive selection using 

the POSSELDS program in the AutoMACS (Miltenyi Biotech, Auburn, CA). The samples 

were again passed through the AutoMACS to increase the purity.  

3.3.6 Flow cytometry of lung DCs 

Antibody titrations were performed to determine the optimal antibody dilution 

for the cell staining. The volume of the antibody was adjusted according to the numbers 

of the cell counted in each sample. CD11c+ cells were collected and counted. The cells 

were resuspended in PBS supplemented with 4% fetal bovine serum (PBS4) and 

incubated with the following four antibodies cocktails for 30 minutes on ice: (1) 
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CD11cPE, CD11bFITC, B220biotin or B220PE-Cy7, CD8αPerCP (BD Biosciences, San 

Jose, CA); (2) CD11cPE-Cy7, CD11bPE-Cy5, PD-L1biotin, PD-L2FITC, CD86PE 

(eBioScience, San Diego, CA); (3) CD11cPE-Cy7, CD11bPE-Cy5, CD80FITC, CD40biotin; 

CCR7Alexa700; (4) CD11cPE-Cy7, CD11bPE-Cy5, F4/80APC or PDCA-1biotin, 

CD19FITC or CD8αFITC, CD135PE and MHCIIAlexa700 (eBioScience, San Diego, CA). 

The cells bound to biotin-conjugated primary antibody were incubated with 

streptavidin-conjugated APC fluorochrome. Samples were washed by addition of ice-

cold PBS4 and stored before sorting using the FACSAria sorter (BD Biosciences, San 

Jose, CA). Majority of lung macrophages with high autofluorescence were distributed 

along the diagonal line of the dot plot and were excluded from the sort gates of the two 

DC populations. 

3.3.7 Adoptive transfer of lung dendritic cell subsets 

CD11chighCD11blow Lung DCs (4 x 105 in 50 μl PBS) obtained from the lungs of the 

three treatment groups (naïve, OVA-sensitized and challenged, and OVA-sensitized and 

challenged and Flt3-L-treated mice) were injected into the tail vein of OVA-sensitized 

and challenged mice on day 33 (Fig. 9). The same number of CD11clowD11bhigh DCs 

obtained from OVA-sensitized and challenged mice treated with Flt3-L were also 

administered to sensitized mice in the same way. On day 45 mice received 5% OVA 

challenge followed by methacholine challenge to reassess AHR to methacholine using 

the invasive method.  
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3.3.8 T cell proliferation assay 

DCs were resuspended in RPMI-1640 (Sigma Aldrich, Saint Louis, MO) 

supplemented with 10% heat-inactivated FBS and penicillin-streptomycin and 

incubated with OVA (100 µg/ml) for 2 hrs at 37°C.  Cells were washed with the medium 

and incubated with mitomycin C (final concentration 25 µg/ml) (Sigma-Aldrich, St. 

Louis, MO).  The DCs were co-cultured with CD4+ T cells (equal ratio) isolated from the 

spleen of PBS-treated mice in a 96-well microtiter plate for 5 days at 37°C in a 5% CO2 

incubator. During the last 24 hrs, the cells were labeled with BrDU (Roche Diagnostics, 

Indianapolis IN). Incorporation of BrDU by the proliferating cells was detected by a 

BrDU antibody-peroxidase conjugate followed by addition of the substrate. The 

absorbance of the samples was measured at 450 nm with reference wavelength of 690 

nm. Culture supernatant was collected for the measurement of secreted cytokines. (Fig 

10)  

 

Figure 10: Schematic diagram for T cell proliferation assay 
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3.3.9 Measurement of cytokines in DC-T cells coculture supernatant and 

BALF 

Cytokine levels (IL-10, IL-12 (p70), and IFN-) were determined in the culture or 

BALF supernatant by using commercially available ELISA (eBioscience, San Diego, CA) 

according to the manufacturers' protocol. The sensitivity of each assay was as follows: 

30 pg/mL for IL-10; 15 pg/mL for IL-12 and IFN-. 

3.3.10 Lung histology    

Lung lobes were removed, fixed in 4% formalin and embedded in paraffin in an 

automatic tissue processer.  The fixed tissues were sectioned, rehydrated and stained 

with hematoxylin and eosin (H&E) per standard methodology. Mucus secretion was 

identified by periodic acid-Schiff (PAS) reaction.  

3.3.11 Data processing and statistical analysis 

Flow cytometric data were processed and analyzed using Flowjo software (Tree 

Star, Inc. OR). SPSS 10.0 (SPSS Inc. Chicago IL) and GraphPad (GraphPad Software Inc, 

CA) were used to conduct statistical analysis. Unpaired Student’s t test was used to 

determine differences between two groups. Multiple group comparison was made using 

one-way ANOVA with the Bonferroni correction. A value of p<0.05 was considered 

significant. Values are expressed as means ±SEM if not indicated. 
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3.4 Results 

3.4.1 Pulmonary function measurement 

Flt3-L treatment attenuates AHR to methacholine and airway 

inflammation Mice were sensitized according to the protocol (Fig 9). AHR to 

methacholine was established prior to Flt3-L treatment in OVA-sensitized and 

challenged mice (Fig. 11). On day 33 all OVA-sensitized mice showed a significant 

increase in AHR to methacholine compared to non-sensitized controls. Administration 

of Flt3-L reversed AHR on day 45 as measured by either non-invasive or the more 

rigorous invasive method.  The AHR to methacholine was significantly lower in Flt3-L-

treated OVA-sensitized and challenged mice than OVA-sensitized and challenged mice 

(Fig. 11). 
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Figure 11: Flt3-L treatment attenuates AHR to methacholine. Left,. Penh 

value on Day 33 (n=12, P<0.001, OVA Day 45 vs PBS Day 45; ♦♦♦P<0.001, OVA-

Flt3-L Day 45 vs OVA Day 45). Right, Lung specific resistance (RL) on Day 45 

(n=5~8,P<0.001, P<0.01, OVA Day 45 vs PBS Day 45; ♦♦♦P<0.001, ♦♦P<0.01,  

OVA-Flt3-L Day 45 vs OVA Day 45).  

3.4.2 Phenotype of lung dendritic cells. 

CD11chighCD11blow and CD11clowCD11bhigh lung DCs have distinct 

phenotypic properties. To determine whether or not different functional DC subsets 

are present in the lungs of non-sensitized mice, purified lung CD11c+ cells were labeled 

with fluorochrome- conjugated antibodies against CD11c, CD11b, CD8α, B220, F4/80, 

CD19, MHC class II molecule, CD80, CD86, CD40, PDL1, PDL2, and CCR7. Flow 

cytometric analysis revealed two distinct DC populations defined by differential 

expression of CD11c and CD11b; CD11chighCD11blow (Fig. 12A, square) and 

CD11clowCD11bhigh (Fig. 12A, circle) in all three treatment groups. The 

CD11chighCD11blow DCs had significantly higher expression levels of CD8α, B220, CD19, 

PDL1, PDL2, CD80, CD86 and lower expression levels of F4/80, MHC II, CD40, and 

CCR7 than CD11clowCD11bhigh DCs (Fig. 12B).  
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Figure 12: Dynamics and characteristics of lung dendritic cell populations 

A. Two lung DC populations: CD11ChighCD11blow (rectangle) and CD11ClowCD11bhigh 

(ellipse) DCs (n = 5). B. Expression of cell surface markers on the two lung DC subsets 

in PBS-treated control mice (n = 5). C-D. Quantitative analyses of the two DC subsets 

( P<0.001, n=9-15; error bars indicate 95% confidence limits). 
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3.4.3 Dynamic changes in the number of lung DC  

Flt3-L treatment increases lung CD11chighCD11blow DCs and decreases 

CD11clowCD11bhigh DCs in mice with allergic airway inflammation. To assess 

whether or not OVA sensitization and Flt3-L treatment have any effect on the two lung 

DCs populations in mice with allergic airway inflammation, sensitized and challenged 

mice were given i.p. injections of 10μg Flt3-L for 5 days on day 34, 36, 38, 40 and 43 (a 

total of 50μg Flt3-L) (Fig. 12A). Sensitized and non-sensitized control mice received 

the same volume of PBS i.p.  OVA sensitization significantly expanded the CD11c+  DC 

population in the lungs (data not shown), consistent with data in our previous reports 

(168, 194). The frequency of each DC population demonstrated a dynamic change in 

response to OVA sensitization and Flt3-L treatment. CD11chighCD11blow DCs in the lung 

were predominant (39.54 ± 1.52 %) in the non-sensitized controls and dropped 

drastically in the lungs of sensitized mice (3.68 ± 0.60 %) (Fig. 12A, C). Following 

Flt3-L treatment, the number of CD11chighCD11blow DCs was restored and its frequency 

(24.13 ± 3.17 %) was significantly increased (p<0.001) compared to the OVA-sensitized 

group (Fig. 12A, C).  CD11clowCD11bhigh DCs were more prominent (36.62 ± 1.19 %) in 

the lungs of sensitized mice than non-sensitized controls (6.40 ± 0.54 %) (Fig. 12A, C). 

Following Flt3-L treatment, the frequency of CD11clowCD11bhigh DCs in the lung (27.77 ± 

1.36 %) was significantly reduced (p<0.001) compared to the number of DCs in the lung 

of OVA-sensitized mice (36.62 ± 1.19 %) (Fig. 12A, C).  The relative changes in 

proportion were also reflected by similar changes in absolute number of the two lung DC 

subsets (Fig 12D).  
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3.4.4 Dendritic cell and T cell proliferation 

CD11chighCD11blow DCs in OVA-sensitized mice lose the ability to 

induce T cell proliferation after Flt3-L treatment. The two distinct populations 

of DC were sorted and co-cultured individually with naïve CD4+ T cells for 5 days to 

measure T cell proliferation capacity. Both CD11chighCD11blow and CD11clowCD11bhigh DCs 

obtained from OVA-sensitized mice showed high capacity in inducing proliferation of 

naïve CD4+ T cells (Fig. 13). This capacity was diminished in the case of 

CD11chighCD11blow DCs after Flt3-L treatment and is comparable to that observed in 

non-sensitized controls. However, CD11clowCD11bhigh DCs retained the capacity to 

stimulate naïve CD4+ T cells in vitro after Flt3-L treatment (Fig. 13). These data 

suggest that Flt3-L treatment can induce the suppressive capability of lung 

CD11chighCD11blow DCs, at least in part, by causing their inability to induce the 

proliferation of CD4+ T cells. 

