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ABSTRACT 

Asthma is a chronic disorder of the conducting airways that involves the interplay 

of multiple genetic and environmental factors. It is characterized by reversible airway 

obstruction, cellular infiltration, airway inflammation and airway remodeling. Dendritic 

cells (DCs) are professional antigen presenting cells that initiate the asthmatic 

inflammatory response by capturing inhaled antigens and migrating to the lymph nodes to 

mediate T-helper cell responses. Lung DCs consist of a heterogenous population of cells 

that express CD11c and are further divided into two major subsets based on the expression 

of CD11b and CD103. Both subsets have been shown to drive pro- or anti-inflammatory 

responses based on stimulus and cytokine environment.  

Dendritic cells express several pattern recognition receptors (PRRs) that are critical 

for their function as sentinels of the immune system. DC maturation can be induced by 

several signaling pathways, such as TLR, Fc receptors and DAP-12 mediated -signaling, 

based on the activating signal. The recently discovered triggering receptor expressed on 

myeloid cells (TREM)-2 belongs to a family of cell surface receptors that mediate signaling 

via associations with the DAP-12 adaptor protein. TREM-2 is expressed on DCs, microglia 

and macrophages and was originally described as an anti-inflammatory mediator. 

However, recent studies have shown that the TREM-2/DAP-12 pathway can provide both 

anti-inflammatory and pro-inflammatory signals based on the micro-environment. 

Although TREM-2 has been shown to play a role in several inflammatory diseases, its 

expression in the airways and role in allergic airway inflammation is yet to be elucidated. 

Given that TREM-2 has been shown to drive inflammation in other disease models, we 
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hypothesized that TREM-2 might play a role in the onset and progression of allergic airway 

inflammation.  

Sensitization and challenge with ovalbumin was shown to reproduce hallmark 

features of allergic airway inflammation. Analysis of the CD11c+MHC-IIhi subset of cells 

in the lungs revealed three populations of cells; the previously described CD11b+CD103- 

(CD11bhi) and CD11blo/-CD103+ (CD103+) as well as a third subset of cell that expressed 

both CD11b+CD103+. Further analysis of each subset showed that they were all bona fide 

mature DCs capable of migrating to the lymph nodes given the expression of DC-specific 

transcription factors (Zbtb46, IRF-4, IRF-8 and BATF-3) as well as high expression of co-

stimulatory molecule CD86 and chemokine receptor CCR-7.  

Whole lungs from OVA-sensitized and challenged mice were then examined for 

TREM-2 expression. As seen with other inflammatory conditions, TREM-2 was found to 

be upregulated in the airways of mice exposed to OVA when compared to the control 

groups. In steady state, TREM-2 was expressed on all subsets of DCs identified in the lungs 

confirming that DCs do express TREM-2. OVA-sensitization and challenge led to 

upregulation of TREM-2 expression on the three subsets of CD11c+ cells in both the lungs 

and mediastinal lymph nodes, suggesting a potential role of TREM-2 in driving allergic 

airway inflammation mediated by DC subsets.  

To further investigate the functional responses associated with increased TREM-2 

expression on the DCs from OVA-sensitized and challenged mice, lung and lymph nodes 

were examined for expression of T-helper cell cytokines and transcription factors. It was 

found that there was significant increased mRNA expression of Th2 and Th17 cytokines 

in the lungs and lymph nodes. Analysis of transcription factor expression revealed higher 
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expression of GATA-3 compared to T-bet and RORγt compared to Foxp3 suggesting a 

Th2 and Th17 skewed response. This suggests some division of labor among the DC 

subsets identified. Several studies have shown that CD11b+ DCs secrete a host of pro-

inflammatory cytokines and play a role in priming and re-stimulating effector CD4+ T-cells 

driving Th2 responses. CD103+ DCs have also been shown to prime Th1 as well as Th17 

responses.  

Given that there was increased TREM-2 expression on DC subsets isolated from 

OVA-sensitized and challenged mice and CCR-7 is critical for dendritic cell migration to 

the lymph modes, the TREM-2+ and TREM-2- cells from the three DC populations were 

further analyzed for expression of costimulatory molecules and CCR-7. TREM-2+ DCs in 

the lungs and mediastinal lymph nodes isolated from OVA-sensitized and challenged mice 

had greater expression of both CD86 and CCR-7 when compared to their TREM-2 negative 

counterparts, suggesting a potential role of TREM-2 in maturation and/or migration of DC 

subsets.  

 Finally, to determine the functional role of increased TREM-2 expression on DCs, 

RNA interference was employed to silence protein expression in vitro. Transfection with 

TREM-2 siRNA was successful at decreasing both protein and mRNA expression of 

TREM-2 on isolated cells. To determine the role of TREM-2 in maturation and/or 

migration, transfected cells were stimulated with OVA, isolated and analyzed for 

expression of co-stimulatory molecules and CCR-7. Cells transfected with siRNA against 

TREM-2 showed decreased mRNA expression of CD86 and CCR-7 after antigen 

induction. Analysis of expression of cell surface markers revealed that silencing of TREM-
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2 resulted in significantly decreased expression CCR-7 on the transfected cells. These 

results suggest that TREM-2 may play a role in both maturation and migration. 

Collectively, results from our studies show that TREM-2 is upregulated in the lungs 

and lymph nodes of OVA-sensitized and challenged mice. TREM-2 is expressed on DC 

subsets with higher expression on DCs isolated from the mediastinal lymph nodes. This 

increased expression is associated with primarily Th2 responses in the lung and lymph 

nodes. Silencing of TREM-2 decreased antigen-induced mRNA and protein expression of 

CD86 and CCR-7 in vitro. These finding highlight a potential role of TREM-2 in the 

survival, migration and partial maturation of DCs in allergic airway inflammation. The 

receptor might well be a novel target for therapeutic intervention.  
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1.1 Pathophysiology of Asthma 

Asthma is a complex, chronic disorder of the conducting airways that involves the 

interplay of both genetic and environmental factors. It is characterized by reversible airway 

obstruction, cellular infiltration, airway inflammation and airway remodeling. The 

response in asthma involves the activation of structural cells as well as cells of the innate 

and adaptive immune systems. Mediators released from this response result in the 

recruitment of inflammatory cells and causes structural changes to the airways, which 

ultimately result in chronic inflammation (1, 2).  

1.1.1  Epidemiology  

1.1.1.2  Prevalence, mortality and morbidity 

The prevalence of asthma has drastically increased globally over the last few 

decades. According to the Global Initiative for Asthma (GINA), 300 million individuals 

worldwide suffer from the disease and this number is estimated to rise to 400 million within 

the next 10 years (3). In the US, approximately 25 million people, 1 in 12, are asthmatic. 

Of these, 7.1 million are children and about 17.5 million are over the age of 18 years (4). 

The prevalence of allergic airway diseases in many Western countries continue to rise. This 

has been credited in part to the adoption of a more modern and urban lifestyle which has 

resulted in reduced bacterial exposure (3, 4).  

Despite increased knowledge of the pathogenesis of asthma, it continues to be a 

global burden. Worldwide, approximately 180,000 deaths are attributed to asthma 

annually, with the highest rates among African-Americans and Hispanic populations as 

well as individuals who are financially disadvantaged (5, 6). In the US, the annual cost of 
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asthma in 2011 was $56 billion USD. This included direct costs such as emergency room 

visits, medication, diagnostic test and human resources as well as indirect costs from lost 

school and work days, early disability and mortality (6).  

1.1.1.3  Etiology and Risk Factors for Asthma 

Asthma is a heterogenous disorder comprising of a wide range of phenotypes that 

differ in etiology and physiology. Common risk factors include genetics, environmental 

and host factors. Atopic individuals have a genetic predisposition for the development of 

allergic diseases like asthma. Several genome-wide association studies (GWAS) have 

shown some genetic polymorphisms are associated with the development, severity, and 

exacerbations associated with asthma (7, 8). There has been a strong genetic link identified 

between genes on chromosome 17q21 and the development of asthma (7, 9). Genes that 

have been identified include those involved in Th2-mediated responses (GATA-3, STAT-6, 

IL-4, IL-4RA), inflammation (IL-18 and IL-18R), environmental sensing (CD14, TLR-2, 

TLR-4, TLR-10, HLA Class II), airway remodeling (ADAM-33, GPRA), 

bronchoconstriction (PDE4D, CHRNA3/5) and epithelial barrier function (CCL-6, CCL-5, 

CCL-11, CCL-21) (8, 10).   

There is a complex interaction between host and environmental factors in the 

development of asthma. The general external environment, including air pollution, urban-

rural residence and climate; the individual’s specific external environment including diet, 

physical activity, infections and occupation; as well as the internal environment all 

contribute to the development and progression of asthma (11). Both the internal and 

external microbial environment contribute to the development and increased prevalence of 

allergic diseases. The basis of the Hygiene Hypothesis is that reduced exposure to microbial 
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infections in early life, due to improved sanitation and increased vaccination, alters the 

normal development of the immune system thus influencing susceptibility to allergic 

diseases (11, 12). Air pollution and exposure to aeroallergens, such as house dust mite, 

pollen, fungus, pet dander and mold, help to induce the allergic state in atopic individuals. 

Other risk factors include obesity, gender, socioeconomic status and psychosocial stressors 

(11, 13).  

1.1.2  Characteristics of Allergic Asthma 

The asthmatic response involves complex interactions between structural cells in 

the airways and cells of the innate and adaptive immune systems. This interaction drives a 

chronic response, that leads to remodeling of airways, with even the small airways 

becoming altered with increased chronicity (1, 2).  The observed phenomenon is broadly 

categorized into an early and a late phase response (summarized in Figures 1 and 2).   

1.1.2.1  Early and Late Phase Responses 

The early phase response is an IgE type I hypersensitivity response that occurs 

within minutes of allergen exposure. When aeroallergens breach the airway epithelium, 

they are detected and captured by professional antigen presenting cells known as dendritic 

cells. DCs then migrate to the secondary lymphatic systems where they process and present 

antigens via MHC (major histocompatibility complex) class II to T- and B-lymphocytes. 

B-lymphocytes produce IgE, which binds to high affinity FcεRI on basophils and mast 

cells. This is known as sensitization (2, 14). Re-exposure to allergen causes crosslinking of 

receptors of mast cells resulting in the release of mediators, including histamine, 

prostaglandins, leukotrienes, cytokines and chemokines (1, 15). These mediators promote 



   

 

5 

 

vasodilation, increased vascular permeability, bronchial smooth muscle contraction and 

mucous secretion (Figure 1) (2, 14, 15).  

 

Figure 1. Sensitization and early phase response of allergic airway inflammation. 

Allergen is captured by DCs which then mature and migrate to the draining lymph nodes 

where they prime naive cells to develop into Th2 phenotype. Th2 cells secrete IL-4 and IL-

13 that mediate isotype switching and the production of IgE from plasma cells. IgE travels 

through the circulation and becomes bound to high affinity FcεRI found on mast cells. 

Subsequent exposure to the allergen causes crosslinking of receptors and results in mast 

cell degranulation. Mast cells secrete several mediators that facilitate vasodilation, 

bronchoconstriction, recruitment of leukocytes, increased vascular permeability and 

airway hyper-responsiveness. 

The mediators released from mast cells activate a host of inflammatory cells, 

namely dendritic cells, eosinophils, macrophages, neutrophils and T-lymphocytes.  This 
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response occurs within 2-6 hours of allergen exposure and peaks at about hour nine. 

Selective expansion of Th2 cells results in the secretion of cytokines, including interleukin 

5 (IL-5) that causes airway eosinophilia, and IL-4 and IL-13 that induce goblet cell 

metaplasia and airway hyper-responsiveness (14, 16, 17).  

Continuous allergen exposure results in increased inflammation mediated by the 

products released from activated leukocytes. This lays the foundation for airway hyper-

responsiveness and airway remodeling by causing damage to epithelial layers, promoting 

bronchoconstriction, and deposition of extracellular matrices. Persistent changes in airway 

structure can occur overtime resulting in goblet cell hyperplasia, sub-epithelial fibrosis and 

increased deposition of collagen throughout the airway smooth muscle (Figure 2) (2, 14-

17).  
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Figure 2. Late phase and chronic stage of allergic airway inflammation. The late phase 

response occurs hours after the allergen challenge and involves cells of the innate and 

adaptive immune systems. Innate immune cells (mast cells, basophils, eosinophils and 

neutrophils) as well as resident or recruited adaptive immune cells (B- and T-cells) secrete 

chemokine, cytokines and other potent mediators that drive mucus secretion, broncho-

constriction, recruitment of other leukocytes and airway eosinophilia. Repetitive or 

persistent exposure to allergens has several pathogenic effects including, epithelial injury, 

goblet cell metaplasia, smooth muscle cell hyperplasia ultimately leading to remodeling of 

the airways over time.  

  



   

 

8 

 

1.1.2.2  T-cell Plasticity in Asthma 

Allergic airway diseases have originally been thought to be caused by exaggerated 

and aberrant Th2 responses. However, more recent studies have highlighted the role of 

other T-helper subsets in the pathogenesis of asthma (Figure 3).  

 

Figure 3. Subsets of T-lymphocytes in allergic airway inflammation and asthma: 

Naïve T-cells differentiate into different subsets of T-cells based on their transcription 

factors and cytokines in the environment. Th2 and Th17 cells mediate hallmark features of 

allergic airway inflammation. These effects can be suppressed by the activation of T-

regulatory cells.  
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1.1.2.2.1  Th1/Th2 Paradigm  

Naïve CD4+ T-cells are broadly divided into two distinct functional subsets, Th1 

and Th2 cells. Th1 cells are regulated by the transcription factor T-bet, activated in 

response to intracellular pathogens and secrete IFN-γ and IL-12. Th2 cells are regulated by 

master transcription factor GATA-3 along with STAT-6 and mediate allergic responses as 

well as host defense against parasites. Th2 cells secrete IL-4, IL-5, IL-13 and IL-10 (18, 

19). 

Priming of naïve T-cells by DCs after allergen exposure leads to a Th2 response in 

atopic individuals. This is characterized by the secretion of a plethora of cytokines that 

promote IgE production from differentiated plasma cells, eosinophilia and AHR in the 

airways. Experimental data from animal models and human subjects have shown that 

elevated Th2 associated cytokines, particularly IL-4, IL-5 and IL-13, and decreased Th1 

cytokines correlate with disease severity and airway hyperresponsiveness in allergic 

subjects (extensively reviewed in (20-22). Th1 cytokines, particularly IFN-γ, mediates 

counter regulation of Th2 responses. It has been shown to decrease eosinophilic infiltration 

and AHR as well as inhibit inflammation and obstruction by reducing mucus production in 

the airway epithelium (23, 24).  There is now increasing evidence to suggest that Th1 cells 

can be involved in the pathogenesis of asthma, however, their exact contribution is still 

unclear (2).  

1.1.2.2.2  Th17 cells 

Identified in 2005 as a novel subset of T-helper cells, Th17 cells have been shown 

to play a role in the onset and progression of chronic inflammation associated with allergic 
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airway diseases (2, 21). Naïve T-cells differentiate into Th17 cells in the presence of IL-6 and 

transforming growth factor (TGF)-β and through the induction of retinoic acid-related organ 

receptor (ROR)-γt and suppression of Foxp3. Th17 cells secrete IL-17 and play a role in the 

clearance of extracellular bacteria and fungi (18, 19). Studies have shown that broncho-

alveolar lavage fluid (BALF) collected from mice and human asthmatic patients have 

increased level of IL-17 which correlated with increased numbers of neutrophils (25, 26). 

Th17 cells drive a severe and chronic neutrophilic asthmatic response with increased 

exacerbations and resistance to corticosteroids compared to the classical eosinophilic Th2 

driven response (18, 21).  

1.1.2.2.3  T-regulatory Cells 

As their name suggests, T-regulatory cells play a critical role as regulators of the 

innate and adaptive immune responses. Several subsets have been identified including 

naturally occurring T-regs (nT-regs) and inducible T-regs (induced by antigen responses 

in vivo or in vitro) (27). Naturally occurring T-regs develop in the presence of IL-2 and 

TGF-β, are CD4+CD25+ and express the transcription factor forkhead box p3 (Foxp3). T 

regulatory cells release IL-10 and TGF-β which have been shown to decrease or inhibit the 

action of immunogenic T-helper cell subsets in the airways (2, 18, 27). Both nT-regs and 

inducible T-regs have been shown to decrease airway inflammation and AHR associated 

with asthma (27).  

1.1.2.2.4  Th9 and Th22 cells 

Naïve T-cells, in the presence of TGF-β, IL-4 and transcription factors signal 

transducer and activation of transcription (STAT)-6, interferon regulatory factor (IRF)-4, 
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GATA-3 and PU1, give rise to Th9 cells. Th9 cells secrete IL-9, which mediates mast cell 

development and function and mucus production (2, 18, 19).  

The interaction of naïve T-cells with plasmacytoid DCs in the presence of TNF-α 

and IL-6 results in the production of Th22 cells. Th22 cells secrete IL-22 which has been 

found to have both pro- and anti-inflammatory properties depending on the cellular 

environment (2, 18). 

1.1.3  Clinical Manifestation and Treatment 

The clinical symptoms of asthma can be episodic or persistent and include 

wheezing, shortness of breath, chest tightness and coughing. Asthma may develop at any 

age, although early onset in childhood or young adulthood is more frequent (28). Allergic 

asthma is often associated with allergic rhinitis and conjunctivitis (29). 

1.1.3.1  Diagnosis of Asthma 

The diagnosis and severity of asthma are established based on history, physical 

examination and evidence of reversible airflow obstruction or AHR (29). Reversible 

airway obstruction is evaluated and diagnosed using spirometry. Three key measurements 

are maximal volume of air forcibly exhaled from the point of maximum inhalation (forced 

vital capacity, FVC), the volume of air exhaled during the first second of this procedure 

(FEV1) and the FEV: FVC ratio. An FEV1 of ≥ 12 % and ≥ 200 ml compared to 

prebronchodilator value is used to confirm the diagnosis of asthma (28-30).  

A bronchial provocation test with methacholine, or exercise test in children, can 

also be administered in patients with suspected asthma but have a normal spirometry. In 

elderly patients, in which forced expiratory maneuver may be difficult or impossible, 
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impedance oscillometry, a technique that measures airway resistance without forced 

expiration, may be used (28, 29). 

1.1.3.2  Treatment of Asthma 

Currently, there is no cure for asthma. Treatment goals in adults and children are; 

therefore, focused on management of disease symptoms to reduce inflammation, 

exacerbations and symptom burden. Treatment involves a personalized approach that 

includes education regarding self-management, avoidance of trigger factors, treatment of 

co-morbidities and pharmacological therapy (28, 30).  

Pharmacological treatment includes a step wise strategy that is universally accepted 

based on GINA guidelines and includes five levels. The first level is for patients diagnosed 

with intermittent asthma and includes the use of short-acting β2 agonists for quick relief of 

symptoms. Patients with mild persistent asthma fall in the second level and are treated with 

regular low doses of inhaled corticosteroids to improve symptoms, control 

bronchoconstriction and improve lung function. Level three applies to patients with 

moderate persistent asthma. These patients are prescribed low dose inhaled corticosteroids 

in conjunction with long-acting β2 agonists. If asthma symptoms are still uncontrolled, in 

the case of severe persistent asthma, treatment can be increased to medium dose 

combination of inhaled corticosteroids and long-acting β2 agonists (28-31). For severe 

asthmatics who continue to have symptoms despite standard therapy, add-on long acting 

muscarinic antagonist, monoclonal antibodies and oral steroids are effective options (31).  

1.2 Dendritic Cells 

Dendritic cells (DCs) were first described in the 1970’s by Ralph Steinman and 

Zanvil Conan after discovering a rare cell type in murine spleen that was phagocytic but 
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had dendrite like protrusions, hence the name (32). Since then, DCs have been 

characterized as the sentinels of the immune system that bridge the gap between the innate 

and adaptive responses. They are the most potent antigen presenting cells and are critical 

for acquiring antigen in the periphery, trafficking through the lymphatics where they 

present processed antigens to T-lymphocytes (32, 33).  

1.2.1 Origins and Development of Dendritic Cells 

Dendritic cells were originally considered to be a single cell type, however recent 

finding suggest that there are several subsets of DCs that differ in phenotype and function. 

DCs originate in the bone marrow from hematopoietic stem cells (HSC). Myeloid-derived 

precursors give rise to common DC precursors (CDP) and common monocytic progenitors 

(cMoP) that differentiate into various DC subsets under the control of different 

transcription factors (discussed further in next sections) (32, 34). Briefly, CDPs 

differentiate into either plasmacytoid DCs (pDCs) under the influence of E2-2, PU.1, IRF-

8 and Ikaros or pre-conventional DCs (pre-cDC) under the influence of IRF-4. Pre-cDCs 

then give rise to either pre-cDC1 and pre-cDC2 which develop into cDC1 and cDC2 

respectively. Monocyte derived DCs (moDCs) develop from monocytes that are derived 

from cMoP (Figure 4) (34, 35).  
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Figure 4. Development and transcriptional regulation of dendritic cell subsets. DCs 

develop from a common myeloid progenitor (CMP) that gives rise to common DC 

progenitor (CDP) or common monocytic progenitors (cMoP). Under the influence of 

various transcription factors, different subsets of DCs are generated that migrate from the 

blood to the airways.  

