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Abstract
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Mast cells stem from the bone marrow and migrate via the blood as mast cell progenitors.
Upon arrival in peripheral tissues, they develop into mast cells. These rare immune cells
have numerous granules that contain large amounts of pro-inflammatory mediators. Mast cells
accumulate at certain sites in the asthmatic lung, and once activated they release mediators that
are thought to induce symptoms. In mouse models of allergic airway inflammation, the increase
in lung mast cells in asthma can be mimicked and is mainly caused by the recruitment of mast
cell progenitors to the lung. However, whether other types of lung inflammation stimulate the
recruitment of mast cell progenitors to the lung was unknown until now.
Here, using a murine model of influenza A virus infection, this type of virus was demonstrated
to trigger an extensive recruitment of mast cell progenitors to the lung, most likely through the
induction of VCAM-1 expression in the lung endothelium. Thereafter, some influenza-induced
mast cell progenitors developed into an intermediate mast cell stage before they matured into
mast cells. However, upon the resolution of inflammation, the mast cells that accumulated in
the lung upon influenza infection were gradually lost.
Because the recruitment of mast cell progenitors started early after influenza infection, the
role of innate immune signals in inducing the recruitment of mast cell progenitors was addressed.
The intranasal administration of either Poly I:C or IL-33 was sufficient to induce an increase
in lung mast cell progenitors in a TLR3- or ST2-dependent fashion. However, the influenzainduced recruitment of mast cell progenitors to the lung occurred independently of TLR3 and
ST2.
VAAT/SLC10A4 is a member of the solute carrier family of proteins that is expressed in
nerve cells and mast cells. In this study, murine VAAT was localized to mast cell granules and
regulated the IgE/antigen-mediated release of granule-associated mediators and ATP. However,
the absence of VAAT did not affect IgE/antigen-mediated de novo synthesis of cytokines
and lipid mediators. Additionally, mice lacking VAAT had attenuated passive cutaneous
anaphylaxis reactions and scratched less frequently in response to compound 48/80 injections,
suggesting that VAAT regulates reactions for which mast cells are implicated in vivo.
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Introduction

The immune system initiates a series of coordinated reactions known as the
immune responses to provide protection against pathogens. These immune
responses are classified into either innate or adaptive immunity. Innate immunity involves cells, proteins and physical barriers that rapidly act to eliminate invading pathogens in a non-specific fashion. Thus, innate immune
responses provide the first line of defense for the host that can prevent and
control many infections. However, many pathogens have acquired the ability
to escape from innate immune reactions. In such circumstances, strong pathogen-specific immune responses generated by adaptive immunity ensure the
complete eradication of the infection. The essential components of adaptive
immunity are B and T lymphocytes that recognize the pathogen through
specific receptors. After elimination of the pathogen by adaptive immunity,
some pathogen-specific and long-lived lymphocytes, called memory cells,
will remain to provide faster and stronger immune responses upon reexposure to the pathogen.
In addition to their prominent role in host protection against pathogens,
uncontrolled or excessive immune responses can cause damage to the host.
Allergic diseases (e.g., asthma) and autoimmune disorders (e.g., rheumatoid
arthritis) are among the immunological conditions in which excessive immune responses becomes harmful for the host.
Mast cells are rare immune cells that have dual roles in immune responses. Mast cells are present at places of potential entry of pathogens and have
means to sense pathogens and danger. Thus, mast cells are considered innate
immune cells with the ability to produce molecules that can shape adaptive
immune responses. Moreover, mast cells function as effectors in adaptive
immune responses through their activation by antibody-antigen immune
complexes via Fc receptors.
This thesis focuses on the mechanisms that can trigger the recruitment of
mast cell progenitors to the lung (covered in manuscripts I and II). The role
of VAAT in the regulation of mast cell activation is also studied (in manuscript III).
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Background

Mast cells
Mast cells are highly granulated and long-lived hematopoietic cells that are
widely distributed throughout vascularized tissues, particularly in areas exposed to the external environment (e.g., skin, gastrointestinal tract and airways)1. The strategic anatomical locations that mast cells reside at and the
various receptors that they bear allow mast cells to be among the first to
encounter and respond to external insults, i.e., invading pathogens or environmental stimuli. Mature mast cells are distinguished morphologically from
other immune cells by their high content of granules2. These granules contain a diverse range of preformed and biologically active mediators (e.g.,
histamine and proteases). Upon strong mast cell activation, the granules and
their contents are released into the extracellular environment during a
degranulation process. In addition to preformed mediators, mast cells can
synthesize and secrete new mediators (e.g., lipid mediators, cytokines and
chemokines) once they are activated2. Activation of mast cells can occur
when an external stimulus interacts with its respective receptor on mast cells
or via antibodies bound to Fc receptors (Figure 1). In general, the pathways
of mast cell activation can be classified into IgE-dependent and -independent
pathways.

IgE-dependent activation
The most well-known pathway of mast cell activation occurs during an allergic response. In individuals who are susceptible to allergy, environmental
substances, known as allergens, can stimulate the production of allergenspecific IgE antibodies from B lymphocytes. In a process called sensitization, the allergen-specific IgE molecules bind to the high-affinity IgE receptor (FcεRI) on the surface of mast cells3. Upon re-exposure, the allergen
binds to the IgE antibodies that are present on the FcεRI molecules and induces the cross-linking of adjacent FcεRI-bound IgE. This process in turn
results in the initiation of intracellular signaling cascades, which induce
strong activation and cause degranulation.
FcεRI consists of three subunits that form a tetramer protein (αβγ2). The
α-subunit mediates high-affinity binding to the Fc region of IgE, whereas the
β- and γ-subunits are responsible for intracellular signaling through an im12

munoreceptor tyrosine-based activation motif (ITAM)4. When cross-linking
of FcεRI-bound IgE is triggered by an antigen, Lyn tyrosine kinase phosphorylates ITAMs present in the β- and γ-subunits. This process allows the
interaction and activation of other tyrosine kinases such as Fyn and Syk,
which are essential for the phosphorylation of many other signaling proteins5. These signaling events eventually lead to an increase in the levels of
intracellular calcium through calcium release from the endoplasmic reticulum (ER) stores or extracellular calcium influx. Briefly, FcεRI downstream
signaling events promote the formation of inositol 1,4,5-trisphosphate (IP3),
which, upon engagement with its receptor on the ER, induces the release of
stored calcium from the ER to the cytosol. Consequently, the ER calcium
sensor STIM-1 is activated and interacts with plasma membrane
Orai1/CRACM1 to form channels for calcium entry from the extracellular
environment into the cytosol4,5. Collectively, signaling events that are triggered upon FcεRI activation, as well as increased cytosolic calcium, lead to
mast cell degranulation and the synthesis and secretion of new mediators5.
To implement degranulation, a group of vesicular and plasma membrane
fusion proteins, termed soluble N-ethylmaleimide-sensitive factor (NSF)
attachment protein receptors (SNAREs), work in parallel to form stable tetrameric complexes. Such complexes of fusion proteins bring the lipid bilayers of the granule and plasma membranes together to enable membrane
fusion and exocytosis of granule-associated mediators in an ATP-dependent
manner6,7.