 

Figure 13: T cell proliferation by 

two DCs populations: 

CD11chighCD11blow isolated from OVA 

sensitized and Flt3-L treated mice 

showed inability to activate CD4+ T 

cell proliferation ( p<0.001, 

n=5). 
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3.4.5 Cytokine secretion pattern  

Cytokine secretion pattern favors Th2 suppression. In DC-T cell 

coculture supernatant, higher levels of IL-12 and IFN- were detected in the supernatant 

of CD11chighCD11blow than CD11clowCD11bhigh DCs.  No significant difference in the IL-12 

and IFN- levels between PBS, OVA and Flt3-L-treated groups were noted (Fig. 14 A-

B). Higher levels of IL-10 (Fig. 14 C) were observed in the supernatants of 

CD11chighCD11blow DCs isolated from OVA-Flt3-L-treated mice than PBS or OVA-

sensitized mice. These observations, together with the increased frequency of lung 

CD11chighCD11blow DCs in Flt3-L treated sensitized mice, suggest that Flt3-L treatment 

may facilitate a Th2-suppression by enhancing Th1 response involving IL-10.  This was 

supported by the BALF cytokine levels: the levels of IL-12, IL-10 and IFN- in the BALF 

were significantly higher in Flt3-L-treated OVA-sensitized than OVA-sensitized mice 

(Fig. 14 D-F). 
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Figure 14: Cytokine secretion patterns in DC-T coculture supernatant and 

BALF. Levels of IL-12 (A), IFN- (B), and IL-10 (C) in DC-T cells co-culture 

supernatant;  levels of IL-12 (D), IFN- (E), and IL-10 (F) in the BALF.  (P<0.001, 

P<0.01, P<0.05, n=3~6). 

3.4.6 Adoptive transfer of the two lung DC subsets  

CD11chighCD11blow DC subset in OVA-sensitized mice can suppress 

AHR upon Flt3-L treatment.  Adoptive transfer of the two lung DC subsets was 

performed (Fig 12B) to confirm the regulatory capability of lung CD11chighCD11blow DCs 

and to examine the impact of Flt3-L treatment on AHR. OVA-sensitized and challenged 

mice that received adoptive transfer of CD11chighCD11blow DCs isolated from non-

sensitized mice had reduced AHR as compared to those receiving CD11chighCD11blow DCs 

obtained from sensitized controls and those receiving CD11clowCD11bhigh DCs obtained 

from sensitized and Flt3-L-treated mice (Fig. 15A). The maximum attenuation in AHR, 

however, was achieved in the mice receiving CD11chighCD11blow DCs isolated from 

sensitized and Flt3-L treated mice (Fig. 15A). Moreover, consistent with the adoptive 

transfer data, lung histology showed reduced airway inflammation in the lungs of the 

mice receiving adoptively transferred CD11chighCD11blow DCs obtained from OVA-

sensitized and Flt3-L treated mice compared to recipient mice of other experimental 

groups (Fig. 15B). Typically, in the lungs of OVA-sensitized and challenged mice, the 

inflammatory cells, including eosinophils, neutrophils, and basophils, infiltrate in the 

periphery of the airways and mucus hypersecretion by goblet cells is seen.  These 

histological features of allergic airway inflammation were attenuated in mice receiving 
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CD11chighCD11blow DCs obtained from OVA-sensitized and Flt3-L treated mice. (Fig. 

15B).  

 

Figure 15: Adoptive transfer of lung DCs. A. Pulmonary function of sensitized 

mice after adoptive transfer of DCs from different donors. ( p<0.001, 

CD11chighCD11blow-OVA+Flt3-L vs OVA; ♦ ♦ ♦p<0.001, ♦ ♦p<0.01., CD11chighCD11blow-

OVA+Flt3-L vs CD11clowCD11bhigh-OVA+ Flt3-L; P<0.001, P<0.01, 

CD11chighCD11blow-OVA+Flt3-L vs CD11chighCD11blow-OVA, n=3~5). The OVA sensitized 

and challenged mice that received adoptively transferred CD11ChighCD11blow cells 

showed an attenuated AHR on day 45. B. sensitized mice receiving adoptive transfer of 

CD11chighCD11blow DCs isolated from OVA sensitized mice treated with Flt3-L (OVAAT-

OVA), showed decreased airway inflammation and decreased mucus cell hyperplasia 

(60x magnification). 
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3.4.7 Effect of administration of Flt3-L on costimulatory molecules 

The effect of Flt3-L on the expression of costimulatory molecules was determined.  

Costimulatory molecule expression, including CD40, CD80, CD86, PDL1, and PDL2, 

were upregulated after OVA sensitization. Flt3-L treatment, however, differentially 

affected the expression levels of costimulatory molecules in the two DC populations (Fig. 

16 A-E). Administration of Flt3-L upregulated CD86 and PDL2 in CD11chighCD11blow 

DCs but downregulated CD40 and CD86 in CD11clowCD11bhigh DCs in mice with allergic 

airway inflammation (Fig. 16 A-E).  

 

Figure 16: Expression levels of costimulatory molecules. The expression levels 

of CD80, CD86 CD40, PDL1 and PDL2 in CD11chighCD11blow and CD11ClowCD11bhigh DC 

populations are differentially regulated by Flt3-L. A. CD80, B.CD86, C.CD40, D. PDL1, 
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E. PDL2 (P<0.001,  P<0.01, n=6~12; error bars indicate 95% confidence 

limits). 

3.4.8 CD11chighCD11blow lung DCs are not plasmacytoid DCs 

Mouse lung pDCs have regulatory properties in asthma (73). The phenotypic 

characteristics of mouse pDCs include mPDCA-1+, medium levels of CD11c+, CD11b-, 

B220+, and Gr-1+. Cells with this phenotype were excluded from the sorting of the 

CD11clowCD11bhigh and CD11clowCD11bhigh DC populations in this study (Fig. 17). 

Therefore, the suppressive lungs CD11clowCD11bhigh DCs do not represent pDCs. 
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Figure 17: Identification of lung pDC using specific cell surface markers. A. 

CD11c-beads-purified lung cells in B220 vs CD11b dot plot. G1: B220+CD11b- cells. B. G1 

in B220 vs Gr-1 dot plot. G2: B220+CD11b-Gr-1+ cells. C. G2 in CD11c vs CD11b dot plot. 

G3, gate for pDC: B220+CD11b-Gr-1+CD11c+ cells. D. CD11c-beads purified lung cells in 

CD11c v.s.CD11b dot plot: G3, gate for pDC, not included in the gates for sorting 

CD11chighCD11blow and CD11clowCD11bhigh lung DCs. E. mPDCA-1 expression in pDC and 
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CD11c-beads-purified lung cells: pDC has significantly higher levels of mPDCA-1 

expression than the whole lung cells. 

3.4.9 Antigen uptake of two lung DC subsets 

The effect of OVA-sensitization on antigen uptake/processing in the two lung DC 

subsets was examined. DQ-OVA was intranasally injected into the lungs of PBS-treated 

and OVA-sensitized and challenged mice.  The antigen uptake/processing ability of lung 

DC subsets was compared between PBS-treated and OVA-sensitized and challenged 

mice. As shown in Fig. 18, OVA-sensitization and challenge greatly enhanced the 

antigen uptake/processing ability in both CD11chighCD11blow DCs and CD11clowCD11bhigh 

DCs subset. OVA sensitization caused a total of 33.4% and 61.2% increase in antigen 

processing cells in CD11chighCD11blow and CD11clowCD11bhigh DCs, respectively.  
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Figure 18: Antigen uptake/processing ability of lung DC subsets in PBS-

treated and OVA-sensitized mice. Upper panel: PBS treated mice, lower panel: 

OVA-sensitized and challenged mice, left: Lung CD11ChighCD11blow DC subset, Right: 

Lung CD11clowCD11bhigh DC subset. (Figures are the representative examples of three 

independent experiments) 
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3.5 Discussion 

The purpose of the present study was to determine whether different functional 

DC subsets are present in the lungs of mice and whether or not Flt3-L administration 

affects the generation of a regulatory DC subset in the lungs of OVA-sensitized mice and 

thus plays a role in regulating allergic immune response. 

 

Here, two lung DC populations with distinct expression of CD11c, CD11b, CD8α, 

B220, CD19 and MHCII molecules were identified. A number of studies have reported 

that mucosal, splenic and bone marrow derived CD8α+ DCs have Th2 suppressive 

capacity and Flt3-L has been shown to preferably generates CD8α+ conventional DC in 

the spleen (196). CD11chighCD11blow DCs are functionally similar to the mucosa (191) and 

spleen (32) CD8α+ DCs and are more prone to induce a skewed Th1 response due to 

increased release of IL-12 and IFN-,  which can serve as Th2 suppressors(39). In 

addition, higher expression levels of PDL1 and PDL2 of CD11chighCD11blow DCs in Flt3-L-

treated OVA-sensitized mice suggest that they are able to induce a strong T cells 

suppression. In contrast, a higher expression of MHC II, CD40 and CCR7 in 

CD11clowCD11bhigh DCs is associated with a better capability to present antigen and to 

migrate to draining lymph nodes, which is important in eliciting a Th2 response. 

CD11clowCD11bhigh DCs do not take up as much OVA antigen in the non-sensitized state 

but its antigen uptake ability is greatly enhanced in OVA-sensitized mice, which 

implicates their greater role in the asthmatic condition. The in vivo functional effects 

following adoptive transfer of DCs and the in vitro T cell proliferation assay further 

confirmed that the two DC populations, CD11chighCD11blow and CD11clowCD11bhigh DCs, 
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possess regulatory and immunogenic properties, respectively, in allergic airway 

inflammation.  Lung plasmacytoid DCs with suppressive properties (73) have a different 

phenotype from CD11chighCD11blow lung DCs and thus are easily excluded from the sort 

(Fig 17). In fact, pDC expansion can also be largely enhanced by Flt3-L treatment (57, 

132, 197, 198). This potential Flt3-L-induced response, if happens in lung DCs, can 

contribute to the elevated overall IL-10 production.  