1.2.1.1  Classification of Dendritic Cells 

Broadly, DCs are classified into two categories, conventional or classically DCs 

(cDCs), which includes cDC1 (CD103), cDC2 (CD11b) and moDCs, or plasmacytoid DCs 

(pDCs). In mice, cDCs constitutively express CD45, CD11c and MHC-II and are further 

divided based on expression of CD11b and CD103 (32, 33). In humans, the two subsets of 

DCs express either CD1c or CD141. The CD1c subset, also termed cDC1, is equivalent to 

the murine CD103 population and the CD141 subset, termed cDC2, is similar to the CD11b 



   

 

15 

 

subset in mice (32, 35, 36). cDCs populate most lymphoid tissues and have enhanced 

capacities to capture antigen, both self and foreign, process and present these antigens to 

T-cells inducing self-tolerance and immunity against foreign antigens respectively (32).   

pDCs share a similar origin to cDCs but have a different lifecycle. They 

differentiate directly from CDPs and depend upon FLT3L and STAT-3 as well as the 

above-mentioned transcription factors. Morphologically, they resemble plasma cells but 

secrete large amounts of IFN-α upon viral exposure. They express low levels of CD11c 

and MHC-II and only a few pattern recognition receptors (PRRs) when compared to cDCs 

(32, 34).  

1.2.1.2  Cell Surface Markers 

DCs express several cell surface markers that aid in their identification, 

characterization and function. In mice, lung DCs express high levels of CD11c, which 

along with MHC-II expression, has been used as a pan DC marker (32, 37). CD11c is 

however also expressed by alveolar macrophages and eosinophils and as such, other 

markers are needed to successfully differentiate these populations in the airways. The 

integrins CD103 and CD11b have been used to differentiate the two subsets of DCs in the 

lungs (32). Other markers used to clearly distinguish DCs from macrophages and identify 

subsets of DC populations in the lungs of mice and humans are outlined in Table 1 (32, 

36-40). 
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 Cell Surface Markers/Receptors 

DC Subset Mouse Human 

 

 

 

CD11b+ 

(CD1c+) 

CD11chi 

MHC-II+ 

CD11b+ 

CD103-/+ 

CD24-/+ 

Flt3L+ 

SIRPα+ 

F4/80 int 

CCR-7+ 

CD64- 

CD1c+ 

CD11c+ 

HLA-DR+ 

CD11b+ 

CCR-7+ 

Lin- 

 

 

 

 

CD103+ 

(CD141+) 

CD11chi 

MHC-II+ 

CD11b- 

CD103+ (non-lymphoid) 

CD8+ (lymphoid) 

CD24+ 

Flt3L+ 

SIRPα- 

F4/80lo 

CCR-7+ 

CD205+ 

CD64- 

CD141+ 

CD11c+ 

HLA-DR+ 

CD1c- 

CCR-7+ 

Lin- 

 

 

pDCs 

CD11clo 

CD11blo 

SiglecH+ 

F4/80lo 

Ly6C+ 

Mar1- 

CD64- 

BDCA4+ (CD304) 

BDCA2+ (CD303) 

HLA-DR+ 

CD11c- 

CD123+ 
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DC Subset Mouse Human 

 

 

 

moDCs 

 

CD11c+ 

CD11b+ 

MHC-II+ 

F4/80+ 

CD64+ 

MERTK+ 

CD14+ 

CD11b+ 

CD209+ 

MHC-II+ 

CD11c+ 

CCR-7- 

DC-SIGN 

CD163 

Table 1: Cell Surface Markers Expressed on Different DC Populations in Mice and 

Humans 

1.2.1.3  Transcriptional Regulation  

Progenitor cells give rise to the different subsets of DCs based on the expression of 

various transcription factors. Those that are critical for DC development include zbtb46, 

interferon regulatory factors (IFR), basic leucine zipper transcription factor ATF-like 

(BATF)-3, among others (extensively reviewed in (32, 34, 35, 41).  

1.2.1.3.1  Zbtb46 

The expression of the zinc finger transcription factor in the immune system is 

restricted to the cDC lineage. Its expression begins at the pre-cDC stage and it remains 

expressed on many subsets of cDCs. Zbtb46 has been shown to be a negative regulator of 

cDC activation since its deletion resulted in partial activation of cDCs (42, 43). Therefore, 

Zbtb46 is a useful marker to identify rare DC subsets and distinguish DCs from 

macrophages.  
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1.1.1.3.2  Interferon Regulatory Factors 

Several interferon regulatory factors have been implicated in DC development in 

both human and mice. Interferon regulatory factor (IRF)-4 is preferentially expressed on 

CD11b+ DCs and is believed to play a role in the migratory function of this subset. 

Expression of IRF-4 in human and mouse DCs was found to drive Th2 and Th17 responses 

and conditional deletion of Irf4 on murine DCs resulted in impaired Th2 responses (44, 

45).  

IRF-8, in contrast, regulates the development of pDCs and CD103+ (cDC1) DCs. 

Studies have shown that IRF-8 controls the survival and function of both cDC1and pDCs 

given that Irf-8-/-  mice displayed diminished pDCs and CD8+ DCs in lymphoid organs and 

CD103+ DCs in non-lymphoid organs (46). In lymphoid organs they mediate cross 

presentation of self-antigens and defense against intracellular pathogens. IRF-8+ cDCs also 

rely on the help of BATF-3 for their development (47).  

1.1.1.3.3  Basic leucine Zipper Transcriptional Factor ATF-like 3  

BATF-3 is expressed on all cDCs, including CD8+, CD103+ and CD11b+ DCs and 

acts in the terminal stages of DC development (32, 48). Although expressed on all cDCs, 

it seems to have a selective role in the development of CD8+ and CD103+ DCs given that 

BATF-3-/- mice fail to develop functional CD8+ and CD103+ DCs (47, 49).  

1.1.1.3.4  Other transcription factors 

Balance of the E-protein transcription factor (E2-2) and its inhibitor (ID2) controls 

the development of pDCs and cDCs respectively from hematopoietic progenitors. E2-2 

appears to be important for pDCs development since inhibition blocks development of 
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pDCs not cDCs. Conversely, Inhibitor of DNA-2 (ID-2) mediates cDC development as its 

expression blocks pDC development but does not affect the development of cDCs (32, 50).  

1.2.2 Lung Dendritic Cell Subsets  

Dendritic cells have received a great deal of attention over the last two decades 

given their role in driving Th2 sensitization associated with allergic diseases. The lung is 

continuously exposed to foreign antigen, pollutants and microbes. To recognize and deal 

with these threats, the lung is equipped with a network of DCs that capture, process and 

present antigens, linking the innate and adaptive immune systems (17, 37).  

Lung DCs are a heterogenous population of cells that differ in phenotype and 

function. In mice, lung DCs can be divided into CD11c+CD11b+ and CD11c+CD11b-

CD103+ cDCs, pDCs and under inflammatory conditions, monocyte-derived dendritic cells 

(moDCs), that also express CD11b (35). Recent studies have shown that the CD11bhi 

subset arise from Ly6Clo CCR2lo monocytes and CD103+ subset arise from Ly6Chi CCR2hi 

monocytes (17).  

1.2.2.1  CD11b+/hi and CD103+ Lung Dendritic Cells 

In the lung, CD11bhi DCs are in the lamina propria, below the basement membrane. 

They lack expression of CD103 and predominates lymphoid resident cDCs population in 

all organs expect in the thymus (32, 37). CD11bhi cells produce large amounts of pro-

inflammatory cytokines and are believed to sustain allergic inflammation during the 

challenge phase (51). 

The CD103+ subset is located in the epithelial layer of the airway and express tight 

junction proteins claudin-1, claudin-2 and zonula which facilitates the extension of 
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dendrites through the epithelia barrier into the lumen of the airways (33, 35, 37). CD103+ 

DCs have been shown to be efficient at generating the anti-viral response due to the ability 

to cross present antigens to CD8+ T-cells (35). There is still some debate regarding which 

subset of DCs drives inflammation in the airways.  

CD11b is one of the alpha subunits of a heterodimeric integrin molecule known as 

macrophage 1 antigen (Mac-1) or complement receptor 2 (CR3). Results from animal 

model studies have shown that the CD11bhi subset is the main inflammatory subset that 

drives Th2 responses in allergic asthma (33, 37, 52). In vitro cultures of CD11bhi and 

CD103+ DCs with naïve T-cells from mice showed that cultures primed with CD11bhi DCs 

released higher levels of IL-4, IL-6 and IL-10. Conversely, CD103+ cultures were found to 

have higher level of IFN-γ and IL-17, suggesting that CD103+ DCs mediate Th1 and Th17 

responses, whereas the CD11bhi subset drives Th2 inflammation (53). In a mouse model 

exposed to Blomia tropicalis dust mite, resident CD11b+ DCs were shown to transport 

antigen from the lung to the lymph nodes. Selective depletion of CD11b DCs attenuated 

Th2 responses, which was not seen in mice that were deficient in CD103+ DCs (54). These 

results collectively highlight the CD11bhi subset as the primary inducers of Th2 

inflammatory responses seen in allergic asthma.  

CD103 (αE integrin) was first identified as a marker of intraepithelial T-cells in the 

gut. It binds with β7 integrin to form the αEβ7 complex and mediates recruitment of DCs 

and T-cells to mucosal surfaces. CD103+ DCs have been primarily shown to initiate 

tolerance in the intestines (55). The identification of CD103 expressing DCs in the lung 

have sparked a great deal of interest and results to date have been conflicting with some 
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studies highlighting a pro-inflammatory role and others suggesting these DCs mediate 

tolerance.  

As seen in the intestines, CD103 deficient mice developed exacerbated lung 

inflammation, increased eosinophilic infiltration and severe tissue inflammation which was 

absent in wild-type mice (56). BATF-3 deficient mice challenged with HDM showed 

defective Th1 immunity with increased Th2 and Th17 immune responses and exacerbated 

airway inflammation with chronic HDM challenge, suggesting that CD103+ DCs reduce 

inflammation in the airways via Th1 responses (57).   

Conversely, CD103+ DCs were found to prime Th2 differentiation to clinically 

relevant antigens, HDM and cockroach extracts, and migrate more efficiently to the lymph 

nodes than the CD11bhi subset (58). Knockout of CD103 was also associated with 

decreased AHR, eosinophilic infiltration and DC numbers in the lung and lymph nodes 

(59). Given these conflicting results, there is still more work that needs to be done to clearly 

characterize the two subsets of DCs associated with allergic airway inflammation.  

1.2.2.2  Monocyte-derived DCs  

Under inflammatory conditions, Ly6C+ monocytes can give rise to dendritic cells. 

These cells are rapidly recruited to the airways after allergen challenge and play a role in 

orchestrating inflammation in the lung via chemokine production, and present antigens 

during the challenge phase (52).  

1.2.3 Maturation and Migration of Lung DCs 

DC progenitors populate the skin, most solid organs and mucosal surfaces during 

embryonic development and post-natally to give rise to immature DCs. Fully differentiated 
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immature DCs are found in healthy tissue and are equipped with the machinery for 

sampling antigens but are ineffective at priming naïve T-cells (60). Under inflammatory 

conditions, adhesion molecules, on the surface of endothelial cells, and chemokines are 

upregulated facilitating the recruitment of DCs to inflamed sites (61, 62). Upon activation 

in the periphery, DCs travel through lymphatic vessels to the draining lymph nodes where 

they present processed antigens to T-cells and influence their differentiation to shape the 

immune response (Figure 5) (63).  
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Figure 5. Antigen uptake, maturation and migration of lung DCs. Inhaled antigens are 

taken up by lung DC subsets located below the basement membrane. These DCs rapidly 

upregulate CCR-7 and co-stimulatory molecules and migrate to the draining lymph node 

under the influence of CCL-19 and/or CCL-21. Within the lymph node paracortex, DCs 

present antigens to naïve T-cells. The immunological synapse between a DC and a T-cell 

requires three signals. The first is the interaction between the peptide-MHC complex on 

the DC and the TCR on the T-cell. The second is co-stimulatory interactions mediated by 

CD80/86 with CD28 and CD40 with CD40L (the negative co-stimulatory interaction are 

mediated by CD80/86 with CTLA-4 and PDL-1 with PD-1). The final signal is dictated by 

the cytokine environment which determines the type of T-helper cell and the nature of the 

immune response that will be generated.  
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1.2.3.1  Dendritic Cell Maturation 

Lung DCs live in an immature state that enables them to recognize and capture 

inhaled antigens primarily through receptor-mediated endocytosis and macro-pinocytosis. 

DCs that have captured antigen undergo a maturation process to leave the lung and migrate 

to secondary lymphoid organs (61, 62). Two signals are required to fully activate the DC 

maturation program. The first signal is derived through receptor-mediated antigen uptake 

and the second is derived from the recognition of pathogen-associated molecular patterns 

(PAMPs) or damage-associated molecular patterns (DAMPs) by PRRs (64).  

DCs express several intracellular and extracellular pattern recognition receptors 

such as TLRs, C-type lectin receptors, scavenger receptors and several others that can 

detect molecular patterns of invading microorganisms or endogenous danger signals. The 

most studied PRRs on APCs are TLRs and different subset of DCs express distinct TLRs 

that contribute to their functional specialization (64, 65).  PRRs work in tandem and 

function synergistically with themselves and other innate receptors to mediate activation 

and maturation of DCs (64).  

Antigen exposed immature DCs differentiate into mature DCs that express high 

level of MHC-II (derived from antigen peptide complexes), upregulated costimulatory 

molecules (the most important being CD80/B7.1 and CD86/B7.2)  and high levels of the 

appropriate cytokine needed to polarize naïve T-cells into specific effector phenotypes (65, 

66).  Maturation is also characterized by a decrease in antigen processing capacities, 

rearrangement of cytoskeleton, upregulation of adhesion molecules and cytokine receptors 

to facilitate migration from the lungs to the lymph nodes (66). In the absence of PAMPs or 

DAMPs, DCs fail to upregulate costimulatory molecules and the cytokine repertoire 
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needed to fully activate naïve T-cells. Instead, they migrate to the secondary lymphoid 

organs and present either self or harmless antigen to T-cells thus mediating tolerance (61, 

65).  

1.2.3.2  Dendritic Cell Migration 

DCs are constantly migrating from peripheral tissue to the draining lymph nodes in 

steady state which plays a critical role in initiating and maintaining tolerance (61). DCs 

express adhesion molecules and maturation dependent chemokine receptors that allow 

them to respond to stimuli that directs their trafficking. C-C chemokine receptor (CCR)-7 

is essential for DC trafficking from the periphery to secondary lymphoid organs (60, 63).  

Immature DCs express CCR-2 and CCR-6 which under the influence of CCL-2 and 

CCL-5 respectively, enables them to migrate to non-lymphoid peripheral tissue and 

navigate within them. Under inflammatory conditions, DCs uptake antigen and mature, 

leading to upregulation CCR-7 and downregulation of other chemokine receptors (60, 63).  

1.2.3.2.1  CCR-7 and DC Migration 

DCs migrate under the influence of CCL-19 and/or CCL-21 which are produced by 

afferent lymphatic vessels and the T-cell zones of the lymph nodes (62, 63). Several studies 

utilizing various in vivo and in vitro trafficking techniques, as well as knockout mice have 

highlighted the importance of CCR-7 in DC function and migration from the skin, lungs 

and lamina propria (extensively reviewed in (62, 63, 67-69).  

CCR-7 mediates migration through several signaling pathways including the 

activation of G-protein coupled receptors, that mediate migratory speed, and mitogen-

activated protein (MAP) kinases, that mediate chemotaxis (69, 70). Treatment with CCL-
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19 resulted in enhanced endocytosis and migration of DCs via activation of MAP kinases 

(71). In a similar study, FITC-labelled mature DCs demonstrated rapid antigen uptake as 

well as enhanced Cdc42 and Rac expression; both mediators of endocytosis (72). 

Activation of CCR-7 by its ligands has been shown to induce intracellular signaling 

pathways that inhibited apoptosis of mature DCs by promoting activation of NFKB (73). 

More recently, CCR-7 has been shown to play a role in mediating permeability of 

lymphatic vessels (74).  

1.2.3.3  Dendritic cell: T-cell Interactions 

Dendritic cells enter the mediastinal lymph nodes through the afferent lymphatic 

vessels and then are passively transported by lymph flow into the subcapsular sinus then 

subsequently to the parenchyma, which is highly dependent upon CCR-7. DCs then 

migrate under the influence of CCL-21 to the T-cell zone of the paracortex where they can 

prime naive T-cells to shape the immune response (60, 62).  

The priming of T-cells by DCs requires two signaling events. The first is the 

interaction between the T-cell receptor (TCR) and peptide bound to MHC-II on DCs, which 

provides antigen specificity of the immune response. The second signal is elicited by CD28 

on T-cells interacting with co-stimulatory molecules (CD80/B7.1 and/or CD86/B7.2) on 

APCs, which is required to fully activate T-cells (36, 75). In the absence of this second 

signal, T-cells die or enter a state of unresponsiveness known as anergy (75).  

Other molecules that have been shown to play a role in modulating T-cell activation 

by DCs are B7 family members (ICOS-L, PD-1), TNF superfamily members (CD70, CD40 

and OX40L) and immunoglobulin superfamily member CD2 (36, 76). CD40 and OX40L 
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drive the activation of T-cells whereas Inducible costimulatory molecule (ICOS), 

programmed death ligand-1 (PDL-1), PDL-2 and cytotoxic T-lymphocyte associated 

protein (CTLA)-4 inhibits these responses (75, 76).  

CD40 is a costimulatory protein found on DCs and its ligand, CD40L, is found on 

T-cells.  Though initially thought to be important for activation of B and T lymphocytes 

by APCs, it is now known that this pairing regulates the functioning of both lymphocytes 

and DCs (77). OX40L is expressed on DCs and its receptor OX40 is expressed on activated 

T-cells. The OX40:OX40L interaction has been shown to play a central role in the 

induction of Th2 responses in vivo (78). OX40L expression on DCs regulate cytokine 

production during the recall responses in the lung thus promoting inflammation (79). CD70 

is another co-stimulatory ligand that is acquired upon DC maturation. Its receptor, CD27, 

is expressed on naïve T-cells. CD70 expression on DCs have been shown to convert T-cell 

tolerance into immunity (80, 81). Conversely, other studies have reported that the 

CD27:CD70 interaction was not critical for the development of asthma or tolerance in a 

mouse model of allergic airway inflammation (82).  

Regulation of T-cell activation by DC is mediated primarily through the binding of 

CTLA-4 on T-cells to CD80/B7.1 and/or CD86/B7.2 on DCs. Expression of CTLA-4 in 

resting T-cells is relatively low with expression increasing after T-cell activation (36). Co-

stimulation blockade using CTLA-4 antibodies prevented the development of allergen-

specific IgE, IgM, IgG and IgA compared to untreated mice (83). More recently, intranasal 

administration of CTLA-4 reduced airway inflammation, AHR, goblet cell metaplasia and 

collagen deposition around the bronchi of mice exposed to German (Blattella germanica) 

cockroach extracts (84). In patients with mild atopic asthma, there was decreased CTLA-
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4+ T regulatory cells in induced sputum which correlated with increased airway 

inflammation and AHR (85). 

Inducible costimulator molecule (ICOS) is expressed early in primed T-cells and 

plays a role in regulating Th2 cytokine production and lung mucosal inflammation. Its 

ligand, ICOS-L is expressed on DCs, macrophages and epithelial cells. ICOS/ICOS-L 

interaction has been shown the drive the development of Th17 and T regulatory cell 

responses (86, 87). PDL-1 and -2 have been shown to play opposite roles in T-cell tolerance 

and activation. The receptor for both ligands is PD-1, which is expressed on T-cells, with 

PD-L1 constitutively expressed on DCs, whereas PD-L2 is upregulated after antigen 

uptake (88). PD-L1 has largely been shown to promote tolerance by playing a role in the 

development of T-regulatory cells (89). Blockade of PD1/PD-L1 resulted in increased 

AHR by enhancing the development of Th17 responses (90). Conversely, PD-L2 drives 

inflammatory responses associated with asthma (88). Several other studies have provided 

conflicting evidence. PD-L2 deficiency resulted in greater severity of AHR and 

inflammation compared to PD-L1 deficiency which was found to decrease these responses 

(91). The PD1/PD-L1 axis has also been implicated in driving Th2 responses (92) whereas 

PD-L2 has been found to play a role in driving Th1 responses in DCs (79).  