IgE-independent activation
In addition to the high-affinity IgE receptor, mast cells express various other
receptors (Figure 1), including complement receptors and receptors for IgG
antibodies (FcγRs) that are present on the surface of mast cells. Mast cells
can also be activated through the recognition of pathogens. This type of mast
cell activation is mediated through the engagement of PAMPs (pathogenassociated molecular patterns) with surface, endosomal or cytosolic PRRs
(pattern recognition receptors) expressed by mast cells such as TLR4 (Tolllike receptor 4), TLR3 and RIG-I (retinoic acid-inducible gene-I)1. Notably,
mast cells do not respond uniformly to all innate stimuli. For example, the
stimulation of mast cells by bacterial peptidoglycan (a TLR2 ligand) causes
degranulation and cytokine production, whereas stimulation by bacterial
lipopolysaccharide (a TLR4 ligand) triggers cytokine production without
causing degranulation8.
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Figure 1. Examples of activating receptors expressed by murine mast cells. Mature
mast cells are highly granulated and express various activating receptors such as Fc
receptors for IgE and IgG, Toll-like receptors and receptors for complement components. Once these receptors bind directly or indirectly to the microbial or nonmicrobial antigens, mast cell activation ensues.

Mast cell development
In the bone marrow of adult mice, hematopoietic precursors commit to the
mast cell lineage before they leave as mast cell progenitors (MCp)9. These
MCp are released into the blood circulation and home to the target peripheral
tissues9. The final stages of mast cell development occur within the peripheral tissues where local growth factors, particularly stem cell factor (SCF) and
interleukin-3 (IL-3), promote the development of MCp to fully granulated
mature mast cells10,11. Similar to mature mast cells, nearly all MCp present in
the tissues express c-kit (SCF receptor) and Fc"RI. However, unlike mature
mast cells, MCp are small and have no or very few granules and cannot be
identified using histochemical staining techniques9 (Figure 2).

MCp

Mast cell

Figure 2. Schematic representation of an MCp and a mast cell. MCp are small and
have no or few metachromatic granules, whereas mast cells are larger and filled with
such granules.

Mast cell progenitors
Early studies by Kitamura and colleagues have suggested that mast cells are
developed from bone marrow cells12,13. Committed MCp, which are the pro14

genitors that exclusively differentiate into mast cells, were first described in
fetal mouse blood as Thy-1lo c-kithi FcεRI- cells. These committed MCp were
detected from gestation day 14.5, peaked in frequency on day 15.5 and then
decreased until birth14. In 2005, three different research groups described
committed MCp in adult mice15-17. Using magnetic immunoaffinity enrichment with beads conjugated to antibodies AA4 and BGD6, committed MCp
in the adult BALB/c bone marrow were described as AA4- and BGD6+15.
The AA4 antibody recognizes ganglioside GD1b, which is present on mature
mast cells but not on MCp15,18. By contrast, the BGD6 antibody binds to an
unknown 110-kDa protein on both mature mast cells and MCp through the
Fab region, whereas the Fc part binds CD3215,19. The AA4− BGD6+ MCp
were further characterized as CD34+ CD13+ c-kithi FcεRI-. However, they
expressed mRNA for the α and β subunits of FcεRI and mast cell-specific
proteases15. In adult C57BL/6 mice, committed MCp were identified by flow
cytometry as lineage (Lin)- c-kit+ Sca-1- Ly6c- FcεRI- CD27- integrin β7+
ST2+ cells. In vitro, these progenitors developed into mast cells, and they
reconstituted the mast cell compartments in vivo in mast cell-deficient
mice16. The third research group, Arinobu and colleagues, found committed
MCp in the intestine as Lin- CD45+ CD34+ integrin β7hi FcεRIlo cells17. They
also identified bipotent basophil/mast cell progenitors (BMCPs) in the spleen
of adult C57BL/6 mice as Lin- c-kit+ integrin β7hi CD16/32hi cells. These
progenitors had the capacity to differentiate into both basophils and mast
cells in the presence of a myeloerythroid cytokine cocktail, suggesting that
mast cells and basophils are closely related in their development.
In line with these findings, a population of progenitors with the enriched
capacity to differentiate into basophils and mast cells was identified in the
bone marrow. These progenitors were termed pre-basophil and mast cell
progenitors (pre-BMPs) and were mainly present within FcεRI+ granulocytemacrophage progenitors (GMPs)20. More recently, committed MCp were
described in the blood of adult BALB/c and C57BL/6 mice for the first time
as Lin- c-kithi ST2+ integrin β7hi CD16/32hi cells21. These progenitors displayed differential FcεRI expression patterns. The majority of the blood
MCp in BALB/c mice were FcεRI+, which is in contrast to C57BL/6 mice,
for which blood MCp were predominantly FcεRI-21. These observations suggest that the blood MCp in C57BL/6 mice display a more immature phenotype than those of BALB/c mice. Although the majority of blood MCp
lacked FcεRI in C57BL/6 mice, most cells differentiated into c-kit+ FcεRI+
mast cells when cultured in the presence of a myeloerythroid cytokine cocktail21.
In 2010, Poglio and colleagues described a population of committed MCp
in mouse white adipose tissue (WAT) as Lin- c-kit+ ST2+ Sca-1- FcεRIcells22. These MCp were found in the stroma-vascular fraction of the WAT
and did not originate from the bone marrow. Instead, these cells were derived from adipose tissue hematopoietic stem/progenitor cells (HSPCs). This
15

finding was supported in experiments using lethally irradiated CD45.2 mice.
These mice were co-transplanted with CD45.2 bone marrow cells, and
CD45.1 adipose-derived HSPCs from the stroma-vascular fraction. After
two and four months when the chimeras were analyzed, WAT, intestine and
skin, but not bone marrow, were predominantly reconstituted with CD45.1+
cells. Moreover, majority of mast cells found in these tissues, except bone
marrow, had CD45.1 origin. These results suggested that adipose tissue MCp
home preferentially to the WAT or other peripheral organs22. In agreement
with these findings, a recent report showed that WAT-derived MCp were
recruited to the cardiac tissue in a mouse model of myocardial infarction and
subsequently differentiated into mature mast cells, leading to mast cell accumulation in the heart23.
Human mast cells have been derived from peripheral or cord blood in
vitro for many years. Mast cell-forming capacity in CD34+ cells from adult
bone marrow was first reported by Kirshenbaum and colleagues24. In peripheral blood, it was shown that CD34+ c-kit+ CD13+ cells could produce mast
cells in vitro25. However, this cell population also differentiated into monocytes. In cord blood, MCp have been found within the CD34+ CD38+ HLADR- cell population26. Nevertheless, macrophages, neutrophils and eosinophils could also develop from the same cell population.
Recently, our group described a distinct rare population of MCp in human
blood as Lin- CD34hi c-kitint/hi FcεRI+ cells. When cultured with a myeloerythroid cytokine cocktail in vitro, these cells developed into mast celllike cells27. Freshly isolated Lin- CD34hi c-kitint/hi FcεRI+ cells displayed an
immature mast cell-like phenotype and expressed several mast cellassociated genes, including those that encode the mast cell-specific enzymes
tryptase and carboxypeptidase A3. That study suggested that the Lin- CD34hi
c-kitint/hi FcεRI+ cells are the immediate precursors of human mast cells27.
Mouse and human MCp share several common characteristics. These
characteristics include the expression of c-kit and integrin β7 and that the
majority of blood MCp in BALB/c mice are FcεRI+, similar to human blood
MCp27. Furthermore, MCp are found in similarly low frequencies in mouse
and human blood. Human MCp constitute approximately 0.0053% of enriched blood mononuclear cells in healthy individuals27. This value is similar
to the frequency of mouse MCp, which constitute 0.0045% of enriched
blood mononuclear cells in BALB/c mice28. However, there is a major difference between mouse and human MCp. Mouse MCp have extensive capacity to divide in culture17, whereas human blood MCp expand poorly when
cultured in vitro27. This result might be because unknown growth factor(s)
crucial for optimal growth of human blood MCp in culture have yet to be
identified. Another plausible explanation could be that the human blood
MCp have lost a large extent of their proliferative capacity throughout their
differentiation27.
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Trafficking of mast cell progenitors in mice
MCp migrate to the peripheral tissues to maintain the small constitutive pool
of tissue mast cells. However, the migration of MCp to peripheral tissues is
enhanced upon inflammation, leading to mast cell accumulation29. Thus,
trafficking of MCp is influenced by the host immunological status.