 

It was further demonstrated that Flt3-L not only specifically gives rise to the Th2-

suppressive CD11chighCD11blow DCs subset in OVA-sensitized mice, but Flt3-L also 

modifies the DC phenotype and function towards a more intense Th2 suppression 

involving IL-10. This is supported by the findings that adoptive transfer of 

CD11chighCD11blow DCs to OVA- sensitized and challenged mice attenuated established 

AHR with the maximal effect in mice that received these DCs isolated from Flt3-L-

treated mice. The findings correlate well with the inability of CD11chighCD11blow DCs to 

induce T cell proliferation upon Flt3-L treatment. The regulatory role of 

CD11chighCD11blow DCs is further supported by significantly enhanced IL-10 production 

in the BALF and in the supernatant of CD11chighCD11blow DC-T cell coculture in Flt3-L-

treated group.  Thus, the generation of regulatory CD11chighCD11blow DCs in the lung and 

the release of IL-10 could be the underlying mechanisms for the therapeutic effect of 

Flt3-L in allergic airway inflammation. 

 

In the non-sensitized mice, CD11chighCD11blow DC subset was not able to induce 

T-cell proliferation, possibly due to an immature phenotype and inefficient antigen 

uptake. CD11chighCD11blow DCs isolated from OVA-sensitized and challenged mice were 
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able to induce T cell proliferation, which is also consistent with the results from the 

adoptive transfer of DCs where AHR was not attenuated. This suggests that 

CD11chighCD11blow CD8α+ DCs require IL-10 to exert their regulatory effect in resolving 

allergic airway inflammation and AHR.  

 

The reason for increased number of cells in the CD11chighCD11blow DC subset is 

because Flt3-L administration mobilizes more Flt3-expressing DC precursors from bone 

marrow into the blood (199). The mobilized cells serve as immediate precursors of DCs 

leading to a dynamic change in the frequency of different DC subsets in the lungs (47, 

199-202). Although Flt3-L is required and important for maintaining the homeostasis of 

the dendritic cell pool in peripheral lymph organs (199), little is known whether or not 

Flt3-L-expanded spleen DCs can migrate to the lung in response to OVA challenge. The 

current study supports the previously published results that Flt3-L prevents (158, 159) 

and reverses (168, 169) AHR to methacholine in OVA-sensitized and challenged mice. In 

addition, it has been previously shown that Flt3-L treatment induces an increase in 

CD11+CD11b+ DCs (168) accompanied by a decrease in dendrites and cytoplasmic veils 

(194), indicating that Flt3-L treatment gives rise to a less mature DC phenotype. 

Another study also reported that DCs expanded by murine Flt3-L were able to induce 

suppressive effects on T cells (154). Flt3-L knockout mice have no defect on T cell 

priming and secondary response (203), suggesting that Flt3-L-dependent lung DCs may 

have a different function than conventional DCs. Triccas and colleagues(160) and Ulrich 

et al. (165) have reported an enhanced Th1 response upon the administration of Flt3-L, 

which is consistent with the results from the in vitro DC-T cell co-culture and BALF 

cytokine levels.    
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The engagement of DC costimulatory molecules to their receptors on naïve T cell 

allows immunity or tolerance to occur. The altered expression of costimulatory 

molecules, PD-L2, CD86 and CD40 upon Flt3-L treatment provides a clue into the 

mechanisms of Flt3-L on DCs. The expression levels of PD-L1 and PD-L2 were 

significantly higher in regulatory CD11chighCD11blow DCs than immunogenic 

CD11clowCD11bhigh DCs. In addition, PD-L2 and CD86 levels were significantly 

upregulated after Flt3-L treatment only in regulatory CD11chighCD11blow DCs, and CD40 

was downregulated only in immunogenic CD11clowCD11bhigh DCs.  B7 family members, 

B7-H1 (PD-L1) and B7-DC (PD-L2) with its binding receptor PD1, have been identified 

and shown to play bi-directional regulatory roles in T cell proliferation(81, 82). The 

relatively greater role of IFN- in stimulating PD-L1 expression and IL-4 in stimulating 

PD-L2 expression suggests that PD-L1 and PD-L2 may have distinct functions in 

regulating Th1 and Th2 responses (81). There are also a number of studies showing that 

the PD-L2-PD1 pathway inhibited T cell proliferation and cytokine production (85, 87-

89). The correlation of Flt3-L treatment and increased PD-L2 expression open an 

intriguing putative pathway suggesting that the inhibitory effect of PD-L2-PD1 

interaction on T cell proliferation might be enhanced by Flt3-L treatment.  

 

In conclusion, potentially regulatory and immunogenic DC subsets were 

identified in the lung of a mouse model of allergic airway inflammation. Flt3-L 

treatment is not only able to increase regulatory Th1-prone DC subset in OVA-sensitized 

mice but can also enhance their regulatory capability. The regulatory effects of Flt3-L-
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generated DCs might be achieved by changes in the expression of costimulatory 

molecules and an enhanced IL-10 secretion. 
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CHAPTER 4 

4 FLT3-L REGULATES MIGRATION PATTERN AND ANTIGEN 

UPTAKE BY LUNG DENDRITIC CELLS IN ALLERGIC ASTHMA 
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4.1 Abstract: 

Rationale: Flt3-Ligand reverses the features of allergic airway inflammation and 

increases a Th2-suppressive regulatory lung CD11chighCD11blow DC subset in a mouse 

model.  

Objective: The migratory pattern and antigen uptake efficiency by lung dendritic cell 

subsets in the therapeutic effect of Flt3-Ligand were examined.  

Methods: Lung CD11chighCD11blow and CD11clowCD11bhigh dendritic cells from PBS-

treated, OVA-sensitized and Flt3-L-treated-OVA-sensitized Balb/c mice were sorted 

using MACS and FACS for phenotype analysis. Lymphatic chemokine expression in 

thoracic lymph nodes was determined by immunohistochemistry. Migration of two lung 

DC subsets to lymphatic chemokines was examined in vitro using a TransWell 

chemotaxis assay. Labeled antigen was intranasally delivered into mouse lungs to track 

the migration and antigen uptake by lung DCs. The in vitro cytokine secretion of 

mediastinal lymph node cells was determined using ELISA. 

Results: CD11clowCD11bhigh DCs have higher expression of CCR5, CCR6, CCR7 but 

lower expression of CCR2 than CD11chighCD11blow DCs. CD11clowCD11bhigh DCs in Flt3-L-

treated-OVA-sensitized mice demonstrated a less mature phenotype, inefficiency in 

antigen uptake, and impaired migration in vitro to lymphatic chemokine than those in 

OVA-sensitized mice. Administration of Flt3-L decreased the expression of CCR5 and 

CCR7 in CD11clowCD11bhigh DCs in OVA-sensitized mice. Fewer antigen-carrying cells 

were detected in the lungs and lymph nodes in Flt3-L-treated-OVA-sensitized mice than 

OVA-sensitized mice with a greater decrease in CD11clowCD11bhigh DCs. Mediastinal 
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lymph node cells from Flt3-L-treated mice secreted higher levels of Th1 cytokines and 

IL-10 than OVA-sensitized mice in vitro.  

Conclusion: Flt3-L-generated lung immunogenic CD11clowCD11bhigh DCs have a less 

mature phenotype, impaired antigen uptake and impaired migration to draining lymph 

nodes.  
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4.2 Introduction: 

Flt3-L is a synergistic hematopoietic growth factor that has emerged as a 

potential immunomodulator in the intervention of multiple disease conditions such as 

cancer, infection, vaccination, and allergic asthma (151, 157-161). The basis of these 

tentative applications is Flt3-L’s ability to specifically expand dendritic cell populations 

and consequently enhance the antigen presentation (143).  A high level of Flt3-L is only 

detected in hematopoietic organs such as bone marrow and peripheral lymph organs, 

whereas Flt3-L is maintained at very low levels in the peripheral circulatory system 

under physiological condition (110). As such, considering the synergistic nature of Flt3-

L, DC generation and DC-mediated immune response under a super-physiological level 

of Flt3-L are primarily dependent on the cytokines or growth factors present in the 

microenvironment in hematopoietic tissue (113, 149, 150, 196, 198, 204), for example, a 

Th2-dominated cytokine profile in allergic asthma (34). The fact that Flt3-L treatment 

preferably generates some specific DC subsets (149, 150, 204) opens an intriguing 

question as to the phenotype and function of Flt3-L-generated DCs as well as the 

pathway by which these DCs function in allergic conditions.  

 

The investigations in our laboratory have previously shown that Flt3-L reverses 

the features of allergic airway inflammation, preferably increases a Th1-prone lung 

CD11chighCD11blow DC subset, and slightly decreases a Th2-prone immunogenic 

CD11clowCD11bhigh lung DC subset in a mouse model of acute allergic airway 

inflammation (34). The increasing number of DCs in response to inflammation is a 
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result of enhanced hematopoiesis and a process in which DC precursors migrate toward 

a chemoattractant gradient (98). Therefore, the number of peripheral DCs appears to be 

dependent on the efficiency of hematopoiesis as well as the migratory capacity of DC 

precursors under the regulation of inflammatory mediators. One of the indicators for 

the migratory capacity of DCs is the chemokine receptor expression that remains after 

the DC precursors migrate to the lungs (97, 205).  Antigen uptake is a key step in DC 

activation, upon which, DCs upregulate CCR7 expression and acquire the ability to 

migrate to draining lymph nodes where they prime naïve CD4+ T cells. This process is 

driven by the interaction between CCR7 and its ligands, CCL19 and CCL21(102). The 

differential regulation of migratory activity of lung DC subsets upon antigen uptake by 

would be expected to influence the efficiency of the antigen presentation.  

 

It has been reported that Flt3-L treatment alters expression level of chemokine 

receptors and subsequently affects the migratory capability of dendritic cells in lungs 

and kidney (147, 206).  Further study has suggested that Flt3-L-Flt3 engagement 

facilitates hematopoietic cell migration/homing and mobilization by enhancing or 

inhibiting CXCL12/CXCR4 signaling pathways, which sheds light on the molecular 

mechanisms of Flt3-L-Flt3 interaction with respect to DC chemotaxis (130). 

Furthermore, Flt3-L/Flt3 interaction is also involved in regulating the trafficking of 

normal and transformed hematopoietic cells (130). Mice pretreated with Flt3-L 

demonstrated an altered cytokine and chemokine (MIP-2 and CCL2) expression in 

bronchoalveolar lavage fluid, which suggests that Flt3-L may affect chemokine 

production and consequently intervene the recruitment of inflammatory cells (166). 