1.3 TREM-2 

Triggering receptor expressed on myeloid cells (TREM)-2 is a member of the 

recently discovered TREM glycoproteins (other family members include TREM-1, -3, -4, 

-5 and TREM-like transcripts (TLT) 1 and 2) that belong to the immunoglobulin receptor 

family (93). Since the discovery of TREMs in the early 2000s, they have emerged as 

important regulators of the innate and adaptive responses given their ability to enhance or 
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dampen signals induced by PRRs. TREM-1 and TREM-2 are the best characterized 

members of this family and have been shown to play opposite roles in directing the immune 

response to pathogens (94).  

1.3.1.  Expression and Function 

TREM-2 is a 40 kDa glycoprotein that is encoded by a cluster of genes on human 

chromosome 6p21.2 and mouse chromosome 17c3. It has been shown to be expressed on 

DCs, macrophages, microglia, neutrophils and osteoclasts (95-98). The TREM-2 gene 

encodes a 230 amino acid protein consisting of an extracellular domain, composed of a 

single immunoglobulin responsible for the recognition and binding of molecules; a 

transmembrane domain region, consisting of charged lysine residues; and a short 

cytoplasmic tail, attachment of signaling adapter molecule DNAX-activating protein of 

12kDa (DAP-12) (93, 94, 99). A positively charge lysine reside of the TREM-2 

transmembrane domain couples to a negatively charged aspartic acid residue on DAP-12 

to mediate downstream signaling (100). 

Although its ligand has yet to be identified,  TREM-2 has been shown to play a 

role in osteoclastogenesis, bone and brain homeostasis and bacterial phagocytosis (93). 

Loss of function mutations of TREM-2 or DAP-12 result in Nasu-Hakola disease (NHD), 

a rare autosomal recessive leukodystrophy characterized by progressive early onset 

dementia and recurrent bone fractures (100, 101). The role of TREM-2 in the immune 

response is evolving. Originally, it was characterized as a negative regulator of 

inflammation capable of dampening TLR-mediated responses (99, 101, 102). However, 

recent studies have highlighted a pro-inflammatory role of the receptor in several disease 

models (discussed further in next sections). The identification of a TREM-2 ligand or 
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ligands will prove to be instrumental in further understanding the multi-faceted nature of 

this receptor.  

1.3.1.1  Signaling mechanism 

Activation of TREM-2 leads to a signal cascade that activates several downstream 

signaling pathways important for mediating cell survival, proliferation, activation and 

differentiation (Figure 6). DAP-12 forms a homodimer linked by two cysteine residues 

and associates with a single TREM-2 receptor. Receptor ligation results in the 

phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) residues of 

DAP-12 by Src kinases. This causes the recruitment and activation of Syk (mouse) and/or 

Zap70 (human) kinases that initiates a downstream phosphorylation cascade (93, 99). 

Stimulation of TREM-2 also induces co-localization of DAP-12 with DAP-10 which 

mediates TREM-2 dependent activation of phosphatidylinositol-3 kinase (PI3K) (100). 

PI3K converts phosphatidylinositol-4, 5-bisphospahte (PIP2) into phosphatidylinositol-

3,4,5-trisphosphate (PIP3) which leads to the recruitment of linker for activation of B-

(LAB) and T-(LAT) cells. LAB/LAT recruit phospholipase C-γ (PLC-γ), Vav, Tek kinases, 

growth factor-receptor bound protein 2 (Grb2) and son of sevenless homolog 1 (SOS1) to 

the plasma membrane. PLC-γ hydrolyzes PIP2 to DAG and IP3. DAG activates the NFΚB 

and MAP Kinase pathways via activation protein kinase C (PKC) and Ras guanyl 

nucleotide-releasing proteins (RasGRPs), whereas IP3 mediates calcium mobilization and 

activation of calcium dependent kinases ultimately leading to translocation of NFAT to the 

nucleus (93, 99, 100, 103).  
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Figure 6. TREM-2 signaling pathway. Activation of TREM-2 by its ligand results in 

phosphorylation of ITAM residues of the adapter protein DAP-12 by Src kinases. These 

recruits and activates other kinases producing a phosphorylation cascade resulting in the 

activation of several signaling pathways that mediate cell survival, differentiation and 

proliferation as well as transcription of pro-inflammatory cytokines.  

1.3.2 TREM-2 and the Immune Response 

TREM-2 has been shown to play an important role in brain homeostasis with its 

deficiency or mutations associated with Polycystic lipomembranous osteodysplasia with 

sclerosing leukoencephalopathy (PLOSL) and Alzheimer’s disease (100, 103). When the 
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receptor was first discovered, it was believed to be a negative regulator of inflammatory 

responses mediated by its family member TREM-1 and TLRs.  

In the central nervous system, TREM-2 has largely been shown to be an anti-

inflammatory mediator capable of inhibiting TLR-induced inflammation in microglia and 

facilitating phagocytosis and clearance of PAMPs/DAMPs and cellular debris during 

injury (104). Blockade of TREM-2 on microglial cells during experimental autoimmune 

encephalomyelitis (EAE) resulted in disease exacerbation with increased inflammatory 

infiltrates and demyelination in brain parenchyma (105). In murine microglial cells, 

TREM-2/DAP-12 activation led to suppressed hyperactivation of microglial upon LP 

stimulation. LPS was found to down-regulate mRNA expression of TREM-2 via activation 

of JNK and NFκB signaling pathways (106). TREM-2 deficiency reduced viability and 

proliferation of primary microglial, induced cell arrest at the G1/S checkpoint, reduced 

microgliosis in the brains of TREM-2 knockout mice and decreased stability of β-catenin, 

which is a key component to the Wnt signaling pathway that maintains cell survival. 

Studies highlight that a relationship between TREM-2/DAP-12 and Wnt/β-catenin 

signaling and targeting these pathways might restore microglial function for treatment of 

Alzheimer’s disease (107).   

In the intestines, TREM-2 was shown to be required for mucosal repair, with 

TREM-2+ macrophages displaying increased expression of IL-4 and IL-13 which is 

essential to restore epithelial wounds (94). The receptor has also been found to have a 

protective effect in polymicrobial sepsis by increasing bacterial clearance in vivo (108)  and 

acts as a negative regulator in lung cancer by increasing the production of IL-10 (109).  
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Conversely, other studies have highlighted a pro-inflammatory role of the receptor 

brain homeostasis and in several disease models. Recently, TREM-2 has been implicated 

in the pro-inflammatory response mediated by microglial that exacerbates neuropathic 

pain. Nerve injury-induced pro-inflammatory cytokine expression in microglia and pain 

behaviors were suppressed in DAP-12 deficient mice. Intrathecal administration of TREM-

2 agonistic antibody increased pro-inflammatory cytokine expression and neuropathic pain 

in mice without nerve injury. Results suggest that TREM-2/DAP-12 mediated axis 

exacerbates nerve injury-induced neuropathic pain by inducing the secretion of pro-

inflammatory cytokines in microglia (110).  

In studies aimed at identifying the role of TREM-2 following stroke, it was found 

that TREM-2 knockout mice showed decrease transcription of pro-inflammatory cytokines 

TNF-α, IL-1α and IL-1β which are associated with reduced microglial activity. These mice 

also had reduced transcription of CCL-2, CCL-3 and CX3CR-1 as well as diminished 

invasion of T-cells (111). In colon samples from patients with IBD, TREM-2 levels were 

significantly higher in the inflamed mucosa than in samples from controlled patients (97). 

TREM-2 expression was also found to be higher in patients with acquired cholesteatoma 

than in normal skin and its expression was positively correlated with severity of bone 

destruction (112). Stimulation of human bone marrow mesenchymal stem cells with LPS 

resulted in increased gene transcription of TREM-2 as well as the production of 

proinflammatory cytokines (113). Collectively results suggest that the receptor can play 

either a pro- or anti-inflammatory role in the immune response.  
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1.3.3 TREM-2 Expression in Lung Disease 

TREM-2 has been described to have an anti-inflammatory or immune-modulatory 

role in the lungs namely in cancer pathogenesis and acute lung injury (ALI). Analysis of 

expression of TREM-2 in several pulmonary cell lines and lung tissue from mice with ALI, 

showed that mRNA expression of TREM-2 was lower in these tissues and detected on 

human bronchial epithelial cells, fibroblasts, lung adenocarcinoma cells and macrophages 

(114). Silencing of TREM-2 in a mouse model of ALI resulted in increased expression of 

pro-inflammatory mediators in bronchoalveolar lavage fluid (BALF) isolated from these 

animals (115). In another study, silencing of TREM-2 on murine alveolar macrophages 

using lentivirus-mediated short hairpin RNA (shRNA) resulted in significant decreases in 

expression of TREM-2. When cells were stimulated with lipopolysaccharide (LPS), levels 

of TLR-4, TNF-α and IL-10 were significantly enhanced, suggesting a role of TREM-2 in 

attenuating LPS induced inflammation mediated by alveolar macrophages (116). TREM-2 

has also been shown to be a negative regulator in lung cancer. TREM-2 was found to be 

upregulated on peripheral blood monocytes in tumor-bearing hosts with these mice having 

more TREM-2+ DCs. In vitro, TREM-2+ DCs from tumor-bearing mice had altered 

phenotypes expressing low levels of CD80, CD86 and MHC-II. These cells also had 

impaired functions including reduced IL-12 and IL-10 secretion and weakened OVA-

endocytic activity. Adoptive transfer of TREM-2+ DCs resulted in accelerated tumor 

growth suggesting that TREM-2 might act as a negative immune-regulatory molecule 

(109).  

 TREM-2 has been detected in BALF of patients with severe lung diseases 

including asthma, pulmonary sarcoidosis, pneumonia and lung cancer (117). In patients 
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with pulmonary sarcoidosis, a granulomatous disease characterized by lymphadenopathy 

and T-lymphocyte predominance, it was found that there was significant increase in 

expression of TREM-2 (and TREM-1) in BALF from patients in the disease groups 

compared to the controls (118). TREM-2 was shown to drive inflammation by inhibiting 

complement component 1q effector mechanisms during pneumococcal pneumonia 

resulting in detrimental effects in wild-type mice compared to TREM-2 knockouts (119). 

In a mouse model of influenza, in which long term activation of innate immune cells lead 

to chronic inflammation, TREM-2 was found to be upregulated on M2 macrophages. 

Further investigation revealed that viral replication increased levels of intracellular and 

surface TREM-2 expression on lung macrophages which decreased cell apoptosis that 

would normally occur during acute illness. Findings from this study highlights a potential 

novel feed-forward expansion of lung macrophages that drives chronic inflammation (95).  

In a mouse model of experimental melioidosis, where TREM 1/3 and TREM-2 

deficient mice were intranasally infected with live Burkholderia pseudomallei, it was found 

that both TREM-1 and TREM-2 expression was increased in the lungs of the infected mice. 

TREM-2 deficient mice however displayed a markedly improved host defense as reflected 

by less inflammation and injury and decreased bacterial loads. TREM-2 deficiency 

restricted the inflammatory response, thus decreasing organ damage and increasing 

survival. More recently, lung macrophages were shown to have increased TREM-2 

expression which was believed to alter TLR responses resulting in decreased bacterial 

clearance in an HDM-model of allergic airway inflammation (120). Similarly, in tissues 

collected from patients with Chronic Obstructive Pulmonary Disease (COPD), TREM-2 
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(and not TREM-1) mRNA and protein expression as well as the numbers of inflammatory 

macrophages were significantly higher when compared to controls (121).  

Collectively, these results highlight a dual role of TREM-2 in the immune response. 

Although originally described as an anti-inflammatory mediator, recent studies have 

highlighted a role of the receptor in driving inflammation based on the cellular and cytokine 

environment in different disease models. The role of TREM-2 in the CNS, intestines and 

bacterial clearance have been elucidated by several groups. However, little is known 

regarding the role of TREM-2 in allergic airway inflammation. Further studies are therefore 

needed to determine its expression and function in the asthmatic response.  

1.3.4 TREM-2 and Dendritic cells 

There are several enzymes and non-chemokine factors that are produced within 

inflamed or damaged tissue that play a role in the recruitment, activation and migration of 

DCs. Dendritic cells express several PRRs that are critical in the recognition of 

PAMPs/DAMPs and mediate maturation and migration to the lymph nodes to drive the 

immune response. As mentioned in the previous section, DCs have been shown to express 

the novel cell surface receptor, TREM-2.  

TREM-2 expression on DCs was first identified by Bouchon et al. in the early 

2000s. In studies using human monocyte derived DCs, it was found that these cells 

expressed a surface receptor that was related to the previous identified TREM-1; it was 

named TREM-2. Activation of this receptor on human DCs, using monoclonal antibodies, 

was found to drive partial maturation and migration of DCs. The receptor was found to be 
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associated with DAP-12 and induced signaling via the ERK pathway to mediate survival 

of DCs in vitro, thus identifying a potential role of TREM-2 in DC responses (96).  

Since then, very little work has been done to further elucidate the potential role of 

TREM-2 in DC function. Studies to date have been controversial with some suggesting the 

receptor plays an anti-inflammatory role whereas others have shown that TREM-2 

expressing DCs drive inflammation.  

In 2012, Ito and colleagues showed that TREM-2 is expressed on bone marrow-

derived DCs (BMDCs) in a DAP-12 dependent manner. Further studies highlighted that 

TREM-2 negatively regulated TLR-induced inflammatory cytokines and maturation of 

DCs (122). However, others have reported that TREM-2 expression on DC subsets play a 

role in driving inflammation.  In the intestines, TREM-2 was found to be upregulated on 

DCs in the lamina propria of patients with IBD as well as on mouse cells using a model of 

experimental colitis. This upregulation was shown to modulate proinflammatory cytokine 

secretion and expression of matrix metalloproteinases in experimental colitis. DCs from 

TREM-2 knockout mice produced lower levels of inflammatory cytokines and had reduced 

levels of bacterial killing and T-cell activation when compared to wild-type mice (97). 

More recently, TREM-2 was found to be upregulated on the surface of CD11c+ DCs in 

human acquired cholesteatoma (112).  

Although TREM-2 provides both activating and inhibitory signals in several 

disease models, little is known about its expression in the airways and it is still unclear if 

the receptor plays a role in the pathogenesis of asthma. Preliminary analysis of lung 

sections from mice revealed that TREM-2, and not TREM-1, was expressed in the lungs 

and upregulated in the airways of mice with established inflammation. Based on these 
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findings, TREM-1 was eliminated from further studies and our focus was directed at 

TREM-2. Given that the receptor has been shown to be expressed on DCs and drive 

inflammation in other disease models, as well as its upregulation in the airways after 

allergen sensitization and challenge, we hypothesized that TREM-2 might play a role in 

the onset and progression of allergic airway inflammation. 
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1.4 Hypothesis and Specific Aims 

The central hypothesis was developed given the role of DC maturation and 

migration in the induction of antigen-specific immune responses and the potential role of 

TREM-2 in mediating these responses (Figure 7).  

1.4.1 Central Hypothesis:  

TREM-2 is critical in regulating the migration and function of lung dendritic cell 

subsets, promoting airway inflammation in a murine model of allergic airway 

inflammation. 

1.4.2 Specific Aim 1: 

To characterize the phenotype and function of lung dendritic cell subsets following 

allergen sensitization and challenge in a murine model of allergic airway inflammation. 

1.4.3 Specific Aim 2: 

To examine the expression of TREM-2 on lung DC subsets and subsequent 

migration of these cells to the draining lymph nodes of allergen sensitized and challenged 

mice. 

1.4.4 Specific Aim 3: 

To determine the functional role of TREM-2 on the development of allergic airway 

inflammation mediated by lung DC subsets. 
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Figure 7. Overview of Specific Aims. Schematic overview of the aims proposed in this 

study.    
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Chapter 2:  

General Materials and Methods 
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The materials and methods used to conduct experiments will be described in detail 

in the respective chapters. This chapter will highlight the use of mice as a model of allergic 

airway inflammation, measurements of pulmonary function, both invasive and non-

invasive, and the general methods used in experimental procedures.  

2.1 Mouse model of allergic airway inflammation 

Animal models have been critical in highlighting the mechanisms involved in the 

development and progression of asthma. Small animals like mice, are widely used as 

animal models of allergic inflammation and allow for studies to be conducted using intact 

immune and respiratory systems enabling better understanding the inflammatory response 

in the airways (2). Despite the differences between aspects of human asthma and mouse 

models of allergic inflammation, they are often the preferred models because they are 

relatively inexpensive and easy to handle with many immunological and molecular 

techniques available to study them. Mouse models have also provided insights into the 

susceptibility, pathogenesis, inflammatory response, airway remodeling and treatment of 

asthma (2, 123, 124).  

The BALB/c and C57BL/6 strains are the most commonly used in allergic 

inflammation studies. BALB/c mice elicit a Th2-dominated immune response 

characterized by robust induction of allergen-specific IgE, eosinophilic airway 

inflammation and AHR. Conversely, C57BL/6 mice elicit a Th1-dominated or mixed 

phenotypic (Th2/Th1) response and display low AHR despite showing greater airway 

eosinophilia (125, 126). C57BL/6 mice are, therefore more suited to study chronic 

inflammation whereas BALB/c mice are better suited for studying the mechanisms 
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involved in mild or acute inflammation. As such, BALB/c mice were chosen to conduct 

experiments in this study.  

Mice do not naturally develop asthma, so an artificial asthmatic response must be 

induced in the airways. To mimic the pathogenesis of human asthma, animal protocols 

must include a sensitization and challenge phase. The sensitization phase is the first 

exposure to the allergen. Commonly used allergens include ovalbumin (OVA), cockroach 

extracts, house dust mite (HDM), ragweed, Alternaria and Aspergillus (127, 128). OVA 

(chicken egg white) is an experimental allergen and is by far the most widely used allergen 

given that it can be produced in large quantities, is relatively inexpensive and have been 

shown to induce robust airway inflammation. OVA is typically mixed with an adjuvant 

(aluminum hydroxide [Al(OH)3] – alum) and is administered intraperitoneally to activate 

the innate immune response, with a follow-up booster 1-2 weeks later  (2, 126, 128). The 

animals are then repeatedly exposed to the allergen, either by aerosol or intranasally, over 

several days to activate the adaptive immune response and pulmonary function determined 

using non-invasive and invasive techniques (2, 127).  

2.2 Sensitization and Challenge Protocol 

The sensitization and challenge protocol utilized in this study is outlined in Figure 

8. Five to six-week-old BALB/c mice were divided into sensitized and non-sensitized 

groups. The sensitized groups received an intraperitoneal injection of 20 μg of OVA 

(Sigma-Aldrich, St. Louis, MO) emulsified in 2.25 mg of Imject® alum (Thermo Fischer 

Scientific, Waltham, MA) on days 0 and 7. Animals were challenged with 100 mg OVA 

in 10 ml PBS (1% challenge) for 3 consecutive days (day 14-16) and 500 mg OVA in 10 

ml PBS (5% challenge) on day 17. The non-sensitized groups received sterile PBS. Airway 
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response to methacholine (3.125 mg/ml to 100 mg/ml) was determined non-invasively on 

day 18 using whole body plethysmography single chamber (Buxco® FinePoint System, 

Data Science International, St. Paul, MN). Animals with established AHR were challenged 

with 500 mg OVA in 10 ml PBS (5% challenge) or sterile PBS on day 19. On day 20, 

specific airway resistance was measured invasively under anesthesia in tracheal intubated 

and mechanically ventilated mice using Buxco® FinePointe RC System (Data Science 

International, St. Paul, MN). 

 

Figure 8. Sensitization and challenge protocol. Mice were divided into 2 groups 

(allergen-sensitized and non-sensitized). The OVA-sensitized and challenged group 

received intraperitoneally injections of 20µg of ovalbumin emulsified in 2.25 mg of alum 

on days 1 and 7. The non-sensitized group received an injection of sterile PBS. Mice were 

exposed to 1% aerosolized OVA (100 mg OVA in 10 ml PBS) on days 14-16 and 5% OVA 

(500 mg OVA in 10 ml PBS) on day 17. On day 18, airway hyperresponsiveness (AHR) to 

methacholine was measured non-invasively using whole body plethysmography (WBP) 

single chamber. Mice received 5% aerosolized OVA (500 mg OVA in 10 ml PBS) on day 

19. On day 20, AHR was measured invasively followed by euthanasia and collection of 

tissues for further analyses. The non-sensitized group received sterile PBS for aerosol 

challenges. 
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2.3 Measuring Pulmonary Response: Non-invasive versus Invasive Techniques 

The ability to measure lung function and mechanics is important for determining 

AHR. The major techniques used are either invasive or non-invasive. Unrestricted whole-

body plethysmography is a non-invasive and convenient method to monitor parameters 

like respiratory frequency, tidal volume, peak flow and enhanced pause (Penh) in mice that 

are conscious and minimally restrained (129).  Penh is however, not an accurate estimator 

of airway resistance because it is influenced by a number of factors unrelated to 

bronchoconstriction, which can potentially under or overestimate the degree of AHR and 

is an empirically derived value with unclear physiological relevance (130). Invasive 

methods are therefore needed to confirm results.  