Homing
In laboratory mice, peripheral tissues contain very few MCp under homeostatic conditions. There are approximately 20-150 MCp per million mononuclear cells in the naïve mouse lung30. This number is likely because MCp are
continuously migrating in low levels via blood to peripheral tissues such as
the airways9. The normal trafficking of MCp to the peripheral tissues, known
as homing, is essential to maintain the normal turnover of mast cells29.
Small intestine contains an exceptionally high number of MCp in naïve as
well as in germ-free mice31. Interestingly, MCp were absent in the intestine
of integrin β7-deficient mice30. However, the frequency of these cells appeared normal in the lung, spleen and bone marrow30. In support of these
findings, reconstitution of intestinal MCp in irradiated mice, which lost their
intestinal MCp pool, was inhibited by approximately 70% when anti-integrin
α4- and α4β7-blocking antibodies were administered. Integrin α4β7 can interact with MAdCAM-1 (mucosal addressin cell adhesion molecule-1) and
VCAM-1 (vascular cell adhesion molecule-1). Blocking antibody experiments revealed that both MAdCAM-1 and VCAM-1 are involved in the
homing of MCp to the intestine. This result was concluded based on the
findings that mice that were sub-lethally irradiated and reconstituted with
bone marrow had a reduced number of intestinal MCp after treatment with
either anti-VCAM-1 or anti-MAdCAM-1 antibody32. Furthermore, mice
deficient in endothelial VCAM-1 had a strongly reduced frequency of MCp
in the intestine32. Notably, in all these studies, a limiting dilution assay was
used for the estimation of the MCp frequency.

Recruitment
External stimuli, such as antigens that cause inflammation, can induce the
migration of MCp to the lung to a higher degree than basal levels. This induced migration process is referred to as recruitment and is regulated by
certain adhesion molecules, immune cells, cytokines, chemotactic factors
and their receptors9. For example, the recruitment of MCp to the skin has
been studied by Weller and colleagues using a mouse model that involved
the intravenous injection of labeled c-kit+ bone marrow-derived mast cells
(BMMCs)33,34. In this model, immature (two-week-old) labeled c-kit+
BMMCs were transferred into mice followed by the intradermal injection of
17

leukotriene B4 (LTB4) or prostaglandin E2 (PGE2). Labeled BMMCs were
subsequently detected in higher numbers in the skin of mice injected with
either LTB4 or PGE2. Using chemotaxis assays, LTB4 or PGE2 were shown
to be chemotactic for two-week-old BMMCs through the interaction with
their receptors BLT1 or EP3, respectively33,34.

Recruitment of mast cell progenitors to the lung in allergic
airway inflammation
In patients with allergic asthma, the number of mature lung mast cells increases, particularly in the airway smooth muscles, alveolar parenchyma and
lung epithelium35-37. Moreover, in a mouse model of allergic airway inflammation, a higher number of mature mast cells is found in the airways38-40. For
example, upon the induction of allergic airway inflammation, the number of
mature mast cells in the trachea increased one week after the last antigen
challenge38. Furthermore, mast cells induced by allergic airway inflammation were found in the alveolar parenchyma39. Interestingly, accumulated
human mast cells were also found in the alveolar parenchyma of patients
with severe asthma36.
The expansion of the mast cell population in the airway under inflammatory conditions could be presumably due to the enhanced proliferation of
tissue resident mature mast cells or MCp or the recruitment of new MCp to
peripheral tissues followed by their maturation to mast cells9. Using a mouse
model of acute allergic airway inflammation that involved ovalbumin (OVA)
sensitization and challenge, Abonia and colleagues demonstrated that the
number of lung MCp was greatly enhanced (28-fold) after three days of daily OVA challenge41. The rapid increase in the number of lung MCp in this
model suggested that the major underlying mechanism was likely the recruitment of MCp to the lung rather than the enhanced proliferation or survival of tissue-resident MCp. This notion was reinforced by findings that
revealed the critical role of certain adhesion molecules and integrins required
for OVA-induced increase of the number of lung MCp (Figure 3)41. The
recruitment of MCp to the lung upon OVA sensitization and challenge was
fully inhibited in mice deficient in endothelial VCAM-1 because they had
similar numbers of lung MCp as wild-type mice that were only sensitized41.
Moreover, wild-type mice that received blocking antibodies to VCAM-1
during the challenge phase demonstrated a reduced OVA-induced MCp recruitment. The integrins α4β1 and α4β7 are the major ligands for VCAM-14244
. These integrins are expressed by MCp16,17,45. Integrin β7-knockout mice
and mice receiving anti-integrin β7 blocking antibodies during the challenge
phase had a marked reduction in the frequency and total number of lung
MCp after OVA sensitization and challenge41. However, there was a lack of
complete impairment of MCp recruitment to the lung as in VCAM-118

deficient mice. The administration of anti-integrin β1 blocking antibodies to
mice during the challenge phase also had an inhibitory effect on the OVAinduced MCp recruitment to the inflamed lung. In line with these findings,
blocking antibody treatment against α4-integrin, which can form a complex
with both β1- or β7-integrins, almost completely impaired the OVA-induced
recruitment of MCp to the lung41. These data highlight the role of α4 integrins and VCAM-1 in the recruitment of MCp to the lung during allergic airway inflammation. Essentially, the interaction of α4β1 and α4β7 present on
MCp with endothelial VCAM-1 allows the transmigration of these cells into
the inflamed lung (Figure 3).
Because the recruitment of leukocytes to the tissues relies on the establishment of chemokine gradients and chemotaxis, the potential role of some
of the chemokines and their receptors was studied in the same model of allergic airway inflammation. OVA-sensitized and -challenged mice lacking
CXCR2 and CCR2 displayed marked reduction in the number of recruited
MCp to the lung38,46. Surprisingly, the expression of CXCR2 and CCR2 by
stromal lung cells (e.g., lung endothelium) rather than by MCp was crucial
for the OVA-induced MCp recruitment to the lung38,46. Moreover, the production of CCL2, a ligand for CCR2, by bone marrow-derived hematopoietic cells and radiation-resistant stromal cells was required for the optimal
OVA-induced recruitment of MCp to the lung (Figure 3).
In addition to adhesion molecules, integrins, chemokines and chemokine
receptors, T cells and CD11c+ dendritic cells play important roles in OVAinduced recruitment of MCp to the lung. In mice lacking T cells, as well as
in mice depleted of CD4+ cells during the challenge phase, OVA-induced
MCp recruitment to the lung was abolished47. Similarly, the depletion of
CD11c+ cells during the challenge phase resulted in complete inhibition of
MCp recruitment39. Consequently, the OVA-induced increase in mature mast
cells was prevented. Together, these results suggest that an adaptive immune
response is necessary for the antigen-induced recruitment of MCp to the
lung. Furthermore, the data from these studies indicate that the expansion of
lung mast cells in allergic inflammation is mainly a result of the recruitment
of MCp (Figure 3).