Lastly, Flt3-L-generated mouse spleen DCs take up and process antigen less efficiently 
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than CSF-generated mouse spleen DCs (150). These studies provide strong evidence that 

Flt3-L is involved in the regulation of dendritic cell migration. Whether or not Flt3-L 

differentially alters the migratory pattern and antigen uptake of lung DC subsets and 

consequently determines the outcome of T cell response in OVA-induced allergic airway 

inflammation needs to be further elucidated.  

 

In this study, the migration-related properties of different lung DC subsets were 

examined in mice in the context of OVA sensitization and Flt3-L treatment. The 

involvement of Flt3-L in DC migration helps further understand the underlying 

mechanisms of its therapeutic effect in allergic airway inflammation and asthma.  
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4.3 Materials and Methods 

4.3.1 Mice and treatment protocols 

Four to 5 week old female Balb/c mice were purchased from Harlan Laboratories 

(Indianapolis, IN) and maintained under specific pathogen-free conditions at Creighton 

University. All of the animal experiments conducted in this study were approved by the 

Institutional Animal Care and Use Committee of Creighton University. The sensitization 

and treatment protocol followed was previously described (34) as shown in Fig. 19B. 

Briefly, mice were divided into sensitized and non-sensitized groups. Sensitized groups 

received 20 μg grade V chicken egg ovalbumin i.p. (OVA; Sigma-Aldrich, St. Louis, MO) 

emulsified in 2.25 mg of Imject alum (Thermo Scientific, IL) on day 1 and day 14. Non-

sensitized mice received sterile PBS i.p. The mice were challenged with either 1% OVA 

aerosol or PBS for three consecutive days starting on day 28. AHR to methacholine was 

established (Fig. 1B). Sensitized mice were randomized into two groups, one of which 

were given 5 g Flt3-L i.p. on day 34 - 43. The other group received sterile PBS i.p.. 

Non-sensitized mice received the same volume of sterile PBS serving as controls. On day 

44 all mice underwent OVA challenge followed by the measurement of AHR to 

methacholine on day 45. Lungs were collected to isolate DCs.  
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Figure 19: Protocol for sensitization and treatment. A (dash frame). A total 

150 OVA-AlexaFluor647 in 30 µl was intranasally delivered into lungs of OVA-sensitized 

mice on Day 45. Lungs and mediastinal lymph nodes were collected for the evaluation of 

antigen uptake and for tracking lung DCs. B (solid frame). OVA sensitization followed 

by methacholine challenge. A total dose of 50 mg Flt3-L treatment was given to each 

mouse prior to the final methacholine challenge to re-assess the AHR. 

4.3.2 In vivo antigen uptake/processing assay and tracking lung DCs 

Briefly, fluorochrome-conjugated OVA or DQ-OVA antigen was intranasally 

injected into the lungs of OVA-sensitized and challenged mice on day 45 (Fig. 19A) of 

the sensitization protocol (Fig. 7) using a revised non-invasive method of intranasal 

antigen delivery (77). AlexaFluor® 647-conjugated OVA (Cat# 0-34784, Invitrogen, 

Molecular Probes, OR) was reconstituted at a concentration of 5mg/ml in sterile PBS. 

Mice were completely anesthetized with 80 µg pentobarbital per animal (80 µg/20g 

body weight) and held in a vertical position perpendicular to the bench. The mouse 
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tongue was pulled from the mouth and held gently with moisturized tweezers to prevent 

pharyngeal reflection in response to the inhaled OVA solution. A total of 30µl OVA 

solution was delivered intranasally during the inspiration phase of a respiratory period. 

The mouse position and tongue were held for an additional 60 seconds to ensure the 

entry of the antigen solution into the lungs. Cough was usually observed as a consequent 

sign of a successful delivery. The mouse was then returned to its cage and laid on the 

cotton bedding at lateral position to keep body temperature constant and to prevent 

suffocation. Mice were observed for at least two hours until the recovery from anesthesia 

was complete. The mice were euthanized and the lungs/mediastinal lymph nodes 

collected 48 hours after the antigen delivery. 

4.3.3 Pre-sort of CD11c+ cells from lung and mediastinal LN 

After euthanization on Day 45 or Day 47, the lungs and mediastinal LNs were 

collected, cut into small fragments and digested with 5 ml collagenase D (1 mg/ml) in 

RPMI-1640 containing 1 mg/ml DNase (Sigma-Aldrich, St. Louis, MO) at 37°C for 1 hr. 

The digested lung and LN tissues were dissociated by repeated pipetting using a 1 ml 

syringe. A 40 μm cell strainer (BD Falcon, San Jose, CA) was used to filter the 

disassociated LN tissue and to obtain the cell suspensions. The CD11c+ lung cells were 

sorted using an antiCD11c microbeads kit (CD11c N418, cat# 130-052-001, Miltenyi 

Biotech, CA) and AutoMACS (Miltenyi Biotech, Auburn, CA) according the protocol 

provided by the manufacturer (34).  
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4.3.4 Fluorescence activated cell sort (FACS) and flow cytometry analysis 

Antibody titrations were performed to determine the optimal antibody dilution 

for the cell staining. The volume of the antibody was adjusted according to the number 

of the cells counted in each sample. Pre-sorted CD11c+ lung and mediastinal LN cells 

were collected and counted. The cells were resuspended in PBS supplemented with 4% 

fetal bovine serum (PBS4) and incubated with the fluorochrome-conjugated antibodies 

for 30 min on ice. The antibodies used were CD11cPE-Cy7, CD11bPE-Cy5, CD86PE, 

CD80FITC, CD40biotin, CCR5biotin, CCR6Alexa647, MHCIIAlexa700, CCR7Alexa700 

(eBioScience, San Diego, CA),  Goat anti-CCR2 (Abcam, MA) and Rabbit anti-goat IgG1 

antibody conjugated with FITC (Abcam, MA) as the secondary antibody. The cells 

bound to biotin-conjugated primary antibody were incubated with streptavidin-

conjugated APC (eBioScience, San Diego, CA). Samples were washed by addition of ice-

cold PBS4 before acquisition of the fluorescence signals and cell sorting using a 

FACSAria sorter (BD Biosciences, CA). MHCII+ cells were gated in microbeads-isolated 

lung and lymph node CD11c+ cells in order to further define DC subsets. Lung DC 

subsets were further defined based on the expression of CD11c and CD11b as reported 

previously (34). 

4.3.5 LN histology 

Mediastinal lymph nodes were removed, fixed in 4% formalin and embedded in 

paraffin in an automatic tissue processer. The fixed LN tissues were sectioned at 5 μm 

thickness for immunohistochemistry (IHC) analysis of CCL19 and CCL21. 

Deparaffinization, rehydration and antigen retrieval was done prior to immunostaining. 
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Goat anti mouse CCL19 and CCL21 primary antibodies (Abcam, MA) were used at 1:200 

dilution. IHC staining for CCL19 and CCL21 was performed using VECTOR ABC kit for 

goat (Vector Laboratories, CA). The LN tissue sections were counterstained with Gill 2 

hematoxylin (Statlab, TX). The tissue sections were then dehydrated using 

concentration gradient of ethanol and xylene. Following dehydration, the slides were 

mounted with mounting media and cover slip. 

4.3.6 Chemotaxis assay 

For chemotaxis assays, 1 x 105 cells in 100µL RPMI-1640 (Sigma, MO) were 

added in the upper compartment of a Transwell culture plate (Corning, Corning, NY; 

Cat #. 3421, 6.5 mm diameter, 5.0 μm pore size). Six hundred microliters of RPMI-1640 

containing 100 ng/mL CCL19 and CCL21 (PeproTech, NJ) were added to the lower 

compartment. The cells were incubated for 6 hours at 37°C. Trypsinization was used to 

detach the cells from the membrane. The cells that migrate through the membrane to 

the lower chamber of the TransWell were counted using a phase hemocytometer 

(Hausser Scientific, Horsham, PA). The chemotactic index, a measure of the specificity 

of migration, was calculated as (number of cells migrating to chemokines) / (number of 

cells that migrated to medium alone).  

4.3.7 Measurement of cytokine secretion by LN cells 

The dissected mediastinal LNs from OVA-sensitized and Flt3-L-treated-OVA-

sensitized mice were processed using the method mentioned above to obtain LN cell 

suspension. The cells were counted using a Beckman Coulter Counter (Beckman Coulter, 
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CA). The LN cells were resuspended at a density of 1 × 106/mL in RPMI-1640 (Sigma, 

MO) supplemented with 10% heat-inactivated FBS and penicillin-streptomycin and then 

were incubated in a Cellstar® 12-well suspension culture plate (Greiner Bio-one, 

Germany) at 37°C for 72 hrs.  Culture supernatant was collected for the measurement of 

secreted cytokines. Cytokine levels (IFN-γ, IL-2, IL-4, IL-10, and IL-12 (p70)) were 

determined in the culture supernatant using commercially available ELISAs 

(eBioscience, San Diego, CA) according to the manufacturers' protocol. The sensitivity of 

each assay was as follows: 15 pg/ml for IFN- γ, 2 pg/ml for IL-2, 4 pg/ml for IL-4, 30 

pg/ml for IL-10, and 2 pg/mL for IL-12. 

4.3.8 Data processing and statistical analysis 

Flow cytometric data were processed and analyzed using Flowjo software (Tree 

Star Inc. OR). GraphPad (GraphPad Software Inc, CA) was used to conduct statistical 

analysis. Unpaired Student’s t test was used to determine differences between two 

groups. Multiple group comparison was made using one-way ANOVA with the 

Bonferroni correction. A value of p<0.05 was considered significant. Values are 

expressed as means ±SEM if not indicated. 

4.4 Results 

4.4.1 Expression of chemokine receptors in lung DCs 

Flt3-L modifies the expression of chemokine receptors and 

costimulatory molecules in lung CD11clowCD11bhigh DCs in OVA-sensitized 
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mice. CD11clowCD11bhigh lung DCs had higher expression of CCR5, CCR6, CCR7 and low 

CCR2 expression in comparison to CD11chighCD11blow DCs regardless of the treatment. 