Invasive techniques allow for the measurement of pulmonary resistance (RL) and 

dynamic compliance (Cdyn) which are more precise and specific determinations of 

respiratory mechanics. Using the Buxco Fine Point RC system (DSI, St. Paul, MN), the 

animal is anesthetized, tracheally intubated and mechanically ventilated allowing for direct 

measure of airflow and pressure (129). To access RL and Cdyn, pressure and flow volume 

need to be determined. Tidal volume is derived from differentiation of the volume signal. 

RL and Cdyn are then calculated by transposing the equation: PTP = V x RL + VT/ Cdyn; 

where: PTP is transpulmonary resistance, V is tidal volume, RL is pulmonary resistance and 

Cdyn is dynamic compliance (130). The major disadvantages with this method is the need 

for anesthesia and lack of repeated measurement on tracheostomized animals (129, 130).  
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2.4 Tissue processing and Isolation of Dendritic Cells    

Mice were euthanized via intraperitoneal injection of 50 µl of sodium pentobarbital. 

Lung lobes were collected and perfused with dissociation enzyme mix (Miltenyi Biotech, 

Auburn, CA), finely chopped and incubated for 20 minutes at 37 °C. Lymph nodes were 

collected, teased apart using 25-gauge needles and incubated with dissociation enzyme mix 

for 45 minutes at 37 °C. After enzymatic digestion, red blood cells were lysed using 5 ml 

of 1x RBC Lysis Buffer (eBioscience, San Diego, CA) and total number of cells 

determined using Countess Automated Cell Counter (Invitrogen, Thermo Fischer 

Scientific, Waltham, MA). The samples were resuspended in 400 µl MACS buffer per 108 

cells and incubated for 10 minutes at 4 °C with 40 µl FcR blocking reagent per 107 cells. 

Samples were then incubated with 100 µl of CD11c ultrapure microbeads (Miltenyi 

Biotech, Auburn, CA) per 108 cells for 10 minutes at 4 °C. Cells were washed with 10 ml 

of buffer per 108 cells, centrifuged at 400 x g for 10 minutes and resuspended in 500 µl of 

buffer. The cells then underwent a positive selection using the POSSELD2 program on the 

AutoMACS Pro Separator (Miltenyi Biotech, Auburn, CA). The CD11c+ fraction was 

collected for flow cytometry analysis. 

2.4.1 Fluorescence activated cell sorting (FACS) 

The CD11c+ fraction was incubated with LIVE/DEAD fixable aqua dead cell stain 

kit (Thermo Fisher Scientific) for 30 minutes at 4 °C. After centrifugation cells were 

incubated with an antibody cocktail consisting of: CD11c PE/CF594 (1:400), CD86 

BUV395 (1:200) and CD24 BUV 737 (1:200) (BD Biosciences, San Jose, CA); CD11b 

PE/Cy7 (1:800), CD103 PE  (1:400) and CCR-7 PerCP/Cy5.5 (1:200) (eBioscience, San 

Diego, CA); MHCII FITC (1:200) (Biolegend, San Diego, CA); CD64 Alexa Fluor 700 
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(1:400) and TREM-2 APC (1:200) (R&D Systems, Minneapolis, MN). Cells were 

analyzed by fluorescence activated-cell sorting (BD FACSAria™, BD Biosciences, San 

Jose, CA) to determine DC subsets in the lungs and mediastinal lymph nodes.  

2.5 RNA Isolation and Quantitative real time PCR 

2.5.1 RNA Isolation 

All procedures were conducted at room temperature (20-25 °C) unless otherwise 

noted. Tissue samples were lysed using 1 ml of Trizol™ reagent per 50-100 mg of tissue 

and homogenized using a homogenizer. After a 5-minute incubation, 200 µl of chloroform 

per 1 ml of Trizol™ was added and the samples incubated for 2-3 minutes. Samples were 

centrifuged for 15 minutes at 12,000 x g at 4 °C and the colorless upper aqueous phase 

containing the RNA was transferred to a new tube. The RNA was precipitated by adding 

500 µl of isopropanol to the aqueous phase, incubated for 10 minutes and centrifuged for 

10 minutes at 12,000 x g at 4 °C. The supernatant was discarded, and pellet resuspended in 

1 ml of 75% ethanol. Samples were vortexed briefly then centrifuged for 5 minutes at 7,500 

x g at 4 °C. The pellet was air dried for 5-10 minutes and the resuspended in 50 µl of 

RNase-free water. RNA quantity was determined using Nanodrop 2000 (Thermo Fisher 

Scientific, Waltham, MA). 

2.5.2 cDNA Synthesis 

First-strand cDNA synthesis was performed using 1 µg total RNA. Briefly, samples 

were combined with oligo dT (0.5 µg), nuclease-free water and preheated to 70 ºC for 5 

minutes. The reverse transcriptase reaction mix containing 5 X Improm®-II reaction 

buffer, MgCl2 (final concentration of 2 mM), dNTP mix (final concentration of 0.5 mM), 
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RNAse inhibitor and Improm®-II reverse transcriptase was added to each sample, 

thoroughly mixed and incubated in a thermal cycler as per Improm®-II reverse 

transcription kit instructions (Promega, Madison, WI).  

2.5.3 Quantitative real time PCR 

Following the first strand synthesis, quantitative real time PCR was carried out 

using cDNA, SYBR green PCR master mix (Bio-Rad Laboratories, Hercules, CA) and 10 

µM of forward and reverse primers each for respective genes (Integrated DNA 

Technologies, San Diego, CA) using a real time PCR system (CFX96, BioRad 

Laboratories, Hercules, CA). Samples were plated in triplicates and gene expression was 

normalized against the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). Fold-change in mRNA expression was determined using the ΔΔCt method. 

2.5.3.1  Primers used for RT-PCR Experiments 
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Table 2: Mouse Primers used for RT-PCR experiments 

 Forward Primer 5’          3’ Reverse Primer 5’          3’ 

IRF-4 5’-AATGGGAAACTCCGACAGTG-3’ 5’-TAGGAGGATCTGGCTTGTCG-3’ 

IRF-8 5’-GAGCGAAGTTCCTGAGATGG-3’ 5’-TGGGCTCCTCTTGGTCATAC-3’ 

BATF-3 5’-TGAAGGAGCACGAGAAGATG -3’ 5’-GGTGTCATCGTGGTAGACAG-3’ 

Zbtb46 5’-TCACATACTGGAGAGCGGC-3’ 5’-CCTCATCCTCATCCTCAACC-3’ 

TREM-

2 

5’-TGGTGTGGTACATCTGTGTTGAG-3’ 5’-GGTTGGTGTGTGGAGAATGT-3’ 

IL-4 5’-CAGAGACTCTTTCGGGCTTT-3’ 5’-GCATGATGCTCTTTAGGCTTTC-3’ 

IL-12 5’-GGACCAAAGGGACTATGAGAAG-3’ 5’-CTTCCAACGCCAGTTCAATG-3’ 

IL-10 5’-CCAAGACCAAGGTGTCTACAA-3’ 5’-GGAGTCCAGCAGACTCAATAC-3’ 

IL-17 5’- TCCAGAAGGCCCTCAGACTA -3’ 5’-ACACCCACCAGCATCTTCTC -3’ 

TGF-β 5’-GGTGGTATACTGAGACACCTTG-3’ 5’-CCCAAGGAAAGGTAGGTGATAG-3’ 

IL-6 5’-CCAGAGTCCTTCAGAGAGATACA-3’ 5’-CCTTCTGTGACTCCAGCTTATC-3’ 

IFN-γ 5’-ATCGGCTGACCTAGAGAAGA-3’ 5’-AGCCAAGATGCAGTGTGTAG-3’ 

CCR-7 5’-AAAGCACAGCCTTCCTGTGT-3’ 

 

5’-AGTCCACCGTGGTATTCTCG-3’ 

CD86 5’-CATGGGCTTGGCAATCCTTA-3’ 

 

5’-AAATGGGCACGGCAGATATG-3’ 

CD80 5’- CTGGGAAAAACCCCCAGAAG-3’ 5’- TGACAACGATGACGACGACTG-3’ 

GAPDH 5’-AACAGCAACTCCCACTCTTC-3’ 5’-CCTGTTGCTGTAGCCGTATT-3’ 
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2.6 Reagents, Solutions and Buffers 

The reagents, solutions and buffers used to conduct experiments are listed in the next 

section. Detailed information about each material is discussed further in the respective 

chapters.  

2.6.1 Sensitization and Challenge Protocol 

  

  

Reagent Procedure Working Solution/Concentration 

OVA Intraperitoneally injection 4 mg OVA in 10 ml 1 x PBS 

1:1 ratio of OVA to alum 

Aerosol challenge (1%) 

Aerosol challenge (5%) 

100 mg OVA in 10 ml 1 x PBS 

500 mg OVA in 10 ml 1 x PBS 

Methacholine Methacholine challenge 100 mg methacholine in 1 ml (100 mg/ml) 1 x 

PBS; serial dilutions performed to generate 

concentrations of 50, 25, 12.5, 3.125 mg/ml 
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2.6.2 Tissue processing and isolation of dendritic cells 

 

2.6.3 In vitro Assays 

 

Reagent Procedure Working Solution/Concentration 

Lung Dissociation 

Kit 

Enzymatic digestion 2.4 ml Buffer S 

100 µl Enzyme D  

15 µl Enzyme A 

RBC Lysis Buffer RBC Lysis 1 ml RBC Lysis Buffer (10X) in 9 ml 

distilled water 

AutoMACS 

Running Buffer 

Magnetic sort 

(AutoMACS) 

1450 ml Rinsing Solution (1X PBS, EDTA) 

50 ml Bovine Serum Albumin 

PBS4 FACS 2 ml FBS in 48 ml 1 X PBS 

FACSFix FACS 1 ml Formalin in 9 ml 1 X PBS 

Reagent Procedure Working Solution/Concentration 

DC Culture 

media 

Cell culture 450 ml RPMI-1640 

50 ml FBS 

5 ml Penicillin/Streptomycin 

50 µM β-mercaptoethanol 

OVA Cell stimulation 1 mg OVA in 1 ml RPMI-1640 

Serial dilutions to produce 100 µg/ml 

GMCSF Growth factor Reconstituted to 100 µg/ml 

Working concentration: 20 ng/ml 
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2.7 Data Processing and Statistical Analyses 

Flow cytometric analyses were carried out using FlowJo Data Analysis Software 

v10.0 (Tree Star Inc, OR). All other data were analyzed using GraphPad Prism version 

6.00 (GraphPad Software, La Jolla, CA). Unpaired student’s t test was used to determine 

differences between groups. Multiple group comparisons were made using one-way 

ANOVA with Tukey’s post-hoc tests. Values are expressed as means ± SEM. A value of 

p < 0.05 was considered significant. 

  

  

Reagent Procedure Working Solution/Concentration 

IL-4 Cytokine/growth factor Reconstituted to 100 µg/ml 

Working concentration: 20 ng/ml 

Trem-2 siRNA Transfection Reconstituted to 20 µM 

Working concentration: 50 nM 

Silencer® 

Negative Control 

Transfection 50 µM; working concentration: 50 nM 
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Chapter 3: 

Distinct Lung Dendritic Cell Subsets in a Murine Model of Allergic Airway 

Inflammation 

Based in part on previously published data: Scientific Reports (2017), 7:11853 
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3.1 Abstract 

Rationale: Asthma is a chronic airway disorder characterized by reversible, cellular 

infiltration and airway inflammation. Dendritic cells are professional antigen presenting 

cells that initiate the asthmatic inflammatory response by capturing inhaled antigens and 

migrating to the lymph nodes to mediate T-helper cell responses. Lung DCs consist of a 

heterogenous population of cells that drive pro- or anti-inflammatory responses based on 

stimulus and cytokine environment. There is still some debate as to which subset of lung 

DCs (CD11bhi or CD103+ subset) drives the allergic response seen in asthma.  

Objective: To examine the phenotype and function of lung DC subsets generated in a 

murine model of allergic airway inflammation. 

Methods: Female Balb/c mice were sensitized and challenged with ovalbumin (OVA) or 

PBS for a total of 20 days. Lungs were isolated and sorted using MACS and FACS to 

determine the phenotype and function of lung DC subsets.  

Results: Sensitization and challenge with ovalbumin reproduced hallmark features of 

allergic airway inflammation. Analysis of the CD11c+MHC-IIhi subset revealed three 

populations of cells, CD11b+CD103- (CD11bhi), CD11blo/-CD103+ (CD103+), 

CD11b+CD103+, with significantly higher number of the CD11bhi subset. Further analysis 

of each subset showed that they were all bona fide mature DCs capable of migrating to the 

lymph nodes, given expression of DC-specific transcription factors as well as high 

expression of CD86 and CCR-7. DC subsets were found to prime Th2 responses given the 

significant increased expression of IL-4 and IL-5 in BALF.  
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Conclusions: Sensitization and challenge with OVA generates three subsets of mature DCs 

that primarily mediate Th2 responses in a murine model of allergic airway inflammation.   

3.2 Introduction 

Asthma is a chronic disorder of the conducting airways that involves the interplay 

of multiple genetic and environmental factors. It is characterized by reversible airway 

obstruction, cellular infiltration, airway inflammation and airway remodeling (1, 2). 

Dendritic cells (DCs), so named because of their dendrite like projections, are professional 

antigen presenting cells (APCs) that control the initiation of antigen induced immune 

responses in the airways. DCs phagocytose antigens that enter the lungs and traffic to the 

draining lymph nodes where they present processed antigens to T-cells driving an 

inflammatory Th2-response in atopic individuals. Selective expansion of Th2 cells results 

in the secretion of potent mediators that promote airway eosinophilia, goblet cell 

metaplasia and airway hyperresponsiveness (AHR) (1, 2, 16, 36).   

Several transcription factors have been implicated in dendritic cell development in 

human and mice. The two that have been the most widely used to characterize DCs are 

interferon regulatory factors and zinc finger transcription factor Zbtb46. Interferon 

regulatory factor 4 (IRF4) has emerged as a key regulator in mediating the functionality of 

DCs to promote Th2 responses as well as regulating migration of DCs (44, 45). IRF-8 has 

been shown to control survival and function of cDCs and pDCs with the help of BATF-3 

(48). Zinc finger transcription factor Zbtb46 has been found to be a negative regulator of 

conventional DC activation and a useful marker in differentiation DCs from macrophages 

(42). 
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Pulmonary DCs are a heterogeneous population of cells that differ phenotypically 

based on the expression of various cell surface markers. CD11c+ DCs residing in the lung 

and lymph nodes are divided into two major subsets based on their expression of CD11b 

and CD103; CD11b+/hiCD103- (referred to as CD11bhi) and CD11b-/loCD103+ (referred to 

as CD103+) (37). Lung resident CD11bhi DCs reside beneath the airway epithelium, secrete 

high levels of chemokines and can sustain allergic airway inflammation during the 

challenge phase. CD103+ DCs are associated with the airway epithelium and express 

langerin (37, 51). There is still some debate as to which phenotype is immunogenic, 

promoting a Th2 response, and which is tolerogenic/regulatory, promoting a Th1/Treg 

response (52-54, 56, 58). More in-depth studies are therefore needed to clarify these 

findings. Given that lung DC subsets have been shown to drive different T-helper cell 

responses, we examined the phenotype and function of lung DCs in a murine model of 

allergic airway inflammation.  

3.3 Methods 

3.3.1  Animals and care 

Five-to-six-week-old female Balb/c mice were purchased from Envigo/Harlan 

Laboratories (Indianapolis, IN) and maintained under specific pathogen-free conditions in 

the Animal Resource Facility at Creighton University. Food and water were provided ad 

libitum. The research protocol of these studies was approved by the Institutional Animal 

Care and Use Committee of Creighton University. All methods in the animal care and 

procedures in this research protocol were performed in accordance with the NIH and 

OLAW guidelines. 
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3.3.2  Sensitization and Challenge of Experimental Animals 

Mice were divided into sensitized and non-sensitized groups. The sensitized groups 

received an intraperitoneal injection of 20 μg of OVA (Sigma-Aldrich, St. Louis, MO) 

emulsified in 2.25 mg of Imject® alum (Thermo Fischer Scientific, Waltham, MA) on days 

0 and 7. Animals were challenged with 100 mg of OVA in 10 ml PBS (1% challenge) for 

3 consecutive days (day 14-16) and 500 mg OVA in 10 ml PBS (5% challenge) on day 17. 

The non-sensitized groups received sterile PBS. Airway response to methacholine was 

determined non-invasively on day 18 using whole body plethysmography single chamber 

(Buxco® FinePoint System, Data Science International, St. Paul, MN). Animals with 

established AHR were challenged with 5% OVA or sterile PBS on day 19. On day 20, 

specific airway resistance was measured invasively under anesthesia in tracheal intubated 

and mechanically ventilated mice using Buxco® FinePointe RC System (Data Science 

International, St. Paul, MN).  

3.3.3  Bronchoalveolar Lavage Fluid Analysis and IgE Measurements 

Immediately after euthanasia, blood was collected from the left ventricle of the 

heart and the separated serum was stored at -80°C for further analysis. Bronchoalveolar 

lavage fluid (BALF) was collected by lavaging the lungs with 1 ml of warm PBS. The 

samples were then centrifuged at 400 x g for 10 minutes and the supernatant collected and 

stored at -80°C for further analysis. The cell pellet was resuspended in PBS and total cell 

counts were performed using Countess Automated Cell Counter (Invitrogen, Grand Island, 

NY). Cells were immobilized on glass slides by cytospin centrifugation (Shandon Cytospin 

4, Thermo Fisher Scientific, Waltham, MA), fixed in acetone and stained using Diff-Quik 

staining reagent (StatLab Medical Products, Lewisville, TX) according to manufacturer’s 
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instructions. Differential cell counts were carried out by randomly counting 300 cells as 

visualized under light microscopy.  

Total and OVA-specific IgE in BALF and serum were measured using 

commercially available ELISA (eBioscience, San Diego, CA and BioLegend, San Diego, 

CA) according to manufacturers’ instructions.  

3.3.4  Lung Histology 

Lung lobes were removed, fixed in 4% formalin and embedded in paraffin. The 5 

μm thin sections of the fixed tissues were rehydrated and stained using hematoxylin and 

eosin (Newcomer Supply, Middleton, WI), periodic acid-Schiff (PAS) reaction (Sigma-

Aldrich, St. Louis, MO) and Masson’s trichrome stain (Sigma-Aldrich, St. Louis, MO) 

according to manufacturers’ instructions.  

3.3.5  Lung Dendritic Cell Isolation and Flow Cytometry 

Lung lobes were collected and perfused with lung dissociation enzyme mix 

(Miltenyi Biotech, Auburn, CA), finely chopped and incubated for 20 minutes at 37 °C. 

After enzymatic digestion, samples were resuspended in 400 μl of MACS buffer and total 

number of cells counted using Countess Automated Cell Counter (Invitrogen, Grand 

Island, NY). Cells were incubated at 4 °C with 10 μl of FcR blocking reagent for 10 minutes 

followed by another 10-minute incubation with 100 μl CD11c ultrapure microbeads per 

108 cells (Miltenyi Biotech, Auburn, CA). The cells then underwent a positive selection 

using the POSSELD2 program on the AutoMACS Pro Separator (Miltenyi Biotech, 

Auburn, CA). CD11c+ fraction was incubated with LIVE/DEAD fixable aqua dead cell 

stain kit (Thermo Fisher Scientific) for 30 minutes at 4 °C. After centrifugation cells were 
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incubated with an antibody cocktail consisting of: CD11c PE/CF594, CD24 BUV 737 and 

CD86 BUV395 (BD Biosciences, San Jose, CA); CD11b PE/Cy7, CD103 PE and CCR-7 

PerCP/Cy5.5 (eBioscience, San Diego, CA); MHCII FITC (Biolegend, San Diego, CA); 

and CD64 Alexa Fluor 700 (R&D Systems, Minneapolis, MN). Cells were analyzed by 

fluorescence activated-cell sorting (BD FACSAria™, BD Biosciences, San Jose, CA) to 

determine DC subsets in the lungs.  

3.3.6  Quantitative real time PCR 

Total RNA was isolated from the lung and lymph nodes using Trizol reagent 

according to the manufacturer’s protocol (Sigma, St. Louis, MO, USA), outlined in the 

methods section, and total RNA yield quantified using Nanodrop (Thermo Fisher 

Scientific, Waltham, MA). First-strand cDNA synthesis was performed using 1 µg total 

RNA with oligo dT (0.5 µg), 5 X reaction buffer, MgCl2, dNTP mix, RNAse inhibitor and 

Improm II reverse transcriptase (outlined in methods section) as per Improm II reverse 

transcription kit (Promega, Madison, WI). Following the first strand synthesis, quantitative 

real time PCR was carried out using cDNA, SYBR green PCR master mix (Bio-Rad 

Laboratories, Hercules, CA) and 10 µM forward and reverse primers for IRF-4, IRF-8, 

BATF-3 and Zbtb46 (Integrated DNA Technologies, San Diego, CA) using a real time 

PCR system (CFX96, BioRad Laboratories, Hercules, CA). Samples were plated in 

triplicates and relative gene expression was normalized against the housekeeping gene, 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Fold-change in mRNA expression 

was determined using ΔΔCt method. The primers used in these experiments are listed in 

Table 2.  
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3.3.7  Cytokine Measurement in BALF 

Cytokine levels (IL-4, IL-5, IFN-γ, IL-6, IL-17 and IL-23) in BALF were 

determined using commercially available ELISA kits (eBioscience, San Diego) according 

to manufacturer’s instructions. Assay sensitivity were: IFN-γ (2 pg/ml), IL-23 (8 pg/ml) 

IL-4, IL-5, IL-17 and IL-6 (4 pg/ml).  