19

Figure 3. Cells and molecules involved in the recruitment of MCp to the allergic
lung. MCp are derived from the bone marrow and circulate at low levels in the
blood. Antigen stimulation induces the recruitment of MCp from the circulation to
the allergic lung. Certain cytokines, chemokines and chemokine receptors regulate
this process. For example, CXCR2 is required for the upregulation of VCAM-1 in
the lung endothelium. Next, the #4$1 and #4$7 integrins on MCp interact with
VCAM-1 on the lung endothelium. This process is a prerequisite for the transendothelial migration of MCp into the lung. Additionally, the expression of CCL2 on
stromal and bone marrow-derived cells is required for this process. In addition,
CD4+ T cells and CD11c+ dendritic cells are crucial immune cells for the antigeninduced MCp recruitment to the allergic lung.

Respiratory virus infections and asthma exacerbations
Respiratory viruses, including rhinovirus, influenza virus and respiratory
syncytial virus, are the major cause of exacerbations of asthma in both children and adults48,49. Such infections commonly lead to severe symptoms in
patients and high costs for society due to the frequent hospitalization of the
patients. However, the mechanisms that underlie virus-induced asthma exacerbations are poorly understood. Nevertheless, the current view implicates an
impaired Th1 and antiviral immune responses in asthmatics. This process in
turn leads to the inefficient control of virus replication and might account for
the excessive inflammatory response seen in these patients50. In line with this
notion, among asthmatics who were experimentally infected with rhinovirus,
those whose blood CD4+ cells produced high levels of IFN-% had lower virus
loads and a more preserved lung function51.
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A number of studies have also reported neutrophils as the main inflammatory cell type in virus-induced asthma exacerbations50. For example, increased number of neutrophils and elevated levels of neutrophil elastase
have been observed in sputum of virus-infected asthmatics compare to asthmatic patients without virus infection52. Neutrophil elastase stimulates mucous production from human bronchial epithelial cells53, which may worsen
asthma symptoms. Furthermore, enhanced production of inflammatory mediators such as cytokines, leukotrienes and histamine from airway epithelial
cells and leukocytes can potentially exacerbate asthma symptoms during
viral infections54.

Influenza A virus infection
Rhinovirus is the most common cause of respiratory virus infection and is
frequently associated with asthma exacerbations48. However, mouse models
of rhinovirus infection are very limited because the virus cannot efficiently
replicate in mice55. In addition to rhinovirus, influenza A virus is one of the
most common causes of human respiratory virus infections associated with
acute asthma exacerbations48,56. Influenza A virus is an enveloped RNA virus of the Orthomyxoviridae family that consists of eight gene segments with
negative polarity57. Influenza A viruses are categorized into different subtypes on the basis of the type of immunodominant glycoproteins, hemagglutinin (HA) and neuraminidase (NA). Today, at least 18 types of HA (H1H18) and 11 types of NA (N1-N11) have been identified that can be combined to form viruses such as H1N1 influenza58.
Influenza A viruses can infect a wide range of hosts, including mammals
(e.g., humans, pigs and horses) and wild and domestic birds57. Every year,
influenza A virus causes seasonal respiratory infections with mild and, in
some cases, severe symptoms among humans. Severe and life-threatening
conditions are mainly seen among the elderly and infants59 because they
have weaker immune systems. Due to lack of proofreading activity, numerous mutations are accumulated within the influenza virus genome, resulting
in antigenic drift in the HA and NA glycoproteins60. This antigenic drift is
the main reason why new seasonal influenza infections cause disease even in
patients who have recovered from influenza infection in previous years. Additionally, the reassortment of genome segments in influenza virus, known
as antigenic shift, occasionally causes global pandemic outbreaks60. Influenza A virus pandemics can potentially lead to increased morbidity and mortality across an entire population.
The host respiratory tract is covered with mucus layers that help to protect
the epithelium underneath. Influenza NA molecules help the virus to overcome this obstacle by degrading the mucus barrier, facilitating the binding of
the virus to the epithelial cells61. With the help of HA molecules, the virus
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binds to the sialic acid-containing glycoproteins and glycolipids on the host
epithelial cells and enters the cells62. Antibodies generated against the HA
molecules during the first virus encounter can block virus entry and infection
upon re-exposure with the same strain59. Once the virus starts to replicate
within the airway epithelium, newly generated viral particles are released
and initiate the infection of other non-immune and immune cells of the respiratory tract.

Innate immune sensing of influenza virus infection
Influenza virus has conserved molecular structures known as PAMPs. In
mice, these viral PAMPs are sensed by PRRs such as TLR3, TLR7, RIG-I,
and NLRP3 (NOD-like receptor family member NOD, LRR and pyrin domain-containing 3)63,64 (Figure 4). Recently, MDA-5 (melanoma differentiation associated protein-5) was also reported to contribute to the immune
defense against influenza A virus65. In particular, endosomal TLR3 and
TLR7 recognize viral double-stranded (ds) and single-stranded (ss) RNA
molecules, respectively. Viral components (e.g., RNA molecules) present in
the cytosol are also sensed by RIG-I, MDA-5 and NLRP363,65. Collectively,
the recognition of the influenza virus PAMPs by these innate sensors triggers
a signaling cascade leading to the release of type I interferons and proinflammatory cytokines (Figure 4). Type I interferons limit virus replication
and induce an antiviral state in neighboring cells63. Virus-induced proinflammatory responses also orchestrate the initial immune responses by
promoting the recruitment of neutrophils, monocytes, lymphocytes, dendritic
cells, and natural killer cells that are necessary for viral clearance and activation of the adaptive immune response. However, this pro-inflammatory response may also result in tissue damage63.
Additionally, influenza infection can initiate inflammatory immune responses by stimulating the production of endogenous molecules called
DAMPs (damage-associated molecular patterns). IL-33 is an example of
such molecules that is released from damaged airway epithelial cells and
alveolar macrophages shortly after influenza infection in mice66,67.
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Figure 4. Innate immune recognition of influenza virus. The influenza virus is
sensed through the detection of the viral genome by host innate receptors. Viral
dsRNA and ssRNA genome present in the endosomes are recognized by TLR3 and
TLR7 (also TLR8 in humans), respectively. However, viral genomes that are located
in the cytosol are detected by RIG-I, MDA-5 and the NLRP3 inflammasome. The
interaction of viral genomes with their respective innate sensors stimulates intracellular signaling events leading to the activation of transcription factors such as NF!B, IRF3 (interferon regulatory factor 3) and IRF7. The translocation of these transcription factors into the nucleus leads to the production of type I interferons and
pro-inflammatory cytokines. In addition, the stimulation of the NLRP3 inflammasome results in the activation of caspase-1, which cleaves pro-IL-1$ and pro-IL18 to their active forms (IL-1$ and IL-18) that can be secreted from the cell. Moreover, NLRP3 can trigger cell death by pyroptosis.