OVA sensitization and challenge remarkably upregulated the expression of the 

chemokine receptors responsible for recruiting DC precursors, including CCR2, CCR5, 

and CCR6 in both CD11chighCD11blow and CD11clowCD11bhigh lung DCs (Fig. 20) 

although there was a significant decrease in the numbers of CD11chighCD11blow DCs in 

OVA sensitized and challenged mice (34). Interestingly, although Flt3-L treatment 

significantly increased CD11chighCD11blow lung DCs, treatment did not upregulate 

expression of CCR2, CCR5 and CCR6 in this lung DC subset (Fig. 20). Nevertheless, the 

expression of CCR5 and CCR7 in the CD11clowCD11bhigh lung DCs was downregulated by 

Flt3-L treatment in OVA-sensitized mice (Fig. 20), which correlated with decreased 

numbers of CD11clowCD11bhigh lung DCs (Fig. 12 CD ). In addition, CD11clowCD11bhigh 

lung DCs had a less mature phenotype characterized by a decreased expression of CD40, 

CD86, and CCR7 in Flt3-L treated-OVA-sensitized mice as compared to OVA-sensitized 

mice (Fig 21). 
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Figure 20: Expression of chemokine receptors. Two lung DC subsets, 

CD11ChighCD11blow (upper panel) and CD11ClowCD11bhigh (lower panel) DCs have 

different expression levels of chemokine receptors, CCR2, CCR5, CCR6 and CCR7. Flt3-

L downregulated the expression of CCR5 and CCR7 in CD11ClowCD11bhigh (lower panel) 

DCs (histograms are the representative of at least 3 independent experiments). 

 

Figure 21: Phenotype of Flt3-L-generated CD11ClowCD11bhigh. 

CD11clowCD11bhigh DCs isolated from Flt3-L-treated-OVA-sensitized mice displayed a 

less mature phenotype than those from OVA-sensitized mice. Lower expression levels of 
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CD40 and CD86 were observed in DCs from Flt3-L-treated OVA-sensitized mice. (The 

figures are the representative of at least three independent flow cytometry experiments). 

4.4.2 Lymphatic chemokine expression in lymph node 

Flt3-L modifies the expression of lymphatic chemokine secretion in 

mediastinal draining LNs. As shown in Fig 22, the expression levels of CCL21 and 

CCL19 were upregulated by OVA sensitization in the T cell rich zone of the cortex, and 

CCL21 was upregulated also in afferent lymphatic vessels and high endothelial venules. 

In Flt3-L-treated-OVA-sensitized mice, the expression of CCL19 and CCL21 appeared to 

be decreased compared with their expression in OVA sensitized mice (Fig 22).  
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Figure 22: Expression of lymphatic chemokines in lymph nodes. Expression 

of CCL19 (upper panel, 20x) and CCL21 (middle panel 20x and lower panel 20x with 

digital zoom-in) were upregulated by OVA sensitization and downregulated by Flt3-L. 

green arrow: afferent lymphatic vessel; red arrow: high endothelial venules; T: T cell 

rich zone (Images are the representative of at least 3 independent experiments involving 

3 animals).  

4.4.3 DC migration to lymphatic chemokines 

Flt3-L-generated CD11clowCD11bhigh lung DCs demonstrate impaired 

migratory capacity to lymphatic chemokines in vitro.  OVA sensitization 

significantly enhanced the migratory ability of both CD11chighCD11blow and 

CD11clowCD11bhigh lung DCs in response to lymphatic chemokines CCL19 and CCL21 

(Fig. 23 A-B). Flt3-L treatment did not alter the migration of CD11chighCD11blow DCs 

(34) but significantly decreased the migration of CD11clowCD11bhigh lung DCs in response 

to lymphatic chemokines in the cells isolated from OVA sensitized mice (Fig. 23 A-B). 

This is well correlated with an Flt3-L-induced downregulation of CCR7 expression in 

CD11clowCD11bhigh lung DCs (Fig. 20). In addition, CCL19 induced a significantly higher 

degree of transmigration activity than CCL21 for both CD11chighCD11blow and 

CD11clowCD11bhigh lung DCs (Fig. 23). 
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Figure 23: In vitro migration assay of lung DCs. The migratory capacity of lung 

DC subsets in response to lymphatic chemokines, CCL19 and CCL21, was determined in 

vitro using TransWell®. CD11chighCD11blow DC subset (A) is less capable in migrating to 

lymphatic chemokines than CD11ClowCD11bhigh DC subset (B). CD11ClowCD11bhigh DCs 

demonstrated an impaired migration to lymphatic chemokines in Flt3-L-treated-OVA-

sensitized mice. (P<0.001, P<0.01, P<0.05, n = 4). 
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4.4.4 Antigen uptake of DC 

Flt3-L-generated lung CD11clowCD11bhigh DCs in OVA-sensitized mice 

demonstrate inefficiency in antigen uptake. As shown in Fig 24A, 48 hours 

after intranasal injection of AlexaFluor647-conjugated OVA, significantly higher 

number of Ag-carrying lung cells was detected in the lungs of OVA-sensitized mice than 

Flt3-L-treated-OVA-sensitized mice. The dot plot of Ag-carrying cells by CD11c vs CD11b 

revealed that CD11chighCD11blow lung DCs maintained normal antigen uptake ability in 

Flt3-L-treated mice, but CD11clowCD11bhigh DCs demonstrated an impaired antigen 

uptake (Fig 24B) as compared to OVA-sensitized mice. Regardless of Flt3-L treatment, 

CD11chighCD11blow lung DCs were more capable at OVA antigen uptake than 

CD11clowCD11bhigh lung DCs possibly due to their intrinsic properties.  
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Figure 24: Phenotype and migration of Ag-carrying DCs. MHCII+ lung cells 

were gated first and plotted by side scatter versus Ag-AlexaFluor647. Lung and LN Ag-

carrying cells were gated based on the control with empty AlexaFluor647 channel 

(wavelength 660). A. A significantly higher percentage of Ag-carrying cells were 

detected in OVA-sensitized mice lungs than Flt3-L treated mice. B. Defective antigen 

uptake mostly occurred in CD11clowCD11bhigh DCs in Flt3-L-treated mice. C. More Ag-

carrying DCs were detected in mediastinal lymph nodes in OVA-sensitized mice. D. less 

percentage of CD11ClowCD11bhigh DCs was present in Flt3-L-treated mice as compared to 

those in OVA-sensitized mice. Overall CD11ClowCD11bhigh DCs showed enhanced 

migration to lymph nodes compared with CD11chighCD11blow 

4.4.5 In vivo migration to lymph node 

Ag-carrying CD11clowCD11bhigh DCs in Flt3-L-treated-OVA-sensitized 

mice show impaired migration to mediastinal draining LN in vivo. Both 

antigen-carrying CD11chigh and CD11clow DC subsets were detected in mediastinal 

draining lymph nodes with more Ag-carrying cells in OVA sensitized mice (Fig 24C). 

Flt3-L did not alter the migratory efficiency of CD11chigh lung DCs since they were still 

the majority of the Ag-carrying cells in LNs (Fig 24D). The CD11clow antigen-carrying 

DCs demonstrated an impaired migration to the lymph nodes in Flt3-L treated-OVA-

sensitized mice 48 hours after antigen exposure (Fig 24D) as shown by a decrease from 

18.4% in lung to 5.66% in LN in the mediastinal lymph nodes, which might be the 

consequence of less antigen uptake and downregulated expression of CCR7 (Fig 20).  
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4.4.6 Cytokine production in draining lymph node  

The LN cells in Flt3-L-treated OVA-sensitized mice demonstrate a 

Th1-prone immune response. The entire cell fraction freshly isolated from 

mediastinal draining lymph nodes was cultured in RPMI-1640 supplemented with 10 % 

FBS for 72 hours to mimic overall in vivo cytokine production in lymph nodes. As shown 

in Fig. 25, LN cells isolated from OVA sensitized-Flt3-L-treated mice secreted 

significantly higher levels of IL-2, IL-10, IL-12 (p70), and IFN-γ. No difference in IL-4 

levels was detected between the groups. The shift in cytokine production from Th2 to 

Th1 was well correlated with the dynamic change of migratory DCs in mediastinal lymph 

nodes.  

 

Figure 25. Cytokine production by mediastinal LN cells. The whole LN cell 

suspension was cultured for 72 hours and the supernatant was collected for the 
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measurement of IL-2, IL-4, IL-10, IL-12, and IFN-γ production. ( P<0.01,  P<0.05, 

n=3~6). 
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4.5 Discussion  

The Flt3-L reverses airway inflammation and hyperresponsiveness by increasing 

a Th1-prone regulatory lung DC subset and decreasing a Th2-prone lung DC subset (34). 

In this study, the role of DC migration and antigen uptake by lung DC subsets in the 

context of OVA sensitization and the Flt3-L-induced therapeutic effect in allergic airway 

inflammation was defined. 

 

The increased number of CD11chighCD11blow lung DC subset (34) in Flt3-L-

treated-OVA-sensitized mice seems to be solely due to the hematopoietic effect of Flt3-L 

administration. Although OVA sensitization and a Th2-dominated cytokine milieu 

remarkably upregulated the expression of chemokine receptors CCR2, CCR5, and CCR6 

in CD11chighCD11blow lung DCs, an increased number of this DC subset in OVA sensitized 

mice was not observed. In addition, the increased number of CD11chighCD11blow lung 

DCs was not associated with the expression levels of chemokine receptors in Flt3-L-

treated-OVA-sensitized mice. These findings suggest that the expression of chemokine 

receptors is selectively regulated by antigen sensitization in this mouse model, whereas 

the inflammatory cytokine-induced hematopoiesis contributes more to the dynamics of 

lung DC recruitment than the expression of chemokine receptors.  

 

A decreased number of CD11clowCD11bhigh DCs in the lungs of Flt3-L-treated-

OVA-sensitized mice is well correlated to the decreased expression levels of CCR5, a 

crucial chemokine receptor in recruiting myeloid lung DCs in allergic asthma. The 
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downregulation of CCR7, CD40, and CD86 appears to be an Flt3-L-dependent effect. 