3.3.8  Data Processing and Statistical Analyses 

Flow cytometric analyses were carried out using FlowJo Data Analysis Software 

v10.0 (Tree Star Inc, OR). All other data were analyzed using GraphPad Prism version 

6.00 (GraphPad Software, La Jolla, CA). Unpaired student’s t test was used to determine 

differences between groups.  Multiple group comparisons were made using one-way 

ANOVA with Tukey’s post-hoc tests. Values are expressed as means ± SEM. A value of 

p < 0.05 was considered significant. 

3.4 Results 

3.4.1 Increased airway hyperresponsiveness to methacholine in OVA-sensitized and 

challenged mice 

Mice were sensitized and challenged with ovalbumin or sterile PBS as described in 

Figure 9A. OVA-sensitized and challenged mice displayed significantly higher airway 

response to all concentrations of methacholine (3.125 mg/ml – 100 mg/ml) as determined 

non-invasively using whole body plethysmography (Fig 9B). Mice with established AHR 

were subjected to a second methacholine challenge on day 20, using anesthesia, tracheal 

intubation and mechanical ventilation to determine specific airway resistance (RL). OVA-

sensitized and challenged mice had significantly higher airway resistance than PBS-
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sensitized and challenged mice at all concentrations of administered methacholine (Fig 

9C).  
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Figure 9. Protocol for antigen-sensitization and challenge (A) and pulmonary 

response to methacholine (B-C).  (A) Mice were divided into 2 groups (allergen-sensitized 

and non-sensitized). The OVA-sensitized and challenged group received intraperitoneally 

injections of 20µg of ovalbumin emulsified in 2.25 mg of alum on days 1 and 7. The non-

sensitized group received an injection of sterile PBS. Mice were exposed to 1% aerosolized 

OVA on days 14-16 and 5% OVA on day 17. On day 18, airway hyperresponsiveness (AHR) 

to methacholine was measured non-invasively using whole body plethysmography (WBP) 

single chamber. Mice received 5% aerosolized OVA on day 19. On day 20, AHR was 

measured invasively followed by euthanasia and collection of tissues for further analyses. 

The non-sensitized group received sterile PBS for aerosol challenges. (B and C) Airway 

response to methacholine measured non-invasively (B) and invasively using anesthesia, 

tracheal intubation and mechanical ventilation (C) for OVA-sensitized and challenged as 

well as PBS control groups. Data are presented as the mean ± SEM and represent at least 

four independent studies. (n=12-18 mice per group; **p<0.01; ***p<0.001) 
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3.4.2 Bronchoalveolar lavage fluid (BALF) and IgE Analysis 

Following euthanasia, lungs were lavaged with sterile PBS. BALF cells were 

collected, counted (to determine total cell number), stained and differential cell counts 

determined. Analysis of BALF revealed that OVA-sensitized and challenged mice showed 

greater total number of leukocytes (Fig 10AI) as well as significantly higher percentages 

of eosinophils, neutrophils and lymphocytes when compared to the PBS controls (Fig 

10AII). OVA-sensitization and challenge resulted in significant increases in total IgE 

levels in BALF (76.28 ±7.33 ng/ml) (Fig 10BI) and serum (10,319 ± 65 ng/ml) (Fig 10BII) 

when compared to the PBS-sensitized and challenged groups (1.43 ± 0.15 ng/ml and 979.7 

± 85.2 ng/ml, respectively) (Fig 10BI-II). OVA-specific IgE was detected in serum 

samples of mice sensitized and challenged with OVA (18.13 ± 1.01 ng/ml) but was not 

detectable in the control groups (Fig 10BIII) 
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Figure 10. Bronchoalveolar lavage fluid (BALF) and serum analysis (A and B) and 

lung histology (C). (A)Total (I) and differential cell count (II) of inflammatory cells in 

broncho-alveolar lavage fluid (BALF) from PBS and OVA-sensitized and challenged mice. 

Lungs were lavaged with PBS, cells collected, counted, immobilized on glass slides and 

stained. A total of 300 cells were counted and characterized into each type of leukocyte 

based on morphological analyses. (B) Total IgE in BALF (I), serum (II) and OVA-specific 

IgE in serum (III) were measured using ELISA. (C) Histological analysis of bronchioles 
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of the airways from PBS and OVA-sensitized and challenged mice. Hematoxylin and Eosin 

(H&E) staining showing differences in lung morphology (I and IV), Periodic acid-Schiff 

(PAS) reaction for mucus secretion - pink coloration indicates a positive stain (II and V), 

Masson trichrome staining for collagen deposition - blue coloration indicates a positive 

stain (III and VI). Black arrows highlight collagen deposition below the basement 

membrane of the bronchiole. Magnification 20X. Data are presented as the mean ± SEM 

and represent at least four independent studies.  (n=6 -18 mice per group; **p<0.01; 

***p<0.001) 
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3.4.3  Lung Histology 

To visualize morphological changes in the airways, lung sections were stained with 

hematoxylin and eosin (Fig 10C I and IV), periodic acid-Schiff (PAS) reaction (Fig 10B 

II and V) and Masson’s trichrome stain (Fig 10C III and VI). Lung sections from mice 

sensitized and challenged with OVA showed observable structural changes including 

narrowing of the lumen and increased cellular infiltration (Fig 10C IV-V), increased mucus 

secretion (Fig 10C V) and collagen deposition (Fig 10C VI) which were absent in PBS-

sensitized and challenged groups (Fig 10C I-III). 

3.4.4 OVA-sensitization and challenge generates distinct subsets of CD11c+ cells in 

the lungs 

Lung lobes from PBS and OVA-sensitized and -challenged mice were isolated, 

processed and analyzed by flow cytometry to determine the phenotype of DCs in the lungs. 

After gating out debris and doublets, live cells were selected and gated based on expression 

of CD64, CD24 and high levels of MHC-II to determine mature DCs and eliminate alveolar 

macrophages (macrophages are CD64+ and CD24-). For our analyses, we selected the 

subset of cells that were CD64- (blue histogram), CD11c+MHC-IIhi and CD24+ (red 

histogram). These cells were further analyzed based on the expression of CD11b and 

CD103 (Fig 11A-B).  In the lungs, it was found that the OVA-sensitized and -challenged 

groups had greater percentage of mature CD11c+MHC-IIhi cells when compared to the PBS 

group (Fig 11C). Further analysis of this subset of cells revealed that there were four 

populations of CD11c+ cells in the airways: CD11b+CD103- (CD11bhi), CD11blo/-CD103+ 

(CD103+), CD11b+CD103+ and a subset of cells that did not express either markers 

(CD11b-CD103-) (Fig 11A-B). Most of the cells isolated from the PBS-sensitized and 
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challenged groups were negative for both CD11b and CD103. In the OVA-sensitized and 

-challenged groups however, there were significant increases in the percentages and total 

number of cells which were CD11b+CD103- (CD11bhi) (Fig 11B and D).  
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Figure 11. Sensitization and challenge with ovalbumin generates distinct subsets of 

CD11c+ cells in the lungs. (A-B) Lungs from OVA-sensitized and challenged and PBS 

mice were isolated and analyzed using FACS to determine the phenotype of CD11c+ cells. 

Cells were gated based on expression of CD64, MHC-II, CD24, CD11b and CD103. (C 

and D) Quantitative analyses of percentage expression of CD11c+MHC-II subsets in the 

lungs (C) and percentage expression of each subset in the lungs (D) of OVA-sensitized and 

challenged mice and PBS controls. Data are presented as the mean ± SEM and represent 

at least four independent studies. (n=5-10 mice per group; **p<0.01; ***p<0.001).  
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3.4.5 CD11c+ cells in the lungs are bona fide dendritic cells based on expression of 

transcription factors 

To determine if the DC populations identified were true DCs, and not a mixed population 

of macrophages, cells were analyzed for expression of DC-specific transcription factors. 

The three subsets of cells, CD11b+CD103- (CD11bhi), CD11blo/-CD103+ (CD103+), 

CD11b+CD103+, were isolated from the lungs of OVA-sensitized and challenged mice, 

sorted using FACS, collected and total RNA isolated from downstream RT-PCR analyses 

(Fig 12). Zbtb46, IRF-4, IRF-8 and BATF-3 were found to be expressed on all subsets of 

DCs. mRNA expression of IRF-8 was significantly higher on the CD103+ cells with much 

lower expression on the CD11b subset. (Fig 12).  
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Figure 12. Expression of DC-specific transcription factors on subset of cells isolated 

from the lungs of OVA-sensitized and challenged mice. The three subsets of cells 

(CD11bhi, CD103+ and CD11b+CD103+) were isolated from the lungs of OVA-sensitized 

and challenged mice. Total RNA was isolated from each subset, converted to cDNA and 

subjected to qRT PCR for mRNA expression of Zbtb46, IRF-4, IRF-8 and BATF-3. Data 

are presented as the mean ± SEM and represent at least three independent studies. (n=3-

6 mice per group; *p<0.05; **p < 0.01).  
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3.4.6 Lung DC subsets are mature DCs expressing high levels of CD86 and CCR-7 

Upon verifying that the CD11c+ cells isolated from the lungs were true DCs, our next step 

was to determine expression of the major co-stimulatory molecules (CD80 and CD86) and 

chemokine receptor (CCR-7) on the isolated subsets (Fig 13). All subset of cells expressed 

high levels of CD86 and CCR-7. CD86 expression was significantly higher on the CD11bhi 

and the double positive subset (CD11b+CD103+) of cells with overall greater total number 

of cells in the CD11bhi group (Fig 13 B and D). The CD11b+CD103+ subset had the highest 

percentage of cells expressing CCR-7 (Fig 13 A and C), however, total number of CCR-7 

positive cells were higher in the CD11bhi group. Collective results suggest that the subset 

of cells isolated from OVA-sensitized and challenged groups are mature DCs capable of 

migrating to secondary lymphoid organs.  
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Figure 13. Expression of CD86 and CCR-7 on subsets of DCs isolated from the lungs 

of OVA-sensitized and challenged mice. (A-B) The three subsets of cells isolated from 

the lungs and lymph nodes were further analyzed for expression of costimulatory molecules 

and CCR-7 by FACS. Gating was done based on expression of CD64, MHC-II, CD24, 

CD11b and CD103, followed by analysis of expression of CD86 and CCR-7 on each subset. 

Blue histograms - Isotype controls, red histograms - stained samples. Charts are 
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representative for one study. (C-D) Quantitative analysis of percentage CCR-7 (C) and 

CD86 (D) expression in the lungs. Data are presented as the mean ± SEM and represent 

at least four independent studies. (n=5-10 mice per group; * p<0.05; **p<0.01).  
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3.4.7 Cytokine profile of broncho-alveolar lavage fluid (BALF) 

 Finally, we analyzed cytokine secretion in BALF to determine the T-helper cell 

responses generated by DC subsets in the lungs. All cytokines examined (IL-4, IL-5, IFN-

γ, IL-6, IL-17A and IL-23) were higher in BALF from OVA-sensitized and challenged 

mice with significant increases in expression of IL-4, IL-5, IL-6 and IL-17A (p<0.05). Of 

the six cytokines examined, IL-4 and IL-5 had the greatest overall concentration in OVA-

sensitized and challenged mice (219.9 pg/ml and 373.6 pg/ml respectively) and was not 

detected in the control groups (Figure 14). Results suggest that DC subsets in the lungs of 

OVA-sensitized and challenged mice drive primarily Th2 responses.  
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Figure 14. Cytokine levels in Broncho-alveolar lavage fluid. Levels of IL-4, IL-5, IL-6, 

IL-17A, IL-23 and IFN-γ in BALF were analyzed using ELISA.  Data are presented as the 

mean ± SEM and represent at least four independent studies. (n=12-18 mice per group; 

*p<0.05, **p<0.01; ***p<0.001).  

3.5 Discussion 

Dendritic cells are the primary antigen presenting cells that control the initiation of 

antigen-induced immune responses in the airways. Lung DCs are a heterogeneous 

population of cells that express CD11c and are further divided into two major subsets based 

on the expression of CD11b and CD103 (37, 51). Several studies have shown that the 

phenotype of lung DC subsets plays a role in determining the nature of the immune 

response to inhaled antigens. Results from these studies suggest that both CD11b+ and 



   

 

76 

 

CD103+ DCs can drive inflammation based on the dose and route of administration of the 

allergen as well as the duration of the antigen-sensitization and challenge protocol (52-54, 

56, 58).  

In the steady state, we identified three populations of cells in the airways: 

CD11b+CD103- (CD11bhi) and CD11b-CD103+ (CD103+), as reported in the literature, as 

well as another subset of cells that expressed both CD11b and CD103 (CD11b+CD103+). 

Exposure to ovalbumin resulted in an increase in the percentage of cells that were CD11bhi 

and slight decreases in the percentage of cells that were CD11b+CD103+ and CD103+, 

though total cell numbers of each subset was higher in the OVA-sensitized and challenged 

groups. It has been shown that exposure to allergen leads to rapid recruitment of monocyte-

derived CD11bhi DCs to the airways (131, 132). CD11bhi DCs also secrete a host of pro-

inflammatory chemokines that mediate chemotaxis of immune cells driving allergic airway 

inflammation (37, 51). Additionally, CD11bhi DCs have been shown to be more efficient 

in OVA uptake than the CD103+ subset of cells (58), which could account for the vast 

increase in this population observed in the airways. Our results, as well as the finding from 

other groups, suggest that exposure to ovalbumin increases CD11bhi DCs in the airways 

and this subset of cells is possibly the one driving localized inflammation observed in the 

airways of these animals. 

CD11c is also expressed on alveolar macrophages. To confirm that the isolated 

populations were true DCs, the expression of DC-specific transcription factor on each 

subset of cells was examined. As expected, all subsets of cells expressed Zbtb46 which is 

a lineage specific marker for cDCs and has been shown to be useful in discriminating 

macrophages from dendritic cells. Studies have shown that IRF-4 promotes the 
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development of CD11b DCs and stimulation with OVA was found to increase IRF-4 

expression on CD11b+ DCs and diminish expression on CD103+ DCs (45). A similar 

expression pattern was seen in our findings, with slightly higher IRF-4 expression on 

CD11bhi cells when compared to the CD103+ subset. Given that expression of IRF-4 is 

necessary for Th2 lung function, this further confirms that the CD11bhi subset is the one 

driving Th2 responses in OVA-sensitized and challenged mice.   CD103 DCs are 

dependent upon the expression of IRF-8 and BATF-3 for differentiation and functional 

responses (47). Our studies show that CD103+ cells expressed significantly higher levels 

of IRF-8 and higher BATF-3 expression when compared to the other two subsets of cells. 

IFR-4 and IRF-8 have been reported to negatively regulate each other. This accounts for 

the differences in expression seen in the subset of cells isolated from the lungs. Cells 

expressing high levels of IRF-4 (CD11bhi and CD11b+CD103+ cells) were shown to have 

diminished IRF-8 expression and vice versa.  

The CD11b+CD103+ subset of cells is yet to be characterized in the lungs but have 

been shown to be true migratory DCs capable of priming Th17 responses based on studies 

done in the intestines (133). Others have reported that CD11b+ cells can upregulate CD103 

under inflammatory conditions (37, 134). Based on our studies, the CD11b+CD103+ subset 

isolated from the lungs are dendritic cells based on their expression of Zbtb46 and IRF-4, 

which has been used to characterize this subset of cells in the intestines. Results from those 

studies highlighted the importance of IRF-4 in differentiation, migration and priming of 

Th17 responses. Given that Th17 cells have been shown to play a role in driving 

neutrophilic asthma, this subset of cells could be contributing to this response.  It should 

be noted however, that this model was an acute model of allergic airway inflammation and 
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Th17 cells play a more important role in chronic asthma. Therefore, further studies are 

needed to determine if this subset increases with more chronic inflammation and the 

cytokine profile generated from co-culture experiments with naïve T-cells.  

DC subsets isolated from the lungs are mature cells capable of migrating to the 

draining lymph nodes based on expression of CD86 and CCR-7. Of the three subsets of 

cells identified in the airways, the CD11bhi subset, though the predominant phenotype, was 

shown to have the lowest overall CCR-7 expression. Studies have shown that while lung 

resident CD11bhi DCs are more efficient at antigen uptake, they migrate poorly to the 

lymph nodes and tend to remain in the airways where they mediate the production of pro-

inflammatory cytokines (58, 135). If the CD11bhi lung DC population was made up of 

some infiltration monocyte-derived CD11bhi DCs, these cells have been shown to express 

little-to-no CCR-7 even after stimulation (136) and therefore would account for the 

observed phenotype.  

Lung DC subsets in the OVA-model of allergic airway inflammation 

predominantly drive Th2 responses. Analysis of BALF revealed significantly higher levels 

of IL-4 and IL-5 in the airways of OVA-sensitized and challenged mice which was not 

detected in the control group. IL-4 drives differentiation of naïve T-cells into Th2 cells 

which then further secretes more IL-4 that mediates class switch recombination in plasma 

derived B-cells to generate IgE, airway hyper-responsiveness and goblet cell metaplasia 

along with IL-13. IL-5 is also a Th2 cytokine that plays a role in recruiting eosinophils to 

the airways, a hallmark feature of allergic airway inflammation (1, 2, 16).  
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3.6  Conclusion 

  Collectively, results suggest that CD11c+ cells isolated from the lungs are true 

dendritic cells that mature upon stimulation with ovalbumin. There is some division of 

labor among the subset of cells identified given the expression of CD86, CCR-7 and 

cytokine profile seen in BALF. The CD11bhi subset however is the major DC subset 

generated after exposure to OVA and drives Th2 responses seen in a murine model of 

allergic airway inflammation.  

 

 

 

 

 

 

  



   

 

80 

 

 

  

 

 

 

 

 

 

Chapter 4: Increased TREM-2 Expression on Lung DC Subsets Isolated from the 

Lung and Lymph Nodes of OVA-Sensitized and Challenged Mice 

Based on previously published data: Scientific Reports (2017), 7:11853 
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4.1 Abstract 

Rationale: Dendritic cells express several PRRs that are critical to their function as 

sentinels of the immune system. The recently discovered triggering receptor expressed on 

myeloid cells (TREM)-2 has been shown to be expressed on DCs and can drive both pro 

and anti-inflammatory responses based on the cellular and cytokine milieu. It has been 

shown to play a role in several disease models, however, its role in asthma is yet to be 

elucidated. 

Objective: In the present study, we examined the effect of allergen exposure on TREM-2 

expression in the airways and on DC subsets in the lung and lymph nodes in murine model 

of allergic airway inflammation. 

Method: Female Balb/c mice were sensitized and challenged with ovalbumin (OVA) or 

PBS for a total of 20 days. Lungs and lymph nodes were isolated and sorted using MACS 

and FACS to determine the phenotype and expression of TREM-2 on DC subsets.  

Results: OVA-sensitization and challenge resulted in increased protein and mRNA 

expression in whole lung tissue. Analysis of DC subsets revealed that TREM-2 was 

expressed on all subsets and upregulated in the lungs and lymph nodes of allergen exposed 

mice. TREM-2 upregulation was associated with increased Th2 and Th17 responses in the 

lungs and lymph nodes.  

Conclusion: OVA-sensitization and challenge results in increased TREM-2 expression in 

the lungs and lymph nodes which is associated with Th2 and Th17 responses in a murine 

model of allergic airway inflammation.  
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4.2 Introduction 

Dendritic cells express several PRRs that are critical for their function as sentinels 

of the immune system. DC maturation can be induced by several signaling pathways, such 

as TLR, Fc receptors and DAP-12 mediated -signaling, based on the activating signal 

(137).  The recently discovered triggering receptor expressed on myeloid cells (TREM)-2 

belongs to a family of cell surface receptors that mediate signaling via associations with 

the DAP-12 adaptor protein (93). TREM-2 is expressed on DCs, microglia and 

macrophages and was originally described as an anti-inflammatory mediator (122, 138). 

However, recent studies have shown that the TREM-2/DAP-12 pathway can provide both 

anti-inflammatory and pro-inflammatory signals based on the micro-environment.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

TREM-2 expression was found to be upregulated on broncho-alveolar lavage fluid 

cells of patients will pulmonary sarcoidosis (118), and its deficiency on alveolar 

macrophages resulted in augmented bacterial clearance, decreased bacteremia and 

improved survival compared to wild type animals (102). Viral and bacterial infections, 

which are known to exacerbate inflammation and impair the lung response in respiratory 

diseases like asthma, have been associated with increase intracellular and cell surface levels 

of TREM-2 on macrophages (95, 120). Studies using human DCs have shown that TREM-

2 activation, via the DAP-12 pathway, promoted upregulation of CCR-7, partial DC 

maturation and DC survival through activation of protein tyrosine kinase (PTK) and 

extracellular signal-regulated kinase (ERK)-mediated signaling (96). In the intestine, 

TREM-2 was shown to contribute to mucosal inflammation during colitis with TREM-2-/- 

DCs displaying lower production of inflammatory cytokines in response to TLR ligands 

(97). 
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Although TREM-2 provides both activating and inhibitory signals in several 

disease models, little is known about its expression in the airways and it is still unclear if 

the receptor plays a role in the pathogenesis of asthma. 