Activation of adaptive immunity to influenza infection
In many circumstances, influenza virus manages to overcome the innate
immune defense mechanisms and successfully establish infection in the host.
Thus, the activation of virus-specific adaptive immune responses as the second line of defense is essential for virus clearance. Innate immunity plays a
key role in the activation of adaptive immune responses. The detection of
influenza infection by innate receptors stimulates the secretion of proinflammatory cytokines and chemokines that enhances the recruitment of
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dendritic cells to the lung and promotes the activation and maturation of
these cells68. This process involves the upregulation of co-stimulatory, adhesion and antigen-presenting molecules and renders the dendritic cells to have
powerful antigen-presenting capacities69. When these dendritic cells then
migrate to the draining lymph nodes, they efficiently present the viral antigens to virus-specific CD4+ and CD8+ T lymphocytes. After being activated
by the dendritic cells presenting virus-specific epitopes, effector T lymphocytes leave the draining lymph nodes and migrate to the site of infection in
the lung to start the process of viral clearance. The virus-specific CD4+ T
helper cells assist B lymphocytes to produce influenza virus-specific antibodies, whereas virus-specific CD8+ cytotoxic T lymphocytes can directly
recognize and eliminate infected cells68.

Mouse models of influenza infection
To study and mimic human influenza infection, several animal models, including mouse, ferret, nonhuman primate, guinea pig and dog models, have
been utilized. Among these experimental animal models, mouse models are
extensively used due to factors such as lower experimental and housing costs
and the availability of genetically modified animals and mouse-specific immunological reagents70. However, mouse influenza models have certain
drawbacks. For example, most human influenza strains need to be adapted to
mice to efficiently replicate within the mouse respiratory system and produce clinical signs of the disease. This adaptation is necessary because mice
are not natural hosts for influenza viruses70.
The strain of mouse and type of influenza virus both affect the susceptibility of the mice to the influenza virus infection71. Because most primary
human influenza virus isolates are not infectious or pathogenic in mice, several mouse-adapted virus strains are widely used in mouse models of influenza infection72. These strains include two H1N1 influenza A isolates,
A/Puerto Rico/8/1934 (PR8) and A/WSN/1933 (WSN)72.
Mice infected with mouse-adapted influenza A virus display general signs
of discomfort, including huddling, ruffled fur, and lethargy, as well as dehydration and anorexia, which result in weight loss72. Depending on the virus
dose administered, the clinical signs and severity of the disease can be variable. Thus, high doses of influenza virus cause more severe disease, followed
by death71.

PR8 influenza infection
The majority of the inbred mouse strains are susceptible to disease upon
intranasal infection by the PR8 virus71. PR8 efficiently replicates within the
mouse airways as shown by the increase in lung virus titer after intranasal
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inoculation73. Upon infection with a sub-lethal PR8 dose, adult BALB/c
mice develop airway inflammation that is manifested by a reduction in body
weight and enhancement of clinical symptoms such as ruffled fur74. Moreover, the viral load peaked in the lung at day three post-infection and was
reduced to baseline levels by day 14 post-infection. The lung function was
assessed day four post-infection and showed that PR8 infection was accompanied with an increase in airway resistance74. The same study also demonstrated that PR8 infection increased the total number of inflammatory cells in
bronchoalveolar lavage (BAL) fluid. These inflammatory BAL cells were
composed of neutrophils, macrophages and lymphocytes74.
Generally, the transmission of mouse-adapted influenza viruses, such as
the PR8 strain, from infected to naïve mice is very inefficient72. Therefore,
mouse models are not suitable for studying the transmission of the virus.
Moreover, the risk of PR8 transmission from infected mice to humans (e.g.,
laboratory workers) is very small70. Thus, the handling of the PR8 infectious
material and infected mice do not require extensive biosafety measures.

Poly I:C
Poly I:C (polyinosinic:polycytidylic acid) is a synthetic analog of dsRNA
that is widely used to mimic viral dsRNA. In general, dsRNA is recognized
by endosomal and cytosolic PRRs and activates immune responses via these
receptors, which include TLR3, RIG-I, MDA5 and NLRP375. The recognition of Poly I:C by TLR3 triggers a series of intracellular signaling events
leading to the activation of NF-κB and IRF3 and, consequently, the production of pro-inflammatory cytokines and type I interferons76,77. RIG-I and
MDA-5 recognize dsRNA in the cytosol. RIG-I recognizes short dsRNA78,79,
whereas MDA-5 recognizes long dsRNA chains consisting of more than
1000 nucleotides79. Activation of these receptors activates the transcription
factors IRF3, IRF7 and NF-κB80,81. Poly I:C can also activate NLRP3 as
shown by reduced IL-1β production by the human monocytic cell line (THP1) in response to Poly I:C when NLRP3 was knocked down using shRNA82.
In mice, Poly I:C intranasal treatment results in an airway inflammation
with induced infiltration of neutrophils, NK cells, CD4+ and CD8+ T cells8385
. The effect of Poly I:C was shown to be partially mediated by TLR3 because mice lacking this receptor had reduced numbers of mononuclear cells
and neutrophils than wild-type mice in response to Poly I:C intranasal injection83. In addition to inflammatory cells, the elevated levels of several cytokines and chemokines, including TNF-α, CXCL1 (KC) and CXCL2 (MIP2), were detected in the airways after intranasal Poly I:C treatment83,84. The
activation of RIG-I and MDA-5 by Poly I:C seem to require transfection,
whereas Poly I:C-induced airway inflammation was reduced in mice lacking
NLRP3, suggesting that this compound can trigger inflammasome formation
in mice82.
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IL-33
IL-33 is a member of the IL-1 cytokine family and is released from necrotic
cells after cell damage or tissue injury and serves as an endogenous alarmin
or DAMP86. IL-33 signals via its receptor, ST2, which is expressed by various cells, including mast cells and their progenitors, basophils, eosinophils
and ILC2s (innate lymphoid cells type 2)87. The interaction of IL-33 and ST2
initiates a MyD88-mediated signaling cascade leading to the activation of
NF-κB and MAP (mitogen-activated protein) kinases86,88.
The intranasal administration of IL-33 induces the accumulation of inflammatory cells, including ILC2s89, macrophages90, neutrophils and eosinophils90,91, in the lung. Interestingly, the level of IL-33 in the lungs of virusinfected mice increases early after influenza infection66,67. The source of this
early IL-33 release after influenza infection was airway epithelial and endothelial cells and alveolar macrophages66,67. Similarly, the infection of murine
respiratory epithelial cells and alveolar macrophages with influenza virus in
vitro resulted in enhanced IL-33 mRNA expression and protein
production66,67.
A role for IL-33 in influenza-induced airway hyper-reactivity and inflammation has been described67. Chang and colleagues demonstrated that
influenza virus-induced airway hyper-reactivity and inflammation was attenuated in ST2-deficient mice and mice treated with an ST2 blocking antibody67. These findings highlight a key role of IL-33/ST2 pathway in immune
activation upon influenza infection.