The less mature phenotype of CD11clowCD11bhigh DCs in Flt3-L-treated-OVA-sensitized 

mice was consistent with the functional properties of these cells including inefficient 

antigen uptake and impaired migratory potential in response to lymphatic chemokines, 

CCL19 and CCL21, in Flt3-L-treated-OVA-sensitized mice. The inefficiency of Flt3-L-

generated DCs in antigen uptake has been reported in spleen DCs (150), and our group 

has reported that Flt3-L-generated lung and spleen DCs exhibit a semi-mature 

phenotype indicated by fewer dendrites and cytoplasmic veils (194). These findings 

somewhat contradict the traditional belief that Flt3-L facilitates DC maturation. It 

should be noted that Flt3-L, as a hematopoietic growth factor, primarily regulates the 

hematopoiesis and may cause DC to have an under-developed phenotype. It is antigen 

loading that triggers DC maturation. The synergistic effect of Flt3-L in combination with 

Th2 cytokines might contribute to the subtle regulation of DC phenotype in the process 

of hematopoiesis.  

 

The CD11chighCD11blow lung DC subset has better antigen uptake ability but less 

efficient migration to lymphatic cytokines, whereas the CD11clowCD11bhigh DC subset 

demonstrates less Ag uptake and a fast migratory pattern.. The in vitro antigen 

presentation assay showed that the DC populations were equally able to induce T cell 

proliferation in OVA sensitized mice (34). Therefore, both DC populations are able to 

function as antigen presenting cells although the pattern of migration and the amount of 

antigen uptake might differ. CD11chighCD11blow lung DCs demonstrated better ability to 

take up antigen but they do not seem to perform fast migration as shown by low levels 

expression of chemokine receptors CCR7 and in vitro/vivo migration assays. On the 
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contrary, the CD11clowCD11bhigh DC subset appears to serve as fast response 

inflammatory DCs in allergic asthma since the majority of the lung DCs in allergic 

airway inflammation have this phenotype. These cells are efficient in presenting antigen 

and migration to lymph node in spite of decreased antigen loading. Although a greater 

percentage of CD11chighCD11blow Ag-carrying DCs were present in the lungs of OVA-

sensitized mice, only a small percentage of them are able to migrate to lymph nodes. 

Lastly, the differential expression of the chemokine receptor CCR2 also helps define the 

functional role of CD11chighCD11blow DCs since it has been thought to play an important 

role in DC recruitment in the Th1 response (207, 208). Most importantly, Flt3-L is 

shown to play a regulatory role in the multiple aspects of CD11chighCD11blow and 

CD11clowCD11bhigh DC subsets, increasing Th1-prone DC subset, decreasing the 

migration and antigen uptake of Th2-prone DC subsets, and leading to Th2 suppression. 

These data are supported by Th1-prone cytokine secretion pattern by both lymph node 

cells and by cells in DC-T cell co-culture system (34).  

 

Flt3 is expressed by hematopoietic precursors, such as common lymphoid and 

myeloid hematopoietic precursors, and steady state DCs in peripheral lymph organs 

such as the spleen and lymph nodes (58). It has been reported that Flt3-L-Flt3 

interactions are essential for the regulation of homeostatic DC development in the 

spleen (199). However, alteration of CCR7 expression in Flt3-L-generated lung DC most 

likely occurs at the stage of the common lymphoid/myeloid precursors since no 

evidence has reported that DCs in peripheral lymphoid organs migrate to the during 

allergic airway inflammation. The suppressive effect of Flt3-L in allergic asthma is not 

only the result of an impaired migration to lymphatic chemoattractants in Flt3-L-
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generated lung DCs, but it is also linked to a decrease in the secretion of CCL19/CCL21 

by lymph nodes cells. This suppressive effect is controlled and influenced by the 

systemic cytokine milieu which is dominated by the types of immune response induced. 

Therefore, the modification of CCL19/CCL21 expression seems to be an indirect result of 

Flt3-L administration. 

 

The results of this study demonstrate that Flt3-L-generated CD11clowCD11bhigh DC 

subset in the lung displays a less mature phenotype in Flt3-L-treated-OVA-sensitized 

mice, which is responsible for impaired migration and antigen uptake.  
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CHAPTER 5 

5 INVOLVEMENT OF CALCIUM-ACTIVATED POTASSIUM 

CHANNEL IN LUNG DENDRITIC CELL MIGRATION 
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5.1 Abstract 

Rationale: Migration to draining lymph nodes is a critical requirement for dendritic 

cells to control T cell-mediated immunity. The calcium-activated potassium channel 

KCa3.1 has been shown to be involved in the regulation of cell migration in multiple cell 

types. 

Objectives: The expression of KCa3.1 was examined and its role in lung DC migration 

was defined.  

Methods: Labeled antigen was intranasally delivered into mouse lungs to label lung 

antigen-carrying DCs. Lung CD11chighCD11blow and CD11clowCD11bhigh dendritic cells 

from PBS-treated and OVA-sensitized Balb/c mice were sorted using MACS and FACS. 

The mRNA expression of KCa3.1 in lung DCs was examined using real-time PCR. CCR7 

expression and OVA-antigen uptake activity was measured using flow cytometry. 

Migration of two lung DC subsets to lymphatic chemokines was examined in vitro using 

a TransWell assay in the presence or absence of the KCa3.1 blocker TRAM-34.  

Results: Both CD11chighCD11blow and CD11clowCD11bhigh dendritic cells expressed 

KCa3.1 mRNA and cell surface protein. OVA sensitization and challenge upregulated the 

expression of KCa3.1 in both DC subsets with a greater response by the immunogenic 

CD11clowCD11bhigh subset. DCs that expressed the highest level of KCa3.1 also expressed 

higher levels of CCR7 and had more loaded OVA antigen. Blockade of KCa3.1 in vitro by 

TRAM-34 impaired the chemotactic migration of both lung DC subsets to lymphatic 

chemokines CCL19 and CCL21.  
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Conclusions: KCa3.1 is expressed by lung DCs and is positively associated with DC 

activation by OVA antigen. KCa3.1 is required for lung DC migration to lymphatic 

chemokines. 
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5.2 Introduction 

Calcium, a pivotal second messenger in various cellular pathways, initiates and 

regulates cell migration (209). The intracellular calcium increase can be induced by 

various chemoattractants (210, 211) especially ATP (212), chemokines for DC 

recruitment (213), lymphatic chemokines (214, 215), and pathogen-associated molecular 

patterns such as LPS in dendritic cells (216). ATP and 1-4 dihydropyridines induce 

calcium mobilization from intracellular stores but extracellular calcium influx is 

primarily through calcium release-activated calcium channel (CRAC) activity in bone 

marrow-derived dendritic cells (212). Consequently, the increased intracellular calcium 

concentration, due to either intracellular compartment release or extracellular calcium 

influx, will inevitably lead to the activation of calcium-activated potassium channels that 

subsequently exert an impact on DC function. In spite of the involvement of calcium-

initiated multiple downstream events, a limited amount of information is available 

regarding the role of calcium-activated potassium channels in DC biology.  

 

KCa3.1 belongs to the small and intermediate-conductance-calcium-activated 

potassium channel subfamily. It is expressed in almost all types of migrating cells (217) 

including airway smooth muscle cells (218), vascular smooth muscle cells (219-221),  T 

cell (222), macrophage (223) and mast cells (224). Pathophysiologically, blockade or 

activation of KCa3.1 impairs or increases, respectively, the migration of epithelial cells 

(225), smooth muscle cells (220), mast cells (224), and macrophages (226) but no in-

depth investigation of the underlying mechanisms of KCa3.1’s impact on cell migration 
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has been performed. The speculation for the mechanism of KCa3.1 in cell migration 

includes cell volume regulation, orchestrating membrane resting potential to maintain 

the calcium fluctuation, and regulation of polymerization or depolymerization of the 

actin cytoskeleton (217).  

 

In this study, the expression of KCa3.1 in mouse lung DCs was examined and its 

role in lung DC migration was determined.  
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5.3 Materials and Methods  

5.3.1 Mice 

Four to 5 week old female Balb/c mice were purchased from Harlan Laboratories 

(Indianapolis, IN) and maintained under specific pathogen-free conditions at Creighton 

University. All of the animal experiments conducted in this study were approved by the 

Institutional Animal Care and Use Committee of Creighton University. 

5.3.2 Sensitization of experimental animals 

The sensitization protocol followed is shown in Fig. 1A. Mice were divided into 

sensitized and non-sensitized groups. Sensitized groups received 20 μg grade V chicken 

egg ovalbumin i.p. (OVA; Sigma-Aldrich, St. Louis, MO) emulsified in 2.25 mg of Imject 

alum (Thermo Scientific, Rockford, IL) in a final volume of 100 μl on day 1 and day 14. 

Non-sensitized mice received 100 μl of sterile PBS i.p. The mice were challenged with 

either 1% OVA aerosol or PBS for three consecutive days starting day 28.  AHR to 

methacholine was established (Fig. 1A). On day 44 all mice underwent OVA challenge 

followed by the measurement of AHR to methacholine on day 45. Lungs were collected 

to isolate DCs.  
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5.3.3 Isolation of lung dendritic cells 

After euthanasia of mice, the lungs were collected, finely chopped and digested 

with 5 ml collagenase D (1 mg/ml) (Roche, Indianapolis, IN) in RPMI-1640 containing 1 

mg/ml DNase (Sigma-Aldrich, St. Louis, MO) at 37°C for 1 hr. The pellet was 

resuspended in 1 ml of MACS (Magnetic-assisted cell sorter) buffer (PBS supplemented 

with 0.5% BSA) and the cells counted in a coulter counter (Beckman Coulter, Fullerton, 

CA). In order to isolate DCs, the cells were first incubated for 5 minutes with an Fc 

blocker (BD Biosciences, San Jose, CA) followed by incubation for 30 minutes on ice 

with 100 μl of CD11c microbeads (Miltenyi Biotech, Auburn, CA) for every 100 million 

cells counted. The cells underwent a double positive selection using the POSSELDS 

program in the AutoMACS (Miltenyi Biotech, Auburn, CA).  