4.3 Methods 

4.3.1 Sensitization and Challenge of Experimental Animals 

Mice were divided into sensitized and non-sensitized groups. The sensitized groups 

received an intraperitoneal injection of 20 μg of OVA (Sigma-Aldrich, St. Louis, MO) 

emulsified in 2.25 mg of Imject® alum (Thermo Fischer Scientific, Waltham, MA) on days 

0 and 7. Animals were challenged with 100 mg of OVA in 10 ml PBS (1% challenge) for 

3 consecutive days (day 14-16) and 500 mg of OVA in 10 ml PBS (5% challenge) on day 

17. The non-sensitized groups received sterile PBS. Airway response to methacholine was 

determined non-invasively on day 18 using whole body plethysmography single chamber 

(Buxco® FinePoint System, Data Science International, St. Paul, MN). Animals with 

established AHR were challenged with 500 mg of OVA in 10 ml PBS (5% challenge) or 

sterile PBS on day 19. On day 20, specific airway resistance was measured invasively 

under anesthesia in tracheal intubated and mechanically ventilated mice using Buxco® 

FinePointe RC System (Data Science International, St. Paul, MN). 

4.3.2 Immunofluorescence 

Lung lobes were removed, fixed in 4% formalin and embedded in paraffin. The 5 

μm thin paraffin embedded sections were stained for co-expression of TREM-2 and 

CD11c. Briefly, non-specific binding was blocked by incubating sections with 5% rabbit 

serum in PBS for 1 hour. Sections were washed twice with PBS and incubated with primary 
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mouse antibodies to TREM-2 (1:200; abcam, Cambridge, MA) and CD11c (1:200; abcam, 

Cambridge, MA) overnight at 4 °C. The sections were then washed and incubated with 

rabbit anti-goat Alexa Fluor (1:500; abcam, Cambridge, MA) and rabbit anti-hamster FITC 

(1:500; ImmunoReagents, Raleigh, NC) secondary antibodies for 2 hours at room 

temperature. Following the final PBS washes, sections were fixed using Vectashield 

mounting media with DAPI (Vector Laboratories, Burlingame, CA). Cells were counted 

using an Olympus DP71 camera at x 40 magnification. TREM-2 was labelled in red, 

CD11c labelled in green, and the nuclei stained blue.  

4.3.3 Lung and Lymph Node Dendritic Cell Isolation  

Lung lobes and mediastinal lymph nodes were collected and perfused with 

dissociation enzyme mix (Miltenyi Biotech, Auburn, CA), finely chopped and incubated 

for 20 minutes at 37 °C. After enzymatic digestion and red blood cell lysis, samples were 

resuspended in MACS buffer and total number of cells counted using Countess Automated 

Cell Counter. Cells were incubated at 4 °C with FcR blocking reagent for 10 minutes 

followed by another 10-minute incubation with CD11c ultrapure microbeads (Miltenyi 

Biotech, Auburn, CA). The cells then underwent a positive selection using the POSSELD2 

program on the AutoMACS Pro Separator (Miltenyi Biotech, Auburn, CA). The CD11c+ 

fraction was collected for flow cytometry analysis. 

4.3.4 Flow Cytometry (Dendritic Cells) 

CD11c+ fraction was incubated with LIVE/DEAD fixable aqua dead cell stain kit 

(Thermo Fisher Scientific) for 30 minutes at 4 °C. After centrifugation cells were incubated 

with an antibody cocktail consisting of: CD11c PE/CF594, CD86 BUV395 and CD24 BUV 



   

 

85 

 

737 (BD Biosciences, San Jose, CA); CD11b PE/Cy7, CD103 PE and CCR-7 PerCP/Cy5.5 

(eBioscience, San Diego, CA); MHCII FITC (Biolegend, San Diego, CA); CD64 Alexa 

Fluor 700 and TREM-2 APC (R&D Systems, Minneapolis, MN). Cells were analyzed by 

fluorescence activated-cell sorting (BD FACSAria™, BD Biosciences, San Jose, CA) to 

determine DC subsets in the lungs and mediastinal lymph nodes.  

4.3.5 Flow Cytometry (T- Cells) 

 Lung lobes and mediastinal lymph nodes were collected and perfused with 

dissociation enzyme mix (Miltenyi Biotech, Auburn, CA), finely chopped and incubated 

for 20 minutes at 37 °C. After enzymatic digestion and red blood cell lysis, samples were 

incubated with an antibody cocktail consisting of: CD4 FITC, CD3 Alexa Fluor 700, CD25 

APC/Cy7 (eBioscience, San Diego, CA) and CD8a BUV 737 (BD Biosciences, San Jose, 

CA). Cells were then permeabilized and incubated with another antibody cocktail 

consisting of intracellular markers Foxp3 PE, RORγT PerCP/Cy5.5, T-bet Alexa Fluor 647 

(BD Biosciences, San Jose, CA) and GATA-3 PE/Cy7 (R&D Systems, Minneapolis, MN). 

Cells were analyzed by FACS to determine T-cell subsets in the lungs and lymph nodes.  

4.3.6 Quantitative real time PCR 

Total RNA was isolated from the lung and lymph nodes using Trizol reagent 

according to the manufacturer’s protocol (Sigma, St. Louis, MO, USA), outlined in the 

methods section, and total RNA yield quantified using Nanodrop (Thermo Fisher 

Scientific, Waltham, MA). First-strand cDNA synthesis was performed using 1 µg total 

RNA with oligo dT (0.5 µg), 5 X reaction buffer, MgCl2, dNTP mix, RNAse inhibitor and 

Improm II reverse transcriptase (outlined in the methods section) as per Improm II reverse 
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transcription kit (Promega, Madison, WI). Following the first strand synthesis, quantitative 

real time PCR was carried out using cDNA, SYBR green PCR master mix (Bio-Rad 

Laboratories, Hercules, CA) and 10 µM forward and reverse primers for TREM-2, IL-4, 

IL-6, IL-10, IL-17, IL-12, IFN-γ and TGF-β (Integrated DNA Technologies, San Diego, 

CA) using a real time PCR system (CFX96, BioRad Laboratories, Hercules, CA). Samples 

were plated in triplicates and relative gene expression was normalized against the 

housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Fold-change 

in mRNA expression was determined using ΔΔCt method. The primers used in these 

experiments are listed in Table 2.  

4.3.7 Statistical Analyses 

Flow cytometric analyses were carried out using FlowJo Data Analysis Software 

v10.0 (Tree Star Inc, OR). All other data were analyzed using GraphPad Prism version 

6.00 (GraphPad Software, La Jolla, CA). Unpaired student’s t test was used to determine 

differences between groups. Multiple group comparisons were made using one-way 

ANOVA with Tukey’s post-hoc tests. Values are expressed as means ± SEM. A value of 

p < 0.05 was considered significant. 

4.4 Results 

4.4.1 Sensitization and challenge with OVA increases TREM-2 expression in the 

airways.  

To ascertain whether TREM-2 was expressed in the airways, we first examined 

mRNA expression of TREM-2 in the lungs isolated from OVA-sensitized and challenged 

mice as well as PBS control groups. Using RT PCR, it was found that TREM-2 mRNA 
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transcripts were significantly upregulated in OVA-sensitized and challenged groups when 

compared to control mice (Fig. 15A) (p < 0.05). To determine if TREM-2 was expressed 

on CD11c+ cells in the airways, fixed sections were stained for dual expression of CD11c 

(pan DC marker) and TREM-2 and co-localization determined by fluorescent microscopy. 

Lung sections from OVA-sensitized and challenged groups had more than twice the 

number of cells expressing both CD11c and TREM-2, as indicated by yellow-orange 

staining, when compared to PBS controls (Fig. 15B-C), suggesting that TREM-2 might 

contribute to the inflammatory response associated with allergic airway inflammation.  
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Figure 15. TREM-2 expression in whole lung tissue from OVA-sensitized and 

challenged mice as well as PBS controls. (A) Total RNA was isolated from the lungs, 

converted to cDNA and subjected to qRT PCR for TREM-2 mRNA expression. (B) TREM-

2 protein expression in whole lung sections from PBS and OVA-sensitized and challenged 

mice.  Sections were stained using hamster anti-CD11c and goat anti-TREM-2 primary 

antibodies and rabbit anti-goat Alexa Fluor (red) and rabbit anti-hamster FITC (green) 

secondary antibodies (Mag x 40). (C) Quantification of the number of CD11c+ and TREM-

2+ cells. Data are presented as the mean ± SEM and represent at least three independent 

studies. (n=3-6 mice per group; *p<0.05; **p < 0.01).  
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4.4.2 OVA-sensitization and challenge generates distinct subsets of CD11c+ cells in 

the mediastinal lymph nodes.  

Given that there was colocalization of TREM-2 with CD11c in the airways, and we 

previously showed in aim 1 that there are three subsets of DCs in the airways, our next step 

was to determine the phenotype of CD11c+ cells migrating to the lymph nodes after 

ovalbumin exposure. After gating out debris and doublets, live cells were selected and 

gated based on expression of CD64, CD24 and high levels of MHC-II to determine mature 

DCs. For our analysis, we selected the subsets of cells that were CD64- (blue histogram), 

CD11c+MHC-IIhi and CD24+ (red histogram). Cells were then further delineated based on 

expression of CD11b and/or CD103. As seen in the airways, four populations of CD11c+ 

cells were identified in the mediastinal lymph nodes: CD11b+CD103- (CD11bhi), CD11b-

CD103+ (CD103+) CD11b+CD103+ and CD11b-CD103- (Fig. 16A). Interestingly, there 

was an increase in the percentage of CD11b+CD103+ when compared to the lungs and a 

decrease in the CD11bhi subset. Overall, the CD11b+CD103- (CD11bhi) subsets had 

significantly higher percentage of cells when compared to the CD11b-CD103+ (CD103+) 

(p < 0.01) and CD11b+CD103+ subset (p < 0.05) (Fig. 16B). When we examined DC 

populations in the lymph nodes of PBS-sensitized and challenged mice, very few cells were 

found (data not shown). These data show that CD11c+ cells in the lymph nodes consists of 

a heterogeneous population of cells with increased expression of CD11b and double 

positive subsets in the lymph nodes.  
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Figure 16. Sensitization and challenge with ovalbumin generates distinct subsets of 

CD11c+ cells in the mediastinal lymph nodes.  Lymph nodes (A) from OVA-sensitized 

and challenged and PBS mice were isolated and analyzed using FACS to determine the 

phenotype of CD11c+ cells. Cells were gated based on expression of CD64, MHC-II, CD24, 

CD11b and CD103. (B) Quantitative analyses of percentage expression of subsets from 

the lymph nodes of OVA-sensitized and challenged mice. Data are presented as the mean 

± SEM and represent at least four independent studies. (n=5-10 mice per group; * p<0.05; 

**p<0.01).  
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4.4.3 C D11c+ cells in the lung and lymph nodes express TREM-2.  

The immunofluorescence data showed that TREM-2 was found to be expressed on 

CD11c+ cells in the airways and our previous results showed that this was a heterogeneous 

population. To confirm that TREM-2 was expressed on the subsets identified, each 

population was further analyzed for TREM-2 expression by FACS. All subsets of cells 

isolated from the lungs and lymph nodes express some amount of TREM-2. In the airways, 

TREM-2 expression was found to be higher on the subsets of cells isolated from OVA-

sensitized and challenged mice (Fig. 17A and C) when compared to the PBS controls (data 

not shown). Of the three DC subsets identified, TREM-2 expression was highest on the 

double positive (CD11b+CD103+) and CD11bhi subsets (Fig. 17C). Similar results were 

found on the subsets of cells isolated from the mediastinal lymph nodes (Fig. 17B-C), 

confirming that CD11c+ cells in the lungs and lymph nodes express TREM-2. When we 

compared TREM-2 expression among the subsets in the lungs and lymph nodes, it was 

found that there was significantly increased TREM-2 expression on all subsets of cells in 

the lymph nodes when compared to those in the airways (p < 0.05). The CD11bhi and 

CD103+ subsets had the greatest overall increase in TREM-2 expression in the lymph 

nodes, with approximately twice the percentage of TREM-2+ cells (p < 0.01 and p < 0.001 

respectively) when compared to the lungs (Fig. 17C). Results suggest that there is 

increased TREM-2 expression on CD11c+ cells migrating from the lungs to the lymph 

nodes after exposure to ovalbumin.  
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Figure 17. Increased TREM-2 expression on subsets of cells isolated from the lungs 

and mediastinal lymph of OVA-sensitized and challenged mice. (A-B) The three 

subsets of cells isolated from the lungs and lymph nodes were further analyzed for 

expression of TREM-2 by FACS. Gating was done based on expression of CD64, MHC-II, 

CD24, CD11b, CD103 and TREM-2 expression analyzed on these cells. Blue histograms - 
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Isotype controls, red histograms - stained samples. (C) Quantitative analysis of percentage 

TREM-2 expression in the lungs and lymph nodes. Data are presented as the mean ± SEM 

and represent at least four independent studies. (n=5-10 mice per group; * p<0.05; 

**p<0.01; ***p<0.001).  
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4.4.4 TREM-2 expression in the lungs is associated with Th2 and Th17 responses.  

To determine the T helper cell subsets that were associated with increased TREM-

2 in the airways of OVA-sensitized and challenged mice, we examined mRNA expression 

of Th1, Th2, Th17 and T-reg cell cytokine secretion using RT-PCR. Our results showed 

significant increases in mRNA expression of IL-4, IL-17A and IFN-γ in the lungs isolated 

from OVA-sensitized and challenged mice compared to control groups (p < 0.05; Fig. 18). 

Relative expression of TGF-β was found to be the same in lungs isolated from OVA-

sensitized and challenged groups as well the controls (Fig. 18). 
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Figure 18. TREM-2 expression in the lungs is associated with Th2 and Th17 responses 

Total RNA was isolated from the lungs of OVA-sensitized and challenged and PBS groups, 

converted to cDNA and subjected to qRT PCR for mRNA expression of IL-4, IL-6, IL-17, 

TGF-β and IFN-γ. Data are presented as the mean ± SEM and represent at least three 

independent studies. (n = 4-6 mice per group; * p<0.05).  
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4.4.5 Increased TREM-2 expression in the lymph nodes is associated with increased 

Th2 and Th17 responses.  

To determine the T helper cell subsets that were being generated by increased 

TREM-2 expression on DCs migrating to the lymph nodes, we examined mRNA 

expression of Th1, Th2, Th17 and Treg cell cytokine secretion using RT PCR as well as 

expression of transcription factors using FACS in the mediastinal lymph nodes. Our results 

showed significant increases in mRNA expression of IL-4, IL-6, IL-17 and TGF-β in the 

lymph nodes isolated from OVA-sensitized and challenged mice compared to control 

groups (p < 0.05; Fig. 19A). Of the cytokines examined, IL-4 and IL-17 had overall greatest 

increase. Relative expression of IL-10, IL-12 and IFN-γ were only marginally higher in the 

OVA-sensitized and challenged groups and showed no significant differences when 

compared to the controls (Fig. 19A). 
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Figure 19. Increased TREM-2 expression is associated with increased Th2 and Th17 

responses in the mediastinal lymph nodes of OVA-sensitized and challenged mice.  

Total RNA was isolated from the lymph nodes of OVA-sensitized and challenged and PBS 

groups, converted to cDNA and subjected to qRT PCR for mRNA expression of TREM-2, 

IL-4, IL-6, IL-17, IL-10, IL-12, TGF-β and IFN-γ. Data are presented as the mean ± SEM 

and represent at least three independent studies. (n=4-6 mice per group; * p<0.05; 

**p<0.01).  
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Analysis of FACS data revealed that approximately 30% of cells isolated were 

CD4+ T-cells. Further analysis of these cells showed increased expression of GATA-3 

when compared to T-bet (p < 0.01) and increased RORγT expression when compared to 

Foxp3 (p < 0.01; Fig. 20A-B).  These results suggest that increased TREM-2 expression 

on DCs in the lymph nodes play a role in driving Th2 and Th17 responses. 
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Figure 20. Increased TREM-2 expression is associated with increased Th2 and Th17 

responses in the mediastinal lymph nodes of OVA-sensitized and challenged mice. (A) 

Lymph nodes from OVA-sensitized and challenged mice were isolated and analyzed using 

FACS to determine the phenotype of CD4+ cells. Cells were gated based on expression of 

CD4 and CD8. The CD4+ subset was further analyzed for the expression of RORγT, GATA-

3, T-bet and Foxp3. (B) Quantitative analyses of percentage expression of each 

transcription factor in the lymph nodes of OVA-sensitized and challenged mice. Data are 

presented as the mean ± SEM and represent at least three independent studies. (n=4-6 

mice per group; * p<0.05; **p<0.01; ***p<0.001).  
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4.5 Discussion 

TREM-2 belongs to a family of recently discovered cell surface receptors that has 

been shown to play a role in fine tuning innate responses induced by TLRs (138, 139). 

Although its ligand is yet to be identified, TREM-2 mediates signaling via association with 

the DAP-12 adaptor protein (138). It is generally regarded as an anti-inflammatory 

mediator but has been shown to amplify the production of pro-inflammatory cytokines and 

upregulate CCR-7 expression, which is crucial for migration of dendritic cells to the 

draining lymph nodes (96, 97, 122, 140). Recently, TREM-2 has also been shown to be 

upregulated on DCs that contribute to bone destruction in a murine model of acquired 

cholesteatoma (112).   

Although the receptor has been implicated in a number of disease models (119, 138, 

141, 142), its expression and function has not been clearly elucidated in allergic airway 

inflammation. As seen with other inflammatory conditions (95, 97, 112, 141), TREM-2 

was found to be upregulated in the airways of mice exposed to OVA when compared to 

the control groups. In steady state, TREM-2 was expressed on all subsets of DCs identified 

in the lungs confirming that DCs do express TREM-2. OVA-sensitization and challenge 

led to upregulation of TREM-2 expression on the three subsets of CD11c+ cells in both the 

lungs and mediastinal lymph nodes. Increased TREM-2 expression in the lymph nodes 

suggest that TREM-2 might be involved in the mechanism driving migration of DC 

subsets.  

Overall, TREM-2 expression was found to be highest on the double positive subset 

of cells in both the lungs and lymph nodes with increased total number of these cells in the 

lymph nodes. Our results from aim 1 have shown that these cells are true DCs.  In the 
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intestines, the CD11b+CD103+ dendritic cells have been shown to prime Th17 cells (133, 

143). Since Th17 cells also play a critical role in recruiting neutrophils to the airways 

resulting in bacterial clearance and TREM-2 upregulation on macrophages has been shown 

to impair lung responses in a bacterial model of allergic airway inflammation (120) further 

studies are required to determine if a similar response occurs in the airways.  

Our findings suggest that increased TREM-2 expression on subsets of cells in the 

lymph nodes may be driving Th2 and Th17 responses given the marked increase in mRNA 

expression of IL-4, IL-6, TGF-β and IL-17 in OVA-sensitized and challenged mice. These 

results were further confirmed by increased expression of IL-4, IL-6 and IL-17A seen in 

BALF collected from OVA-sensitized and challenged mice in the previous aim (Fig 14). 

This suggests some division of labor among the subsets of cells identified in our studies. 

Several studies have shown that CD11b+ DCs secrete a host of pro-inflammatory mediators 

and play a role in priming and re-stimulating effector CD4+ T-cells driving Th2 responses 

(37, 51-53, 132). CD103+ DCs have also been shown to prime Th1 as well as Th17 

responses (53). It is now well known that Th17 cytokines induce mucus cell metaplasia, 

neutrophil recruitment, AHR and airway remodeling (144).  The increased numbers of 

CD103+ DCs in the lymph nodes, increased TREM-2 expression on these cells as well as 

increased expression of IL-6, TGF-β and IL-17 highlights a potential role of these cells in 

driving Th17 responses in OVA-sensitized and challenged mice.  

TREM-2 upregulation in the lungs and lymph nodes along with increased 

expression of transcripts for Th2 and Th17 cytokines in the lymph nodes of mice exposed 

to ovalbumin could indicate that the receptor is participating in the onset or progression of 

allergic airway inflammation. Two recent studies have implicated the receptor as a pro-
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inflammatory mediator of airway inflammation. Analysis of BALF from patients with 

asthma showed increased expression of TREM-2 which was associated with increased 

eosinophil and eosinophilic inflammation (117). Another study has shown that TREM-2 

was upregulated in the lungs of an experimental model of melioidosis and TREM-2 

deficient mice had markedly reduced inflammation (145). That being said, other studies 

have shown that the receptor plays a role in dampening the immune response. It is therefore 

reasonable to assume that the induction of TREM-2 on DC subsets in the airways and 

lymph nodes could indicate an impaired defense mechanism originally aimed at decreasing 

rather than enhancing inflammation. Further studies are therefore needed to clearly 

elucidate the underlying mechanism of this response.  