Mast cells in influenza
Emerging evidence has suggested that mast cells may be implicated in viral
infections. Mast cells are present within mucosal surfaces exposed to invading viruses and can recognize conserved viral components through their
PRRs1 (Figure 1). Two early reports have suggested that mast cells are increased in certain lung compartments upon respiratory virus infections. Rats
inoculated with parainfluenza 1 (Sendai) virus had an increased number of
mast cells in terminal bronchioles as determined by histological evaluation92.
In another study, five dogs that were experimentally infected with influenza
C virus had, on average, a higher number of mast cells in BAL fluid as determined by differential cell counting than non-infected control dogs93. In
addition to these observations in lung compartments, a study found that 22
adults naturally infected with common cold viruses had, in median, more
mast cells in the sub-epithelial layer of the nasal mucosa during the active
phase than in the convalescent phase (three weeks later)94. Another study
found that there was an increased level of the sum of histamine and its metabolites two days after inoculation with influenza A virus95.
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Using the mouse models of influenza A infection, a possible association
between the infiltration and activation of mast cells and lung immunopathology has been suggested. In a microarray analysis of RNA from lung tissue,
mice infected with a mouse-adapted strain of the pandemic 2009 H1N1 influenza A (A/CA/04/2009) showed an enrichment in genes related to activated macrophages, neutrophils and mast cells compared with those infected
with a non-pathogenic strain96. Using mast cell-deficient mice, the role of
mast cells in the inflammatory response elicited by influenza infection has
been studied recently97. In this study, mast cell-deficient KitW-sh/W-sh mice
sub-lethally infected with the influenza A/WSN/33 strain were protected
against weight loss and had fewer inflammatory cells in their lungs compared with infected wild-type mice97. These effects were restored when mast
cell-deficient mice were reconstituted with mast cells, suggesting that the
excessive pathological inflammatory response was likely due to mast cell
activation97. In response to influenza A/WSN/33 virus, cultured mast cells
released inflammatory mediators including histamine, IL-6, CCL2 and
LTB497. The influenza-induced secretion of IL-6, LTB4 and CCL2 from
mast cells in vitro was mediated by RIG-I signaling, suggesting that mast
cells play a role in influenza infection through their activation by this PRR97.
However, newer mouse models that are not dependent on impaired c-kit
signaling to induce mast cell deficiency do not always produce the same
results as in for example KitW-sh/W-sh mice98. Therefore, better models of mast
cell deficiency need to be used to study the role of mast cells in influenza
infection. Unpublished data from our group has suggested that the lack of
mast cells in PR8 infection does not lead to protective effects. Indeed, more
studies of the potential role of mast cells in influenza infection are needed.

SLC10A4/VAAT
The solute carrier family 10 (SLC10) of proteins comprises at least seven
members that are designated SLC10A1 to SLC10A799. This family of solute
carriers is also known as the sodium bile acid co-transporter family99 because the seminal members of this family, SLC10A1 and SLC10A2, are bile
acid transporters in the liver and intestine100-102. SLC10A4 is a novel member
of the SLC10 family that is encoded by the Slc10a4 gene99 and was cloned
and characterized by two independent research groups in 2006 and
2008103,104. However, what type of compounds that SLC10A4 transports is
unknown.
SLC10A4 is co-expressed in the central and peripheral nervous systems
(CNS and PNS) with the carriers of acetylcholine (VAChT) and monoamines (VMAT2) on the synaptic vesicles104,105. Larhammar and colleagues
showed that SLC10A4 plays an important role in regulating dopamine homeostasis in brain aminergic neurons105. Specifically, they found that
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Slc10a4-deficient mice had reduced dopamine, serotonin and noradrenaline
levels in the brain105. Moreover, the uptake of dopamine in synaptic vesicles
from SLC10A4 knockout mice was reduced compared with those from wildtype mice. At the same time, vesicles enriched from the brain of a transgenic
mouse line overexpressing SLC10A4 displayed significantly higher dopamine uptake than control mice105. In contrast to these results, no dopamine
uptake was observed in transfected HEK293 cells overexpressing SLC10A4,
suggesting that SLC10A4 is not capable of transporting dopamine. Collectively, these results demonstrate that despite the lack of evidence of a direct
transport of dopamine by SLC10A4, the dopamine vesicular uptake efficiency is decreased in the absence of SLC10A4. Further investigations revealed
that synaptic vesicles isolated from the brains of mice overexpressing
SLC10A4 had increased acidification. This result suggests that SLC10A4
may transport a negatively charged molecule, i.e. an anion, into the synaptic
vesicles. This process in turn can affect the ionic balance inside of the vesicles and enhance dopamine uptake. Due to its location in the presynaptic
vesicles of aminergic neurons and its modulation of amine neurotransmitters,
SLC10A4 protein was designated vesicular amine-associated transporter
(VAAT)105.
There are several similarities between neurons and mast cells. Both cell
types possess secretory granules that are released in a highly regulated fashion. Similar to neurons, secretory granules of mast cells contain monoamines
including histamine, dopamine and serotonin106-109. The SNARE proteins
regulate the exocytosis of granule contents in both mast cells and neurons110.
However, vesicular release and recycling occur much faster in neurons than
in mast cells110. Interestingly, Burger and colleagues reported the expression
of VAAT not only in the central and peripheral nervous systems but also in
rat peritoneal mast cells111. Although the authors speculated that VAAT
might play a role as a vesicular transporter or regulating exocytosis of the
mediators, the function of VAAT in mast cells remains to be determined.
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Present investigation

Aim
The overall aim of the first study was to explore whether influenza infection
induces increased mast cell numbers by recruiting mast cell progenitors to
the lung. In the second study, the aim was to investigate whether innate signals were causing the influenza-induced recruitment of mast cell progenitors
to the lung. In the third study, the aim was to investigate the possible role of
VAAT in IgE/antigen-mediated mast cell activation.
The specific questions we wanted to address in each manuscript were:
Manuscript I
! Does influenza infection increase the number of mast cell progenitors in the lung? If so, does this increase occur as a result of enhanced in situ proliferation of mast cell progenitors or induced recruitment of new mast cell progenitors to the lung?
! Do newly recruited mast cell progenitors that arrive to the lung upon
influenza infection develop into mature mast cells?
Manuscript II
! Are influenza infection-associated innate stimuli sufficient to trigger
an increased number of lung mast cell progenitors? If so, which receptors are involved?
! Is TLR3 or ST2 required for the influenza-induced recruitment of
mast cell progenitors to the lung?
Manuscript III
! Does VAAT regulate IgE/antigen-mediated mast cell activation in
vitro?
! Does VAAT regulate reactions for which mast cells are implicated
in vivo?
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Experimental setup
Mice
In manuscripts I and II, in vivo experiments were performed using wild-type
or knockout mice on the BALB/c background. In manuscript III, VAATdeficient (Slc10a4-/-) mice originally generated in 129/SvEvBrd mice and
backcrossed into the C57BL/6 background for three generations were used
for all experiments, except for the passive cutaneous anaphylaxis (PCA)
model. For these experiments, the third generation of Slc10a4+/- mice on the
C57BL/6 background was backcrossed to a BALB/c strain for nine generations before use. This procedure was performed to better visualize the reaction (i.e., extravasation of Evans Blue) in the light skin.