5.3.4 Flow cytometry of lung DCs 

Antibody titrations were performed to determine the optimal antibody dilution 

for the cell staining. The volume of the antibody was adjusted according to the numbers 

of the cells in each sample.  CD11c+ cells were collected and counted. The cells were 

resuspended in PBS supplemented with 4% fetal bovine serum (PBS4) and incubated 

with the following antibodies cocktail for 30 minutes on ice: CD11cPE-Cy7 and 

CD11Bpe-Cy5 (eBioscience, San Diego, CA). Samples were washed with ice-cold PBS4 

before cell sort using the FACSAria cell sorter (BD Biosciences, San Jose, CA). If animals 

received an intranasal injection of labeled OVA antigen, the antigen-carrying or antigen 

processing cells were gated and sorted accordingly. For phenotypic analysis for KCa3.1 

expression, AutoMACS-separated CD11c+ lung cells were first stained with CD11cPE-
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Cy7, CD11bPE-Cy5, and CCR7AlexaFluor700 (eBioscience, San Diego, CA). Cell fixation 

and permeabilization was then performed using a BD Cytofix/Cytoperm™ kit.  

Following cell permeabilization, the cells were incubated with a polyclonal rabbit anti-

KCa3.1 antibody (Abcam, MA) for 30 min on ice followed by 30 min incubation with 

FITC-conjugated goat anti-rabbit IgG antibody. FITC-conjugated Rabbit IgG1 anti-

mouse isotype control (eBioscience, San Diego, CA) was used to detect background 

binding. To exclude background binding, KCa3.1 expression was calculated according to 

the formula as follow: (MFI of KCa3.1-MFI of isotype control).  

5.3.5 Chemotaxis assay 

For chemotaxis assays, 1 x 105 cells suspended in 100µL of RPMI-1640 (Sigma, 

MO) were added to the upper compartment of a Transwell (Corning, Corning, NY; Cat #. 

3421, 6.5 mm diameter, 8.0 μm pore size). CCL19 and CCL21 (PeproTech, NJ) were 

added to 600 µL RPMI-1640 in the lower compartment at a final concentration of 100 

ng/mL. The KCa3.1 specific blocker TRAM-34 (stock solution in DMSO of 20 mM) was 

added into upper and lower chamber at a final concentration of 200 nM. The cells were 

incubated for 2 hours at 37°C. Trypsinization was used to detach the cells from the 

membrane. The cells that migrate through the membrane to the lower chamber of the 

TransWell were counted using a phase hemocytometer (Hausser Scientific, Horsham, 

PA). The chemotactic index, a measure of the specificity of migration, was determined 

as follows: (number of cells migrating to chemokines) / (number of cells that migrated 

to medium alone).  
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Figure 26: Chemotactic Assay using the TransWell System. 

5.3.6 Quantitative real-time PCR 

RNA isolation and cDNA synthesis were performed as described in the 

GENERAL METHODS section. Reverse transcription was performed using 1 µg of total 

RNA and oligo(dT) primers in 20-µl of reaction according to the manufacturer’s 

protocol (Cat# TM236, Promega, Madison, WI, CA). Primers for KCa3.1 and GAPDH 

were designed using Primer-BLAST (NIH, Bethesda MD).  The sequences for KCa3.1 

forward primer were 5'- AACTGGCATCGGACTCATGGTTCT-3'; and reverse primer, 5'- 

AGTCATGAACAGCTGGACCTCCTT-3'; for GAPDH forward primer, 5'- 

TCAACAGCAACTCCCACTCTTCCA-3'; and reverse primer, 5'- 

ACCCTGTTGCTGTAGCCGTATTCA-3'.  Real-time PCR was performed on a CFX 96 Real 

Time PCR Machine (Bio-Rad, Hercules, CA) using SYBR green or EvaGreen (BioRad) as 

a dsDNA-specific binding dye under the following conditions: 1 cycle at 95°C for 5 min, 

followed by 50 cycles consisting of 45 sec denaturation at 95°C, 45 sec annealing at 55°C, 

and 45 sec extension at 72°C. The last cycle was extended to 5 min at 72°C. The 

threshold cycle (CT) was recorded for each sample to reflect the mRNA expression level. 

CT was used to reflect the relative KCa3.1 expression levels. To determine the effects of 

OVA sensitization on KCa3.1 gene expression as compared with cells isolated from PBS 
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treated mice, CT was calculated ( CT = CT OVA-treated - CT PBS-treated). 

KCa3.1 mRNA levels were expressed relative to GAPDH mRNA levels using the 

following formula: 1/(2 CT) x 100%. The value of 2 CT was calculated to demonstrate 

the fold changes of KCa3.1 mRNA in cells from OVA-treated mice as compared with cells 

from PBS-treated mice.  
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5.4 Results 

5.4.1 Expression of KCa3.1 in lung DC subsets 

OVA sensitization upregulates mRNA and protein expression of 

KCa3.1 in lung DCs. As shown in Fig. 27A, lung CD11chigh and CD11clow and 

CD11clowCD11bhigh DCs subsets isolated from OVA-sensitized and challenged mice 

demonstrated a significant upregulation (4.37 ± 0.87 and 9.37 ± 0.39 fold, respectively, 

n=4) in kCa3.1 mRNA, as compared to the DCs isolated from PBS treated mice. 

Immunostaning with an anti-KCa3.1 primary antibody plus a fluorochrome-conjugated 

secondary antibody was used to quantify KCa3.1 protein expression in lung dendritic 

cell. Significantly higher levels of KCa3.1 protein expression was also observed in DCs 

isolated from OVA-sensitized mice (Fig. 27B). However, the greatest changes was 

observed in CD11clowCD11bhigh DCs (Fig. 27AB), indicating that OVA-sensitization 

might exert more influence on KCa3.1 expression in CD11chighCD11blow DCs. 
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Figure 27: Expression of KCa3.1 in lung DC subsets. A, expression of KCa3.1 in 

lung DC subsets measured by immunostaining (FITC) and flow cytometry as compared 

to isotype controls and presented in form of histogram of cell frequency versus mean 

fluorescence intensity. (The figures are the representative of three independent 
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experiments); B: Fold change of mRNA expression of KCa3.1 in lung DC subsets (4.37 ± 

0.87 and 9.37 ± 0.39). The value of fold change between OVA-treated and PBS-treated 

was calculated according to the formula 1/2 CTOVA- CTPBS, one sample t test was used to 

test statistical significance with respect to value 0 (n=4, p<0.05, , p<0.001). C: 

Quantitative analysis of KCa3.1 protein expression in lung DC subsets. Protein 

expression was calculated according to the formula: (MFIKCa3.1 – MFIIsotype), MFI, mean 

fluorescence intensity (n=3; , p<0.001) 

5.4.2 In vitro chemotaxis Assay 

Blockade of KCa3.1 impairs migration of lung DCs in response to 

lymphatic chemokines. As shown in Fig. 28 AB, the blockade of KCa3.1 by TRAM-

34 significantly reduced the migration of both subsets of DCs in response to lymphatic 

chemokines, CCL19 and CCL21. These findings confirmed that KCa3.1 is involved in DC 

migration.  
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Figure 28: The Effect of TRAM-34 on lung DC chemotaxis. Final concentration 

of chemokines and blocker: CCL19, 100 ng/mL; CCL21, 100 ng/mL; TRAM34 200nM. 

(n=3,  p<0.05,  p<0.01) 

5.4.3 Coexpression of KCa3.1, CCR7 and labeled OVA antigen. 

Expression of KCa3.1 correlates with the expression levels of CCR7 

and the degree of antigen uptake. The relationship between the expression of 

KCa3.1, CCR7 and antigen uptake was examined to further define the factors affecting 

KCa3.1 expression. The two lung DC populations were further divided into two 

subpopulations, CCR7high and CCR7low (Fig 29A), based on CCR7 expression levels, or 

antigen-carrying and non-antigen-carrying cells based on laxaFluor647 uptake (Fig 

30A). CCR7 and KCa3.1 were coexpressed on both DC subsets (Fig. 29B). CCR7 

expression was positively associated with KCa3.1 expression (Fig. 29C). In addition, 
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antigen carrying cells had significantly higher expression of KCa3.1 than non-antigen-

carrying cells (Fig. 30B,C).  
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Figure 29: Coexpression of KCa3.1 and CCR7 in lung DC subsets. A: defining 

CCR7high and CCR7low DC population in lung CD11clowCD11bhigh DCs and 

CD11chighCD11blow subsets. Blue frame, CCR7high DC population; red frame, CCR7low DC 

population. B: The expression of KCa3.1 in CCR7high and CCR7low DC populations in 

lung CD11clowCD11bhigh DCs and CD11chighCD11blow subsets. Blue, CCR7high DC 

population; red, CCR7low DC population. (Figures 29A and 29B are representative 

examples of three independent experiments.) C: KCa3.1 protein expression in CCR7high 

and CCR7low DC populations in lung CD11clowCD11bhigh DCs and CD11chighCD11blow 

subsets. (n=3, , p<0.001) 
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Figure 30: Expression of KCa3.1 in antigen-carrying cells in lung DC 

subsets. A: defining antigen-carrying and non-antigen-carrying DC population in lung 

CD11clowCD11bhigh DCs and CD11chighCD11blow subsets. Blue frame, antigen-carrying DC 

population; red frame, non-antigen-carrying DC population. B: The expression of 

KCa3.1 in antigen-carrying and non-antigen-carrying DC populations in lung 

CD11clowCD11bhigh DCs and CD11chighCD11blow subsets. Blue, antigen-carrying DC 

population; red, non-antigen-carrying DC population. (Figures 30A and 30B are 

representative examples of three independent experiments.) C: The expression of 

KCa3.1 Protein in antigen-carrying and non-antigen-carrying DC populations in lung 

CD11clowCD11bhigh DCs and CD11chighCD11blow subsets. (n=3, , p<0.001). 
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5.5 Discussion  

The role of calcium signaling in cell migration has been investigated and 

described in this study. The subsequent event after intracellular calcium release and 

extracellular calcium influx includes the activation of calcium activated potassium 

channels.  

 

Here for the first time, the expression of KCa3.1 in two distinct lung DC subsets 

isolated from PBS-treated and OVA-sensitized mice was studied. Expression of KCa3.1 

between DCs isolated from PBS-treated and OVA-sensitized and challenged mice, 

revealed a significant upregulation of KCa3.1 expression in both DC subsets. The 

greatest upregulation was observed in CD11clowCD11bhigh immunogenic DC subset. Since 

OVA-sensitization and challenge cause elevated levels of inflammatory mediators and 

chemokines, the migration of lung DCs is largely enhanced (see chapter 4). The 

correlation between KCa3.1 upregulation and enhanced cell migration suggests that 

KCa3.1 might be involved in this process and play a role in either upstream or 

downstream of the chemokine-dependent cell migration.  