4.5 Conclusion 

In conclusion, we report that TREM-2 is expressed on all subsets of dendritic cells 

in the airways and is upregulated after allergen sensitization and challenge with ovalbumin. 

This upregulation was associated with increased expression of Th2 and Th17 transcription 

factors and mRNA expression of these cytokines. Studies suggest that TREM-2 expression 

on DCs might play a role in driving Th2 and Th17 responses in the lungs and lymph nodes.  

More in-depth studies are required for confirmation. The findings of this study highlight a 

potential role of TREM-2 in allergic airway inflammation and the receptor might well be 

a novel target for therapeutic intervention. 
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Chapter 5:  

Functional Role of TREM-2 in maturation and/or migration of lung DC subsets 
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5.1  Abstract 

Rationale: DCs express several PRRs, cell surface molecules and chemokine receptors 

that allow them to respond to stimuli that directs their trafficking to secondary lymphoid 

organs. Under inflammatory conditions, lung DCs uptake and process antigens, upregulate 

co-stimulatory molecules, CCR-7 and migrate to the mediastinal lymph nodes. TREM-2 

has been shown to mediate migration of microglial cells but its role in driving DC-mediated 

responses is yet to elucidated. 

Objective: Our previous results showed increased TREM-2 expression on DC subsets in 

the lungs and lymph nodes of OVA-sensitized and challenged mice. Here, we further 

examined the functional role of TREM-2 on the development of airway inflammation 

mediated by DC subsets in vivo and in vitro.  

Method: Female Balb/c mice were sensitized and challenged with ovalbumin (OVA) or 

PBS for a total of 20 days. Lungs and lymph nodes were isolated and sorted using MACS 

and FACS to determine the phenotype of TREM-2+ DC subsets. CD11c+ DCs from OVA-

sensitized mice were isolated, cultured, transfected with TREM-2 siRNA, re-stimulated 

with OVA and analyzed using FACS.  

Results: In the lungs and lymph nodes of OVA-sensitized and challenged mice, TREM-

2+ DCs from all three populations (CD11bhi, CD103+ and CD11b+CD103+) had higher 

expression of CD86 and CCR-7 compared to their TREM-2-negative counterparts. 

Silencing of TREM-2 on CD11c+ DCs resulted in decreased protein and mRNA expression 

of CD86 and CCR-7 when stimulated with OVA in vitro.  
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Conclusion: There was increased expression of CD86 and CCR-7 on TREM-2 positive 

cells when compared to their TREM-2 negative counterparts. Silencing of TREM-2 

significantly decreased antigen-induced expression of CCR-7 and CD86. Collectively, 

result suggest that TREM-2 potentially plays a role in driving the inflammatory response 

mediated by DCs in a murine model of allergic airway inflammation.  

5.2  Introduction 

Resident lung DCs live in an immature and inactive state that enables them to 

recognize and capture inhaled antigens primarily through receptor-mediated endocytosis 

and macropinocytosis. DCs then undergo a maturation process to migrate from the lung to 

the lymph nodes (61, 62). The DC maturation program is activated through receptor-

mediated antigen uptake and the recognition of PAMPs and/or DAMPs by PRRs (64).  

Antigen exposed immature DCs differentiate into mature DCs that express high 

level of MHC-II (derived from antigen peptide complexes), upregulated costimulatory 

molecules (CD80/B7.1, CD86/B7.2 and CD40) and high levels of the appropriate cytokine 

needed to polarize naïve T-cells into specific effector phenotypes (65, 66).  Maturation is 

also characterized by a decrease in antigen processing capacities, rearrangement of 

cytoskeleton, upregulation of adhesion molecules and cytokine receptors to facilitate 

migration from the lungs to the lymph nodes (66).  

DCs express adhesion molecules and maturation dependent chemokine receptors 

that allow them to respond to stimuli that directs their trafficking. C-C chemokine receptor 

(CCR)-7 is essential for DC trafficking from the periphery to secondary lymphoid organs 

(60, 63). Under inflammatory conditions, DCs uptake antigen and mature, leading to 
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upregulation CCR-7 and downregulation of other chemokine receptors (60, 63). DCs 

migrate under the influence of CCL-19 and/or CCL-21 which are produced by afferent 

lymphatic vessels and the T-cell zones of the lymph nodes (62, 63). 

DC maturation and migration can be induced by several distinct signaling 

pathways. In human DCs, ligation of TREM-2 resulted in rapid upregulation of CCR-7, 

increased expression of MHC-II, CD86 and CD40. This maturation was found to be 

induced via the ERK and PTK-dependent pathways (96). TREM-2 expression has been 

found to be correlated with antigen presenting cell function and cytokine production in 

microglial cells (146). In studies using wild-type and TREM-2 knockout mice, microglia 

isolated from the brains of TREM-2 -/- mice were deficient in genes involved in chemotaxis. 

Migration of microglial cells towards defined chemokines was also significantly decreased 

in TREM-2 deficient N9 microglia, which was rescued by re-expression of the receptor in 

these cells (147). Collectively, these results suggest a potential role of TREM-2 in 

migration, maturation and antigen-induced responses.  

Our previous results showed increased TREM-2 expression on DCs in the lungs 

and lymph nodes of OVA-sensitized and challenged mice, however, it is still unclear if 

TREM-2 plays a functional role in driving DC mediated responses. In this aim, we further 

investigate the functional role of TREM-2 on the development of allergic airway 

inflammation mediated by DC subsets in vivo and in vitro. 
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5.3 Methods 

5.3.1 Sensitization and Challenge of Experimental Animals (in vivo experiments) 

Mice were divided into sensitized and non-sensitized groups. The sensitized groups 

received an intraperitoneal injection of 20 μg of OVA (Sigma-Aldrich, St. Louis, MO) 

emulsified in 2.25 mg of Imject® alum (Thermo Fischer Scientific, Waltham, MA) on days 

0 and 7. Animals were challenged with 100 mg of OVA in 10 ml PBS (1% challenge) for 

3 consecutive days (day 14-16) and 500 mg of OVA in 10 ml PBS (5% challenge) on day 

17. The non-sensitized groups received sterile PBS. Airway response to methacholine was 

determined non-invasively on day 18 using whole body plethysmography single chamber 

(Buxco® FinePoint System, Data Science International, St. Paul, MN). Animals with 

established AHR were challenged with 500 mg of OVA in 10 ml PBS (5% challenge) or 

sterile PBS on day 19. On day 20, specific airway resistance was measured invasively 

under anesthesia in tracheal intubated and mechanically ventilated mice using Buxco® 

FinePointe RC System (Data Science International, St. Paul, MN). 

5.3.2 Sensitization and Challenge of Experimental Animals (in vitro experiments) 

Mice were sensitized with an intraperitoneal injection of 20 μg of OVA (Sigma-

Aldrich, St. Louis, MO) emulsified in 2.25 mg of Imject® alum (Thermo Fischer Scientific, 

Waltham, MA) on days 0 and 7. Animals were euthanized on day 14 and lung tissue 

collected for isolation of DCs.  

5.3.3 Lung and Lymph Node Dendritic Cell Isolation  

Lung lobes and mediastinal lymph nodes were collected and perfused with 

dissociation enzyme mix (Miltenyi Biotech, Auburn, CA), finely chopped and incubated 
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for 20 minutes at 37 °C. After enzymatic digestion and red blood cell lysis, samples were 

resuspended in MACS buffer and total number of cells counted using Countess Automated 

Cell Counter. Cells were incubated at 4 °C with FcR blocking reagent for 10 minutes 

followed by another 10-minute incubation with CD11c ultrapure microbeads (Miltenyi 

Biotech, Auburn, CA). The cells then underwent a positive selection using the POSSELD2 

program on the AutoMACS Pro Separator (Miltenyi Biotech, Auburn, CA). The CD11c+ 

fraction was collected for flow cytometry analysis. 

5.3.4 Flow Cytometry  

CD11c+ fraction was incubated with LIVE/DEAD fixable aqua dead cell stain kit 

(Thermo Fisher Scientific) for 30 minutes at 4 °C. After centrifugation cells were incubated 

with an antibody cocktail consisting of: CD11c PE/CF594, CD86 BUV395 and CD24 BUV 

737 (BD Biosciences, San Jose, CA); CD11b PE/Cy7, CD103 PE and CCR-7 PerCP/Cy5.5 

(eBioscience, San Diego, CA); MHCII FITC (Biolegend, San Diego, CA); CD64 Alexa 

Fluor 700 and TREM-2 APC (R&D Systems, Minneapolis, MN). Cells were analyzed by 

fluorescence activated-cell sorting (BD FACSAria™, BD Biosciences, San Jose, CA) to 

determine DC subsets in the lungs and mediastinal lymph nodes.  

5.3.5 Cell Culture 

The CD11c+ fraction was collected, centrifuged at 400 x g and resuspended in DC 

culture media consisting of RPMI-1640 (Sigma-Aldrich, St. Louis, MO), FBS and 

Pen/Strep (Thermo Fisher Scientific, Waltham, MA). Cells were counted and plated at 1 x 

105 cells/ml in 12-well plates (MidSci, St. Louis, MO) supplemented with 20 ng/ml of 

recombinant mouse IL-4 and GMCSF (PreproTech, Rocky Hill, NJ) for 3-5 days.  
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5.3.6 Transfection of CD11c+ Cells with TREM-2 siRNA and OVA-stimulation in 

vitro  

Cultured CD11c+ cells were transfected with TREM-2 siRNA or negative control 

according to manufacturer’s protocols. Briefly, cells were seeded in 12-well plates and 

allowed to reach 60-80% confluency then were transfected with 50 nM TREM-2 siRNA 

or negative control (Thermo Fisher Scientific, Waltham, MA and Sigma-Aldrich, St. 

Louis, MO) for 48 hours. Cells were then stimulated with 100 µg/ml of OVA protein for 

18 hours, washed, removed from cultured plates and prepared for FACS. 

5.3.7 Flow Cytometry (CD11c+ cultured cells) 

Cells were incubated with an antibody cocktail consisting of: CD11c PE/CF594, 

CD86 BUV395 and CD24 BUV 737 (BD Biosciences, San Jose, CA); CD11b PE/Cy7, 

CD103 PE and CCR-7 PerCP/Cy5.5 (eBioscience, San Diego, CA); CD80 Biotin 

(BioLegend, San Diego, CA) and MHCII Alexa Fluor 700 and TREM-2 APC (R&D 

Systems, Minneapolis, MN). Cells were analyzed by fluorescence activated-cell sorting 

(BD FACSAria™, BD Biosciences, San Jose, CA) to determine expression of surface 

markers after transfection and OVA-stimulation.  

5.3.8 Quantitative real time PCR 

Total RNA was isolated from cultured DCs after transfection and OVA-stimulation 

using Trizol reagent according to the manufacturer’s protocol (Sigma, St. Louis, MO, 

USA), as outlined in the methods section, and total RNA yield quantified using Nanodrop 

(Thermo Fisher Scientific, Waltham, MA). First-strand cDNA synthesis was performed 

using 1 µg total RNA with oligo dT (0.5 µg), 5 X reaction buffer, MgCl2, dNTP mix, 
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RNAse inhibitor and Improm II reverse transcriptase (outlined in the methods section) as 

per Improm II reverse transcription kit (Promega, Madison, WI). Following the first strand 

synthesis, quantitative real time PCR was carried out using cDNA, SYBR green PCR 

master mix (Bio-Rad Laboratories, Hercules, CA) and 10 µM forward and reverse primers 

for TREM-2, CD80, CD86 and CCR-7 (Integrated DNA Technologies, San Diego, CA) 

using a real time PCR system (CFX96, BioRad Laboratories, Hercules, CA). Samples were 

plated in triplicates and relative gene expression was normalized against the housekeeping 

gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Fold-change in mRNA 

expression was determined using ΔΔCt method. The primers used in these experiments are 

listed in Table 2.  

4.3.7 Statistical Analyses 

Flow cytometric analyses were carried out using FlowJo Data Analysis Software 

v10.0 (Tree Star Inc, OR). All other data were analyzed using GraphPad Prism version 

6.00 (GraphPad Software, La Jolla, CA). Unpaired student’s t test was used to determine 

differences between groups. Multiple group comparisons were made using one-way 

ANOVA with Tukey’s post-hoc tests. Values are expressed as means ± SEM. A value of 

p < 0.05 was considered significant. 

5.4 Results 

5.4.1 TREM-2+cells express higher CCR-7 and CD86 when compared to their 

TREM-2- counterparts.  

Given that we saw increased TREM-2 expression on subsets of cells in the lymph 

nodes and CCR-7 is crucial for migration of dendritic cells, we next determined expression 
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of CCR-7 and CD86 on TREM-2 positive and negative subsets isolated from the lungs and 

lymph nodes of OVA-sensitized and challenged mice.  In the lungs, TREM-2 positive cells 

had greater CCR-7 and CD86 expression when compared to their TREM-2- counterparts 

(Fig. 21A-C). CCR-7 expression was highest on the CD103+ and CD11b+CD103+ TREM-

2+ subsets (p < 0.001 and p < 0.01 respectively) with no significant differences seen in the 

CD11bhi TREM-2+ subsets (Fig. 21B). Though not significant, CD86 expression was 

higher on TREM-2+ subsets with the CD11bhi subset of cells having the greatest CD86 

expression (Fig. 21C).  
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Figure 21.  Increased CCR-7 and CD86 expression on TREM-2+ subset of cells 

isolated from the lung of OVA-sensitized and challenged mice. (A-C) Lung TREM-2+ 

and TREM-2- subsets were analyzed for expression of CCR-7 and CD86 using FACS. Blue 

histograms - Isotype controls, red histograms - stained samples. Histograms are 

representative of four experiments with similar results. (B-C) Quantitative analyses of 

CCR-7 and CD86 expression on TREM-2 subsets isolated from the lung. Data are 

presented as the mean ± SEM and represent at least four independent studies. (n=5-10 

mice per group; * p<0.05; **p<0.01; ***p<0.001).  
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In the mediastinal lymph nodes, both CCR-7 and CD86 expression was increased 

on all TREM-2+ subset of cells (Fig. 22A-C). CCR-7 expression was significantly higher 

on all three TREM-2+ subsets when compared to the TREM-2- cells (p < 0.05), with the 

double positive subset having the greatest CCR-7 expression (Fig. 22B). These data show 

that there is increased CCR-7 and CD86 expression on TREM-2+ cells in the lungs and 

lymph nodes highlighting a potential role of TREM-2 in the migration and maturation of 

CD11c+ cells.  
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Figure 22. Increased CCR-7 and CD86 expression on TREM-2+ subset of cells isolated 

from the lymph nodes of OVA-sensitized and challenged mice. (A-C) Lymph nodes of 

TREM-2+ and TREM-2- subsets were analyzed for expression of CCR-7 and CD86 using 

FACS. Blue histograms - Isotype controls, red histograms - stained samples. Histograms 

are representative of four experiments with similar results. (B-C) Quantitative analyses of 

CCR-7 and CD86 expression on TREM-2 subsets isolated from the lymph nodes. Data are 

presented as the mean ± SEM and represent at least four independent studies. (n=5-10 

mice per group; * p<0.05; **p<0.01; ***p<0.001).  
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5.4.2 Transfection with TREM-2 siRNA decreased TREM-2 mRNA and protein 

expression in vitro 

 To better understand the functional responses of TREM-2, RNA interference was 

employed to determine the effects of TREM-2 inhibition on DC responses in vitro. CD11c+ 

cells were isolated from the lungs of mice sensitized with OVA, cultured for 3 days and 

transfected with TREM-2 siRNA. mRNA and cell surface protein expression were 

determined using RT-PCR and FACS respectively. Transfection with TREM-2 siRNA 

resulted in significant decreases in TREM-2 mRNA expression on CD11c+ cells isolated 

from the lungs (Fig. 23A; p<0.01). Cells transfected with TREM-2 siRNA had 

significantly lower TREM-2 cell surface expression after OVA-stimulation when 

compared to the negative controls (Fig. 23B-C). These results verify that the siRNA used 

can decrease both mRNA and cell-surface expression of TREM-2 on DCs in vitro.  
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Figure 23. Transfection with siRNA decreased mRNA and protein expression of 

TREM-2 on CD11c+ DCs in vitro. (A) mRNA and (B-C) cell-surface expression of TREM-

2 on cultured cells after transfection with TREM-2 siRNA. Cells were isolated from the 

lungs of OVA-sensitized mice, cultured for 3 days, transfected with TREM-2 siRNA for 48 

hours, stimulated with OVA and harvested for analyses using FACS and RT-PCR. Black -

dotted histogram – isotype control, blue histogram – CD11c+ cells transfected with 

negative siRNA and red histogram – CD11c+ cells transfected with TREM-2 siRNA. Data 

are presented as the mean ± SEM and represent at least three independent studies. (n=7 

mice per group; * p<0.05; **p<0.01; ***p<0.001).  
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5.4.3 Silencing of TREM-2 decreased mRNA expression of CD86 and CCR-7 on 

lung DCs in vitro.  

 After successful transfection of CD11c+ DCs with TREM-2 siRNA, cells were 

stimulated with OVA for 18 hours, harvested and analyzed for mRNA expression of the 

major co-stimulatory molecules, CD80 and CD86, and chemokine receptor, CCR-7. 

mRNA expression of CD86 and CCR-7 was significantly reduced in cells transfected with 

siRNA and treated with OVA when compared to both the control cells and cells transfected 

with negative control siRNA followed by OVA treatment (Fig. 24 A and C; p<0.001). 

There were no differences seen in mRNA expression of CD80 after transfection (Fig. 24B).  
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Figure 24. Silencing of TREM-2 decreased mRNA expression of CD86 and CCR-7 on 

CD11c+ DCs in vitro. (A-C) mRNA expression of CD86, CD80 and CCR-7 from CD11c+ 

cells transfected with TREM-2 siRNA and stimulated with OVA in vitro. Cells were isolated 

from the lungs of OVA-sensitized mice, cultured for 3 days, transfected with TREM-2 

siRNA for 48 hours, stimulated with OVA overnight and harvested for analyses of mRNA 

expression of CD86, CD80 and CCR-7 by RT-PCR. Data are presented as the mean ± SEM 

and represent at least three independent studies. (n=7 mice per group; * p<0.05; 

**p<0.01; ***p<0.001).  
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5.4.4  Silencing of TREM-2 decreased antigen-induced expression of CCR-7 in vitro  

Since expression of CD86 and CCR-7 were higher on TREM-2 positive cells in 

vivo, our next step was to determine if decreased mRNA and cell-surface expression of 

TREM-2 alters expression of costimulatory molecules and CCR-7 on lung DC in vitro. 

Transfected cells were stimulated for 18 hours with OVA, isolated and stained with an 

antibody cocktail for analysis by FACS. Of the three markers analyzed, CCR-7 median 

fluorescent intensity (expression) was significantly reduced on transfected cells (Fig. 25 

AIII and BIII; p<0.05). Although both CD80 and CD86 expression was lower, this was 

not statistically significant, suggesting that TREM-2 potentially plays a role in migration 

and partial maturation of DCs.  
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Figure 25. Silencing of TREM-2 decreased antigen-induced expression of CCR-7 on 

CD11c+ DCs in vitro.  (A) Cell-surface expression of CD86 (I), CD80 (II) and CCR-7 

(III) on CD11c+ cells transfected with TREM-2 siRNA and stimulated with OVA in vitro. 

Cells were isolated from the lungs of OVA-sensitized mice, cultured for 3 days, transfected 

with TREM-2 siRNA for 48 hours, stimulated with OVA overnight and harvested for 

examination of protein expression of CD86, CD80 and CCR-7 by FACS. Histograms are 

representative of three experiments with similar results. (B) Quantitative analysis of 

median fluorescent intensity (MFI) of CD86 (I), CD80 (II) and CCR-7 (III). Black -dotted 

histogram – isotype control, blue histogram – CD11c+ cells transfected with negative 

siRNA and red histogram – CD11c+ cells transfected with TREM-2 siRNA. Data are 
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presented as the mean ± SEM and represent at least three independent studies. (n=7 mice 

per group; * p<0.05).  

5.5 Discussion 

DCs express several PRRs, adhesion molecules and chemokine receptors that allow 

them to respond to stimuli and direct their trafficking to secondary lymphoid organs. (60, 

63). Dendritic cell maturation and migration can be induced by several distinct signaling 

pathways. Activation of TREM-2 has been shown to drive maturation of human DCs via 

the ERK and PTK-dependent pathways (96). Conversely, TREM-2 deficiency has been 

linked to impaired chemotaxis in microglial cells (146, 147), suggesting a potential role of 

TREM-2 in migration, maturation and antigen-induced responses.  