Anesthetics
In manuscripts I and II, the mice were lightly anesthetized using 3% isoflurane (via inhalation) before intranasal administration of the influenza A virus, Poly I:C, R848, IL-33 or respective vehicles. An inhalable anesthetic
was chosen over an injectable one mainly because inhalable anesthetics are
associated with a lower incidence of fatal events and fast recovery112. Moreover, an inhalable anesthetic allowed us to easily control the sedation to prevent mice from sneezing out the material that was administered. However, in
manuscript III, in which intradermal injections were performed on the ear
skin during the PCA assay, injectable anesthetics (ketamine and xylazine)
were used to increase the duration of sedation. This was needed to perform
intradermal injections on both ears before the mice regained consciousness.

Influenza virus infection model
In manuscripts I and II, the H1N1 influenza strain A/Puerto Rico/8/34 (PR8),
which is a laboratory mouse-adapted strain of influenza, was used to infect
the mice. Dose-response experiments were performed to identify a sub-lethal
dose of PR8 that causes the disease, but most of the infected mice lose less
than 15% of their initial body weight. Weight loss, overall behavior and appearance, were monitored to provide evidence that the mice contracted the
infection but did not demonstrate too severe symptoms. Mice that lost ≥15%
of their initial body weight (weight at day 0) were euthanized and excluded
from the study in accordance with the ethical guidelines. Soft foods (food
pellets soaked in water) were placed inside the cages of experimental mice to
avoid excess weight loss.

Extraction and preparation of lung cells
To extract lung cells, whole lung tissue was subjected to mechanical and
enzymatic digestion. In experiments in which quantification of only lung
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MCp was desired, isolated lung cells were subjected to Percoll gradient centrifugation to enrich mononuclear cells. This procedure allowed the removal
of debris, mature mast cells, red blood cells and most of the granulocytes,
optimizing the quantification of lung MCp. When the mast cells and MCp
were quantified in parallel, the extracted lung cells were resuspended in 44%
Percoll and spun to remove the tissue residues and subsequently treated with
red blood cell lysis buffer.

Quantification of lung mast cell populations
Due to the absence of metachromatic granules in MCp, these cells were previously estimated using the indirect techniques such as limiting dilution and
clonal expansion assay9. However, because of the technical advancement of
multicolor flow cytometry, the more rapid direct quantification of MCp has
become possible in recent years. Notably, the flow cytometric-based method
directly quantifies MCp whereas the limiting dilution and clonal expansion
assays evaluate the cells with mast cell-forming capacity9. In our hands, the
flow cytometry-based quantification and limiting dilution assay detected a
similar frequency of lung MCp. During the initial parts of the study, the limiting dilution and clonal expansion assay were used to estimate the number
of lung MCp. Briefly, isolated lung mononuclear cells were cultured in the
presence of IL-3, SCF and feeder cells to support colony growth. When mast
cell colonies appeared after 10-14 days, the frequency of MCp was estimated
using the Poisson distribution113. In most experiments, a flow cytometry
approach was used to quantify the number of lung MCp28. Using flow cytometry, lung MCp were identified as CD45+ Lin-/lo c-kithi T1/ST2+ FcεRI+
CD16/32int integrin β7hi cells.
In the experiments in which mature mast cells and MCp were quantified
in parallel, these cells were distinguished based on the expression level of
integrin β7 and SSC properties28. MCp express high levels of integrin β7 and
display a low SSC profile because they have few or no granules. By contrast,
mature mast cells lack or express low levels of integrin β7 and show higher
SSC properties due to the presence of granules.

Passive cutaneous anaphylaxis
PCA is a well-defined experimental model to study IgE/antigen-mediated
reactions in vivo. The PCA reaction is dependent on mast cells because mice
that lack mast cells do not develop the PCA reaction (Figure 5)114-116. Therefore, the PCA model was used to examine whether VAAT regulates mast
cell-related reactions in vivo.
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Figure 5. Mast cell-deficient mice do not develop passive cutaneous anaphylaxis
reaction. KitW-sh/W-sh and Kit+/+ mice sensitized by intradermal injection of anti-TNP
IgE or phosphate-buffered saline (PBS) and challenged on the following day by
intravenous injection of OVA-TNP containing 0.5% Evans Blue. Note the extravasation of Evans Blue in the IgE-injected ear in mast cell-sufficient (Kit+/+) mice,
which is absent in mast cell-deficient (KitW-sh/W-sh) mice.
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Results and discussion
Manuscript I
Influenza infection in mice induces the accumulation of lung mast cells
through the recruitment and maturation of mast cell progenitors
Here, we tested whether infection with the influenza virus can enhance the
number of lung mast cells through the recruitment and maturation of MCp.
The intranasal infection of mice with a mouse-adapted H1N1 influenza A
(PR8 strain) caused a significant increase (~ 30 times) in the number of integrin β7hi lung MCp 10 days post-infection. The increase in lung MCp started early from day four post-infection and continued to increase at least until
day 10 post-infection. An increased number of lung MCp could potentially
be due to enhanced in situ cell proliferation of lung MCp or the recruitment
of new MCp to the lung. To address this uncertainty, the proportion of MCp
expressing the proliferation marker Ki-67 was compared between naïve and
PR8-infected mice. Approximately 51% of total lung MCp were positive for
the proliferation marker in naïve mice, indicating that these cells are already
in a high proliferative state. However, PR8 infection did not enhance the
proliferative state of the lung MCp, suggesting that the influenza-induced
increase in lung MCp is not due to the enhanced proliferation of these cells
in situ. Thus, we sought to determine whether the increase in lung MCp
could be explained by the recruitment of MCp to the lung. In a mouse model
of asthma, recruitment of MCp to the inflamed lung is dependent on α4β1and α4β7-integrins presumably expressed by the MCp and on the induced
expression of VCAM-1 in the lung endothelium38,41. In our study, PR8 infection also led to the increased expression of VCAM-1 in the lung endothelium. Therefore, a similar transmigration mechanism may be operative during
influenza-induced inflammation leading to the recruitment of blood MCp to
the lung.
To test whether MCp recruitment was the major mechanism responsible
for the influenza-induced increase in lung MCp, chimeric mice were constructed in which the lung MCp of recipient mice were eliminated by irradiation and bone marrow cells as a source of MCp were injected. To discriminate between MCp originating from the host or donor, CD45.1 mice were
used as bone marrow donors, and their bone marrow cells were injected into
sub-lethally irradiated normal BALB/c (CD45.2) mice. When the host MCp
had been depleted by irradiation, the resulting CD45.1/CD45.2 chimeric
mice were infected with PR8 or were given PBS as controls. Eight days
post-infection, most of the lung MCp from PR8-infected and PBS-treated
chimeras were CD45.1+ cells, indicating that the lung MCp originated from
the donor bone marrow cells. Importantly, the frequency and total number of
lung MCp in PR8-infected chimeric mice were similar to those of normal
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PR8-infected mice and increased compared with PBS-treated control chimera.
To determine whether the increase in lung MCp was followed by increases in the mature mast cell population, lungs were analyzed by histology and
flow cytometry. From day 15 post-infection, an immature mast cell population that expressed intermediate levels of integrin β7 and that had SSC properties between MCp and mature lung mast cells was detected. In parallel, an
increased number of toluidine blue+ mast cells was detected 15 days postinfection, particularly in the central upper airways. In these areas, mast cells
were localized around bronchioles and blood vessels, which were infiltrated
with inflammatory cells. Together, our data suggested that a fraction of MCp
(integrin β7hi, SSClo) recruited to the lung upon PR8 infection developed into
this intermediate mast cell stage (integrin β7int, SSCint) and then into mature
mast cells (integrin β7-/lo, SSChi).
The PR8-induced accumulation of mast cells in the lung was gradually
lost when the inflammation resolved. We suggest that the loss of influenzainduced mast cell accumulation could be due to the induction of the Fasmediated apoptosis process, followed by local phagocytic clearance. In fact,
a similar mechanism of cell death was responsible for the clearance of recruited macrophages during the resolution phase of PR8 infection117. Additionally, the reduction of local growth factors (e.g., SCF) after the resolution
of PR8-induced inflammation may occur, hampering the survival of mast
cells that arise from recruited MCp. Thus, mast cells might undergo Bimmediated apoptosis as a result of growth factor deprivation as previously
described118. However, the mechanism underlying the reduction of influenza-induced lung mast cell population was not investigated in the present
study.
In summary, this study suggests that influenza virus infection induces
strong MCp recruitment to the lung, followed by a transient accumulation of
mast cells in the lung. We speculate that this temporary increase in mast
cells may contribute to the virus-induced exacerbations of asthma.