 

Kca3.1 plays a key role in calcium-dependent cell functions such as proliferation, 

activation, and migration in a broad range of cell types. Firstly, KCa3.1 regulates the 

proliferation of T lymphocytes (227), transformed cells (228), airway smooth muscle 

cells, vascular smooth muscle cells (220, 229-232), and vascular endothelial cells (233), 

This proliferation may be regulated by a cytokine or growth factor such as TGF-β or 

basic fibroblast growth factor (218).  The specific blockade of KCa3.1 largely inhibits cell 
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proliferation, suggesting that KCa3.1 might be a potential target for angiogenesis 

disorders. In addition, KCa3.1 is involved in the cell activation and migration of 

macrophages and smooth muscle cells (226), as well as migration of mast cells (224, 

234), particularly under pathophysiological conditions.  

 

KCa3.1 activity in regulating cell proliferation, activation and migration is 

calcium dependent. Upon activation induced by increased intracellular calcium release 

(235), KCa3.1 channel activity causes K+ efflux and membrane hyperpolarization, which 

creates a driving force for extracellular calcium influx. In the context of cell proliferation, 

this permits cells in the G1 phase to pass through the G1-S checkpoint (236, 237). The 

role of KCa3.1 channels in cell migration are more complicated. Since KCa3.1 channels 

are not sensitive to voltage stimulation, they seem perfectly designed to maintain the 

resting membrane potential in the cells without excitable membranes, such as immune 

cells. Only a small increase in intracellular Ca2+ is required to activate KCa3.1 and allow 

K+ efflux. K+ efflux drives the membrane potential toward hyperpolarization, and 

counteracts the depolarizing effect of Ca2+ influx (238, 239). In addition to keeping a 

negative hyperpolarizing membrane potential and calcium influx for migration 

machinery, KCa3.1 is responsible for concerting with calcium oscillation in migratory 

cells by acting in a fluctuating pattern to keep pace with cell protrusion and retraction 

(240). KCa3.1 is also a swelling-activated potassium channel in many cell types, and the 

activation of KCa3.1 can orchestrate the volume regulating cytoskeleton organization 

and transmembrane water transport (241, 242). Due to the calcium gradient in 

migratory cells, KCa3.1 is mostly distributed and activated in the trailing edge of a 

migratory cell (209). Lastly, TRAM-34 is a highly specific small molecule blocker of 
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KCa3.1 that does not affect cytochrome P450. TRAM-34 has low toxicity and causes 

minimal cell death and apoptosis (218, 226). If the role of KCa3.1 in DC migration in 

inflammatory condition is further established, TRAM-34 could be potential drug to 

target KCa3.1.  

 

CCR7 is a G protein-coupled receptor that relies on calcium as a second 

messenger (102). KCa3.1 activation couples with CCR7 activation since the CCR7 ligand 

CCL21 can induce an intracellular calcium increase upon ligand binding (214, 215). The 

finding that high CCR7 expression correlates with high levels of KCa3.1 in DCs, suggests 

that there might be a common mechanism, possibly the global pathological change 

caused by OVA-sensitization and challenge, synchronizing the expression of both 

molecules. This concept is supported by the finding that antigen-carrying cells express 

higher levels of KCa3.1 than non-antigen-carrying cells in DC subsets. Therefore, KCa3.1 

appears closely associated with lung DC activation and maturation processes requiring 

CCR7 upregulation and antigen uptake. The findings in this study are consistent with 

previous reported role of KCa3.1 in respect to the cell function.  

 

In conclusion, our data suggest that antigen sensitization can upregulate KCa3.1 

expression which may contribute to enhanced cell migration in response to lymphatic 

chemokines.  

 



Zhifei Shao   

145 

CHAPTER 6 

6 OVERALL DISCUSSION  
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The data presented in this study supports the general hypothesis that Flt3-L 

regulates the generation, phenotype and function of lung DC subsets leading to 

suppression of Th2 responses in a mouse model of allergic asthma. The therapeutic 

effect of Flt3-L is achieved through the following three cellular pathways: 1) Flt3-L 

facilitates the generation of regulatory CD11chighCD11blow lung DC subset with Th2-

suppressive properties; 2) Flt3-L causes impaired migration of immunogenic 

CD11clowCD11bhigh DC subset to draining lymph node; 3) Flt3-L causes inefficient 

antigen uptake in immunogenic CD11clowCD11bhigh DC subset.  

 

Functionally, CD11chighCD11blowCD8+ DCs are more prone to induce a skewed Th1 

response similar to that observed in the CD8+ DCs in spleen and lymph node, whereas 

CD11b lowCD11bhighCD8- DCs are the main inducers of Th2 responses in asthma (63, 64).  

Flt3-L treatment preferentially expands CD11chighCD8+ DCs in lungs of asthmatic mice 

and causes elevated levels of Th1 cytokines in BALF. This implies that an enhanced Th1 

response is induced and serves as a Th2 suppressor. The evidence supporting this 

notion is: a)  splenic CD8+ DCs are prone to induce a Th1 responses in mouse lung (33). 

b) CD11c+CD8- DCs present intravenous OVA soluble antigen to CD4+ T helper cells but 

CD11c+CD8+ DCs cross-present soluble antigen to CD8 cytotoxic T cells in spleen (62, 

243) and lymph node (244); c)  lung CD8+ DCs provide protection against infections via 

enhanced IFN-γ production and Th1 responses (78, 245). The most recently reported 

CD11chighCD11blowCD103+ and CD11cintCD11bhighCD103- lung DCs (76, 77, 246) 

demonstrate similar functional properties to the CD11chighCD11blowCD8+ and CD11b 

lowCD11bhighCD8- DCs in our studies in terms of the pattern of antigen presentation and 

T helper cell response (77, 246, 247). However, CD11chighCD11blowCD103+ lung DCs 
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appear to be a subpopulation of CD11chighCD11blowCD8+ DCs in our study but has low 

expression of CD8 (78, 246).  

 

The observed phenotypic and functional responses of the DC subsets are caused 

by the activation of Flt3-Flt3-L, and the synergistic effect of Flt3-L in concert with other 

growth factors and cytokine activity in Flt3-expressing DC progenitors/precursors (58). 

The increased number of CD11chighCD11blow DCs is due to an increased mobilization of 

Flt3-expressing DC precursors from bone marrow (199). The mobilized cells serve as 

immediate precursors of DCs and migrate to the lungs. This is responsible for the 

dynamic change in the numbers of DC subsets in the lungs in response to OVA-

sensitization and Flt3-L treatment (47, 199-202). Although Flt3-L is required and 

important for maintaining the homeostasis of DC pool in peripheral lymph organs (199), 

there is no evidence that Flt3-L-expanded spleen DCs in lymphoid tissue can migrate to 

the lung in response to OVA challenge. 

 

The molecular mechanisms underlying the above-described cellular and 

functional changes are still unknown. The challenges of studying the molecular signaling 

pathway of lung DCs include, but are not limited to, several properties of lung DCs: 

highly dynamic phenotypic and functional characteristics, fast-paced development and 

maturation, very short life spans, limited amounts of cells obtained from in vivo 

isolation, difficulty in separate DC of different stages and anatomic locations, difficulty 

in culturing isolated cells, cellular changes following isolation, lack of equivalent cell 

lines, and differences between BMDC or monocyte-derived DC and tissue-residing DCs. 

Only a few studies have attempted to examine the pathway by which Flt3-Flt3-L 
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regulates dendritic cell biology. As such, a study to track the Flt3-expressing DC 

precursors in bone marrow, peripheral blood, and lung tissue will help elucidate the 

developmental pathway for the observed dynamic changes in response to Flt3-L 

treatment in the lungs of asthmatic mice. 

 

The modulation of cell migration by ion channels has been proposed and studies 

have mainly focused on cell volume regulation and calcium signaling. As cells are 

migrating, it undergoes intermittent swelling and shrinkage, leading to actin 

depolymerization and polymerization respectively. Ion channel activities are usually 

accompanied by water transport across the membrane and thus can perfectly fit into the 

role of cell volume regulation. The investigations in our lab have shown that chloride 

channels that cause cell shape change are involved in the migration of eosinophils, 

human airway epithelial cells (248), and monocytes (249). Cell migration is a calcium-

dependent process (209). High concentrations of calcium promote actin 

depolymerization at trailing side of a migratory cell, whereas lower concentrations of 

calcium facilitate actin polymerization at the leading edge of a migratory cell. As a result 

of the intracellular calcium increases, the calcium-activated potassium channels will be 

activated to coordinate cell functions. The intermediate conductance of KCa3.1 is 

suitable for regulating membrane potential in cells with non-excitable membrane such 

as immune cells. Also, the involvement of voltage gated potassium channels in immune 

cell maturation, activation, and migration has also been implicated by several studies 

(250), with a special emphasis on Kv1.3 and Kv1.5 in macrophages and DCs (251, 252). 

Kv1.3 regulates calcium influx in BMDC (216). It can be predicted that ion channel-
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modulated cell migration is a complex process involving multiple channels and crosstalk 

between multiple signal pathways.  

 

The activity of the ion channel in cell migration is determined by both the density 

of ion channels on the cell membrane and the activation state of the channels. Small G 

proteins in the Rho family are known to regulate cytoskeleton organization, and thus 

play a key role in cell migration. The effect of Rho and its downstream effector ROCK 

are involved in regulating the expression and activities of diverse types of ion channels 

(253). Actin reorganization-induced ion channel trafficking, direct or indirect 

phosphorylation of ion channels (254), and regulation of protein kinases (235), have 

been speculated to be the underlying mechanisms of Rho/Rock-induced alteration in 

ion channel expression and activity (255). The other regulators of cell migration, such as 

Cdc42 and Rac1, play opposing roles with Rho/ROCK in controlling cytoskeleton 

organization. The disclosure of the mechanisms of ion channel regulation in cell 

migration provides a new therapeutic strategy for the treatment of allergic inflammation. 

Further study should focus on the molecular mechanisms underlying ion channel 

activity in the context of cell migration. 

 

In conclusion, this study describes the phenotype and functional responses of 

lung DC subsets in the context of allergen sensitization and Flt3L-induced 

immunomodulation. The identification of the ion channel involved in this process will 

shed light on the cellular and molecular mechanisms of DC biology.  
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