 Analysis of TREM-2 positive DCs in the lungs and lymph nodes revealed that these 

cells had greater expression of CCR-7, and to a lesser extent CD86, when compared to 

their TREM-2 negative counterparts. CCR-7 expression was also much higher on the 

TREM-2 positive cells in the lymph nodes when compared to the lungs. It is well 

established that upregulation of CCR-7 is critical for migration of DCs to the draining 

lymph nodes and DCs migrate under the influence of lymphatic chemokines CCL-19 and 

CCL-21. We have previously shown that OVA-sensitization and challenge resulted in 

increased expression of CCL-19 and CCL-21 in the T-cell zone of the cortex and 

upregulated CCL-21 in the afferent lymphatic vessels and high endothelial vesicles in the 

mediastinal lymph nodes (148). Subsets of cells that expressed higher levels of CCR-7 

were also shown to be better at migrating towards CCL-19 and CCL-21 in vitro (149). 



   

 

122 

 

 Studies by Bouchon et al., in the early 2000s showed that ligation of TREM-2 led 

to rapid upregulation of MHC-II, CD86, CCR-7 and CD40 on human DCs in vitro (96). 

To further investigate the functional role of TREM-2 in maturation and/or migration, we 

employed the use of RNA interference to silence the receptor in vitro and determine 

functional responses after antigen stimulation. Our results show that silencing of TREM-2 

decreased antigen-induced mRNA and protein expression of CD86 and CCR-7 on isolated 

DCs further highlighting a potential role of the receptor in migration and partial maturation 

of DCs. Although transfection with TREM-2 siRNA significantly decreased mRNA 

expression of TREM-2 and CD86 on CD11c+ cells, cell surface expression of both markers 

was only decreased by about 20-30 % after OVA-stimulation. It has been shown that 

transcript levels are not always directed correlated to protein levels in many scenarios due 

to modulation of a proteins half-life, differential mRNA expression and increased protein 

stability due to post translational modifications, among other factors (150, 151). This could 

account for the differences seen in our results.  

While much less is known about the role of TREM-2 mediating chemotaxis of 

dendritic cells, a recent study showed that loss of function of TREM-2 resulted in impaired 

chemotaxis in microglial cells characterized by a reduction in distance migrated and the 

outgrowth of microglial processes towards sites of laser-induced CNS damage (147). In a 

similar study, TREM-2 expression correlated with increased antigen presenting cell 

function in microglial cells as determined by increased T-cell proliferation and cytokine 

secretion (146). Given that findings from these studies, as well as decreased expression of 

co-stimulatory molecules CD80 and CD86 after inhibition of TREM-2 expression in our 

results, the receptor might be playing a role in increased activation or priming of naïve T-
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cells. Further studies, namely co-culture assays with naïve T-cells in vitro, are however 

needed to confirm this.  

It should be noted that TREM-2 expression in vivo was higher than the expression 

seen after cells were placed in culture. This suggests that the cellular and cytokine 

environment in the lungs and lymph nodes of OVA-sensitized and challenged mice play a 

role in the upregulation of TREM-2 on DCs. Notwithstanding, results highlight that 

TREM-2 plays a potential role in migration, partial maturation and antigen-induced 

responses in a murine model of allergic airway inflammation.  

5.6 Conclusions 

 We report that TREM-2 positive cells have much greater expression of CD86 and 

CCR-7 when compared to their TREM-2 negative counterparts. Silencing of TREM-2 

significantly decreased antigen-induced mRNA and cell-surface expression of CCR-7 on 

cultured DCs. Collectively, results suggest that TREM-2 potentially plays a role in driving 

the inflammatory response mediated by DCs during allergic airway inflammation. 
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Chapter 6:  

Discussion, Conclusions and Future Directions 
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6.1 Overall Discussion 

Dendritic cells are the primary antigen presenting cells that control the initiation of 

antigen-induced immune response in the airways. Lung DCs are a heterogeneous 

population of cells that express CD11c and are further divided into two major subsets based 

on the expression of CD11b and CD103 (37, 51). Several studies have shown that the 

phenotype of lung DC subsets plays a role in determining the nature of the immune 

response to inhaled antigens. Results from these studies suggest that both CD11b+ and 

CD103+ DCs can drive inflammation based on the dose and route of administration of the 

allergen as well as the duration of the antigen-sensitization and challenge protocol (52-54, 

56, 58).  

In the steady state, we identified three populations of cells in the airways: 

CD11b+CD103- (CD11bhi) and CD11b-CD103+ (CD103+), as reported in the literature, as 

well as another subset of cells that expressed both CD11b and CD103 (CD11b+CD103+). 

Exposure to ovalbumin resulted in an increase in the percentage of cells that were CD11bhi 

and slight decreases in the percentage of cells that were CD11b+CD103+ and CD103+, 

though total cell numbers of each subset was higher in the OVA-sensitized and challenged 

groups. It has been shown that exposure to allergen leads to rapid recruitment of monocyte-

derived CD11bhi DCs to the airways (61, 132). CD11bhi DCs also secrete a host of pro-

inflammatory chemokines which mediate chemotaxis of immune cells driving allergic 

airway inflammation (37, 51). Additionally, CD11bhi DCs have been shown to be more 

efficient in OVA uptake than CD103+ subset of cells (58) which could account for the vast 

increase in this population observed in the airways. Our results, as well as the finding from 

other groups, suggest that exposure to ovalbumin increases CD11bhi DCs in the airways 
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and this subset of cells is possibly the one driving localized inflammation observed in the 

airways of these animals.  

Analysis of DC-specific transcription factors revealed that the three populations 

identified are true DCs based on expression of Zbtb46 on all subsets of cells, IRF-4 on the 

CD11bhi and CD11b+CD103+ subsets and IRF-8 and BATF-3 on the CD103+ subset. As 

seen in the airways, three populations of DC subsets were also identified in the draining 

lymph nodes. When compared to the lungs, there was an increase in percentage of CD103+ 

and CD11b+CD103+ cells and a decrease in the percentage of CD11bhi cells. It should be 

noted that total numbers of cells in this population was still the highest further confirming 

that the CD11bhi subset is the major contributor in the generation and progression of the 

inflammatory response seen in the OVA-sensitized and challenged group.  

TREM-2 belongs to a family of recently discovered cell surface receptors that have 

been shown to play a role in fine tuning innate responses induced by TLRs (138, 139). 

Although its ligand is yet to be identified, TREM-2 mediates signaling via association with 

the DAP-12 adaptor protein (93). It is generally regarded as an anti-inflammatory mediator 

but has been shown to amplify the production of pro-inflammatory cytokines and 

upregulate CCR7 expression, which is crucial for migration of dendritic cells to the 

draining lymph nodes (96, 97, 122, 140). Recently, TREM-2 has also been shown to be 

upregulated on DCs that contribute to bone destruction in a murine model of acquired 

cholesteatoma (112).   

Although the receptor has been implicated in several disease models (102, 138, 141, 

142), its expression and function has not been clearly elucidated in allergic airway 

inflammation. As seen with other inflammatory conditions, TREM-2 was found to be 
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upregulated in the airways of mice exposed to OVA when compared to the control groups. 

In steady state, TREM-2 was expressed on all subsets of DCs identified in the lungs 

confirming that DCs do express TREM-2. OVA-sensitization and challenge led to 

upregulation of TREM-2 expression on the three subsets of CD11c+ cells in both the lungs 

and mediastinal lymph nodes. Increased TREM-2 expression in the lymph nodes suggest 

that TREM-2 might be involved in the mechanism driving migration of DC subsets.  

Further examination of TREM-2 positive subsets in the lungs and lymph nodes 

revealed that these cells had greater CCR-7 expression compared to their TREM-2 negative 

counterparts. It is well established that upregulation of CCR-7 is critical for migration of 

DCs to the draining lymph nodes and DCs migrate under the influence of lymphatic 

chemokines CCL-19 and CCL-21. We have previously shown that OVA-sensitization and 

challenge resulted in increased expression of CCL-19 and CCL-21 in the T-cell zone of the 

cortex and upregulated CCL-21 in the afferent lymphatic vessels and high endothelial 

vesicles in the mediastinal lymph nodes (148). Subsets of cells that expressed higher levels 

of CCR-7 were also shown to be better at migrating towards CCL-19 and CCL-21 in vitro 

(149). Of the three subsets of cells identified in the airways, the CD11bhi subset, though the 

predominant phenotype, was shown to have the lowest overall CCR-7 expression. Studies 

have shown that while lung resident CD11bhi DCs are more efficient at antigen uptake, 

they migrate poorly to the lymph nodes and tend to remain in the airways where they 

mediate the production of pro-inflammatory cytokines 12 (58, 135). If the CD11bhi lung 

DC population was made up of some infiltration monocyte-derived CD11bhi DCs, these 

cells have been shown to express little-to-no CCR-7 even after stimulation (136). Since 

CCR-7 is crucial for dendritic cell migration, lack of expression on a population of these 
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cells would prevent them from migrating, thus decreasing the percentage of this phenotype 

observed in the lymph nodes.  

Our findings suggest that increased TREM-2 expression on subsets of cells in the 

lymph nodes may be driving Th2 and Th17 responses given the marked increase in mRNA 

expression of IL-4, IL-6 and IL-17 in OVA-sensitized and challenged mice, as well as 

increased cytokine expression of IL-4, IL-5 and IL-17A in the lungs of these animals.  This 

suggests some division of labor among the subsets of cells identified in our studies. Several 

studies have shown that CD11b+ DCs secrete a host of pro-inflammatory mediators and 

play a role in priming and re-stimulating effector CD4+ T-cells driving Th2 responses (37, 

51, 53, 132). CD103+ DCs have also been shown to prime Th1 as well as Th17 responses 

(53). It is now well known that Th17 cytokines induce mucus cell metaplasia, neutrophil 

recruitment, AHR and airway remodeling (34). The increased numbers of CD103+ DCs in 

the lymph nodes, increased TREM-2 expression on these cells as well as increased 

expression of IL-6, TGF-β and IL-17 highlights a potential role of these cells in driving 

Th17 responses in OVA-sensitized and challenged mice.  

Overall, TREM-2 expression was found to be highest on the double positive subset 

of cells in both the lungs and lymph nodes with increased total number of these cells in the 

lymph nodes. This subset of cells has yet to be characterized in the airways, however, 

studies have shown that during inflammatory conditions, CD11b+ DCs can express CD103 

(37, 134) leading to the observed phenotype seen in our results. CD11b+CD103+ dendritic 

cells have been recently characterized in the intestine as bona fide dendritic cells that are 

capable of priming Th17 cells (133, 143). Given that our results have also shown that there 

was increased mRNA expression of Th17 associated cytokines, which are known to play a 
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critical role in airway neutrophilia and AHR, further studies are required to determine if a 

similar response occurs in the airways.  

To further investigate the functional role of TREM-2 in maturation and/or 

migration, we employed the use of RNA interference to silence the receptor in vitro and 

determine functional responses after antigen stimulation. Our results show that silencing 

of TREM-2 decreased antigen-induced mRNA of CD86 and CCR-7, and cell surface CCR-

7 expression on isolated DCs, further highlighting a potential role of the receptor in 

migration and partial maturation of DCs. Studies have shown that ligation of TREM-2 led 

to rapid upregulation of MHC-II, CD86, CCR-7 and CD40 on human DCs in vitro (96). 

Loss of function of TREM-2 resulted in impaired chemotaxis in microglial cells 

characterized by a reduction in distance migrated and the outgrowth of microglial processes 

towards sites of laser-induced CNS damage (147). In a similar study, TREM-2 expression 

correlated with increased antigen presenting cell function in microglial cells as determined 

by increased T-cell proliferation and cytokine secretion (146). Given that findings from 

these studies, as well as decreased expression of co-stimulatory molecules CD80 and CD86 

after inhibition of TREM-2 expression in our results, the receptor might be playing a role 

in increased activation or priming of naïve T-cells. Further studies are however needed to 

confirm this.  

TREM-2 upregulation in the lungs and lymph nodes along with increased 

expression of transcripts for Th2 and Th17 cytokines as well as increased Th2 and Th17 

transcription factors in the lymph nodes of mice exposed to ovalbumin could indicate that 

the receptor is participating in the onset or progression of allergic airway inflammation. 

Two recent studies have implicated the receptor as a pro-inflammatory mediator in airway 
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inflammation. Analysis of BALF from patients with asthma showed increased expression 

of TREM-2 which was associated with increased eosinophil and eosinophilic inflammation 

(117). Another study has shown that TREM-2 was upregulated in the lungs of an 

experimental model of melioidosis and TREM-2 deficient mice had markedly reduced 

inflammation (145). Other studies have shown that the receptor plays a role in dampening 

the immune response. It is therefore reasonable to assume that the induction of TREM-2 

on DC subsets in the airways and lymph nodes could indicate an impaired defense 

mechanism originally aimed at decreasing rather than enhancing inflammation.  

The mechanism by which TREM-2 might be driving inflammation remains unclear. 

Results from existing studies seem to suggest that the cell type that expresses the receptor 

as well as the cytokine milieu might influence its role in inflammation. When expressed on 

macrophages and microglia, TREM-2 seems to play more of an anti-inflammatory role (95, 

140). However, based on the results from our studies as well as other groups, when 

expressed on dendritic cells, the role seems to be reversed (97, 112).  It is our speculation 

that activation of TREM-2 on DCs, either by antigen or the TREM-2 ligand, mediates a 

signaling cascade that activate pathways involved in cell survival, cell activation, 

maturation, migration and antigen-induced responses (Figure 26).  



   

 

131 

 

 

Figure 26. Potential signaling cascade mediated by activation of TREM-2 on DC 

subsets in allergic airway inflammation. Activation of TREM-2 by the allergen or some 

unknown TREM-2 ligand leads to activation of a signal cascade that results in activation 

of: MAPKS – mediates chemotaxis and migratory speed and upregulation of CCR-7; and 

ERK1/2 – mediates survival and proliferation of DCs. Activation of the PI3K pathway 

mediates actin polymerization and cytoskeleton contraction. This ultimately results in 

increased migration of DCs to the lymph nodes and increased antigen-induced responses 

driving allergic airway inflammation. Inhibition of TREM-2 mediated signaling via a 

TREM-2 blocker or inhibitor could potentially decrease migration of DCs by inhibiting the 

activation of kinases that mediate these processes.  



   

 

132 

 

6.2. Conclusions 

Collectively, results suggest that CD11c+ cells isolated from the lungs are true 

dendritic cells that mature upon stimulation with ovalbumin. There is some division of 

labor among the subset of cells identified given the expression of co-stimulatory molecules, 

CCR-7 and cytokine profile seen in BALF. The CD11bhi subset however is the major DC 

subset generated after exposure to OVA and drives Th2 responses seen in a murine model 

of allergic airway inflammation.  

TREM-2 is expressed on all subsets of dendritic cells in the airways and is 

upregulated after allergen sensitization and challenge with ovalbumin. This upregulation 

correlated with increased CCR-7 expression which plays a critical role in migration of DCs 

to secondary lymphoid organs. TREM-2 positive cells have much greater expression of 

CD86 and CCR-7 when compared to their TREM-2 negative counterparts. Silencing of 

TREM-2 significantly decreased antigen-induced expression of CCR-7 and CD86.  

Based on increased expression of CCR-7 and costimulatory molecule CD86 on DC 

subsets in the draining lymph nodes, as well as reduced expression of these markers after 

silencing of TREM-2, the receptor could potentially be playing a role in survival, migration 

and/or maturation of DC subsets. TREM-2 could be contributing to allergic airway 

inflammation by amplifying pro-inflammatory signals generated by TLRs or other DAP-

12 associated receptors resulting in a synergistic response that ultimately drives maturation 

and migration of DCs and subsequent inflammation (Figure 27). More in-depth studies are 

however required to clearly elucidate the underlying mechanisms driving this response.  
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Figure 27. Schematic diagram of proposed role of TREM-2 in allergic airway 

inflammation. Exposure to antigen results in either activation of TLRs and/or DAP-12 

DC receptors or directly leads to upregulation of TREM-2 on DCs. TREM-2 then 

amplifies these pro-inflammatory signals leading to upregulation of CCR-7 and CD86 

on DC subsets. This promotes migration and maturation of these cells leading to 

increased antigen presentation and priming of Th2 and Th17 response, thus promoting 

airway inflammation. 
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Notwithstanding, results highlight a novel receptor that seems to play a role in the 

pathogenesis of allergic airway inflammation that could be an amenable target for 

therapeutic intervention. Although manipulation of TREM-2 might be beneficial in 

augmenting the inflammatory response mediated by DCs, it is important to ensure this 

manipulation does not alter its ability to function as a phagocytic bacterial receptor. 

Additionally, given the number of disease models in which TREM-2 has been found to 

dampen inflammation, systemic inhibition or blockade might prove to be detrimental to 

maintaining homeostasis in the body. All these factors must be considered and carefully 

investigated prior to therapeutic intervention.  

6.3 Limitations 

 Results from the study have highlighted a potential role of TREM-2 in the 

functional responses mediated by dendritic cells in a murine model of asthma. The study 

is however not without its limitations. To generate large enough numbers of DCs for 

functional analyses, the experimental allergen OVA was utilized. OVA is not a clinically 

relevant antigen and does not induce AHR in humans. As such, experiments would need 

to be repeated using more clinically relevant antigens to enhance the translational value of 

the research to human allergic airway inflammation.  

 Assays used to determine the role of TREM-2 in migration or maturation were 

mainly done in vitro. As our results show, TREM-2 expression was lower in cultured cells 

when compared to those harvested directly from lungs and lymph nodes. Further in vivo 

studies are therefore required to clearly elucidate the role of TREM-2 in DC maturation 

and migration during active inflammation in the host. The utility of a TREM-2 knockout 
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model or in vivo administration of siRNA may provide greater insights into the underlying 

mechanisms driving increased TREM-2 expression after antigen exposure.  

6.4. Outstanding Questions and Future Directions 

Although our studies provided some insights into the expression and potential 

function of TREM-2 in allergic airway inflammation, there are some outstanding questions 

that remain to be answered. The TREM-2 ligand is yet to be identified. However, studies 

using monoclonal antibodies against the receptor has shown that TREM-2 can mediate its 

functional responses by activation of the ERK and PTK-dependent pathways (96). Others 

have shown that the receptor drives inflammation by amplifying TLR-4 mediated 

responses (112). Based on what is currently known about the TREM-2 signaling pathway, 

the receptor could be independently driving inflammation or amplifying the response 

mediated by other PRRs (Figure 27). Further studies are therefore needed to delineate this 

mechanism. The identification of the TREM-2 ligand will be a critical step towards gaining 

a better understanding of its signaling pathway and drive targeted inhibition geared at 

decreasing inflammation.  

Considering that TREM-2 was originally described as an anti-inflammatory 

mediator, it is plausible to reason that upregulation in the airways and on DC subsets might 

not actually be a driver of inflammation, but a defense mechanism that has gone awry. In 

a recent study, it was shown that TREM-1, the pro-inflammatory family member, and 

TREM-2, the reportedly anti-inflammatory family member, expression was reversed with 

TREM-2 expression being higher in the inflamed lung. These studies credited this response 

to decrease in TLR-4 mediated responses that reduced microbial clearance thus enhancing 

inflammation (120). Conversely, another study showed that in a mouse model of viral lung 



   

 

136 

 

disease, intracellular and cell surface levels of TREM-2 were upregulated on macrophages 

which prevented apoptosis and promoted accumulation of macrophages in the airways 

leading to chronic inflammation (95). The contribution of TREM-2 to the inflammatory 

process still requires further elucidation.  

To answer some of the above questions, it would be useful to use a TREM-2 

knockout mouse model of allergic airway inflammation. This would answer the most 

important question, does the receptor plays a role in driving inflammation. The next step 

would be to use clinically relevant antigens to determine if this upregulation of TREM-2 

varies based on the nature of the antigen used. This will give some insight into the 

translation value of the research and future studies aimed at determining TREM-2 

expression in human allergic airway inflammation. 

 Our studies showed that TREM-2 positive cells express higher CCR-7 and 

silencing of the receptor decreased antigen-induced CCR-7 expression in vitro. To 

determine the effects of decreased CCR-7 on DC migration in vitro, chemotaxis assays 

need to be conducted to measure the ability of TREM-2 deficient DCs to migrate towards 

CCL-19 and CCL-21.  In vivo studies are also needed to confirm this observation. One 

potential method is the adoptive transfer of TREM-2 deficient DCs to wild-type mice 

followed by antigen challenge and in vivo tracking of transferred DCs.  

 To minimize any unforeseen complications with systemic knockout of TREM-2, 

targeted or transient inhibition can be achieved in vivo by utilizing intranasal and/or 

intratracheally delivery of TREM-2 siRNA to the lungs or the use of CRISP/Cas9-mediated 

genome editing and knockdown. Both methods have limitations but facilitate study of 

TREM-2 inhibition in the context of airway inflammation and should provide valuable 
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information about its expression, upregulation and mechanism of activation in allergic 

airway inflammation.  
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