Manuscript II
Stimulation of TLR3 or ST2 triggers an increase in the number of mast
cell progenitors in the lung
As demonstrated in manuscript I, the increase in lung MCp in response to
influenza infection was significant early upon infection (day four postinfection). Here, we hypothesized that the activation of innate immune
pathways alone by viral PAMPs and virus-associated DAMPs is sufficient to
stimulate MCp recruitment to the lung. To test this hypothesis, mice were
treated intranasally with Poly I:C or R848, which is a synthetic ligand for
TLR3 and TLR7, respectively. These two endosomal receptors are involved
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in sensing the influenza virus by recognizing dsRNA or ssRNA63. The intranasal treatment with Poly I:C stimulated an increase in the number of lung
MCp. However, R848 failed to do so. Additionally, IL-33, a cytokine that is
produced early after influenza infection, enhanced the number of lung MCp.
IL-33 signals through its receptor, ST2, and acts as an endogenous
DAMP/alarmin. Using TLR3-/- and ST2-/- mice, we showed that Poly I:Cand IL-33-induced accumulations of lung MCp were mediated by TLR3 and
ST2, respectively.
IL-33 can enhance the proliferation of BMMCs in vitro119. Therefore, the
expansion of lung MCp in response to IL-33 treatment could be due to the
enhanced proliferation of lung MCp. To determine whether recruitment or
cell proliferation was the underlying mechanism of the IL-33-induced increase in lung MCp, CD45.1/CD45.2 chimeric mice (as described in manuscript I) were injected repeatedly with IL-33, and the lung MCp were quantified by flow cytometry using antibodies that recognize both forms of CD45.
The treatment of the chimeric mice with IL-33 stimulated a two-fold increase in CD45.1+ lung MCp compared with vehicle-treated chimeras. A
similar fold-increase was also detected in normal mice treated with IL-33
compared with vehicle-treated mice. These data suggest that the expansion
of lung MCp in response to IL-33 treatment is mainly due to the recruitment
of MCp to the lung.
Because Poly I:C or IL-33 alone were sufficient to induce an increase in
lung MCp, we hypothesized that TLR3- and ST2-mediated signaling pathways are involved in MCp recruitment to the lung in response to PR8 infection. To test this hypothesis, TLR3- and ST2-deficient mice or their wildtype littermates were infected with PR8, and lung MCp were quantified five
to nine days post-infection. However, the PR8-infected TLR3-/- and ST2-/mice had similar numbers of lung MCp as their respective controls. Therefore, although other studies have shown that ST2- and TLR3-mediated signaling pathways are elicited during influenza infection67,120, these innate
immune receptors are dispensable for the influenza-induced MCp recruitment to the lung. We speculate that for the extensive MCp recruitment to the
lung in response to influenza infection to occur, several innate immune receptors must be activated in concert. Therefore, the impairment of a single
innate recognition pathway (TLR3 or ST2) is likely compensated by other
innate pathways triggered during influenza infection. Alternatively, the activation of adaptive immune responses may be required for the massive recruitment of MCp to the lung during influenza infection. However, this hypothesis remains to be tested.
In summary, we show for the first time that the stimulation of the individual innate immune pathways of TLR3 and ST2 is sufficient to induce an
increase in lung MCp. However, neither TLR3 nor ST2 was required for
influenza-induced MCp recruitment to the lung.
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Manuscript III
VAAT regulates IgE-mediated mast cell degranulation in vitro and mast
cell-mediated reactions in vivo
In manuscript III, mouse mast cells were demonstrated to express
VAAT/SLC10A4. Using IgE/antigen-mediated activation of BMMCs, we
showed that VAAT-deficient mast cells released fewer granule-associate
mediators, including β-hexosaminidase, histamine and tryptase, than wildtype mast cells. However, more vigorous stimulation of BMMCs with Ca2+ionophore caused similar release of these granule-associated mediators in
wild-type and VAAT-deficient BMMCs. These findings suggested that
granular release, but not the storage of these mediators, is affected in the
absence of VAAT. Unlike the granule-associated mediators, the release of
IL-6 and PGD2 was similar in wild-type and VAAT-deficient mast cells.
These data suggest a role for VAAT in mast cell degranulation, but not in
cytokine and lipid mediator release, after IgE/antigen-mediated activation.
The co-staining of mast cells with anti-VAAT and anti-mMCP-6 antibodies revealed that VAAT co-localizes with mMCP-6, which is a mast cellspecific tryptase found in granules. Immunostaining and western blot analysis showed that the amount of mMCP-6 in wild-type and VAAT-deficient
BMMCs was comparable. This result confirmed that the storage of mMCP-6
was intact in mast cells lacking VAAT. Moreover, the development of mast
cells from bone marrow cells was monitored in parallel in wild-type and
VAAT-deficient BMMCs in vitro. VAAT-deficient BMMCs showed no
apparent difference in their maturation compared with their wild-type counterparts, and a similar development of mast cells with metachromatic granules was detected throughout the differentiation of bone marrow cells to
mast cells. In line with this, a similar percentage of c-kit+ FcεRI+ mast cells
was detected by flow cytometry after 3-4 weeks of bone marrow culture in
the presence of IL-3 and SCF.
To study the degranulation process in more detail, VAAT-deficient and
wild-type BMMCs were pre-incubated with the fluorescent dye quinacrine,
which binds to ATP, before they were activated by IgE/antigen. Live-cell
imaging showed that IgE-sensitized wild-type and VAAT-deficient mast
cells had comparable levels of intracellular ATP, as reflected by a similar
cellular volume. However, although wild-type BMMCs had a significant
reduction in cellular volume between 0.5 and 10 min post-activation with a
specific antigen, VAAT-deficient mast cells were found to have a larger
cellular volume than wild-type counterparts, except at the initial time point
(0.5 min). Furthermore, quantification of the released ATP revealed that
VAAT-deficient BMMCs released only 1/3 of the ATP that was released
from wild-type BMMCs upon IgE/antigen-mediated activation. Reduced
ATP release in the absence of VAAT was also observed when BMMCs were
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stimulated by a Ca2+-ionophore. These results suggest that the storage and
release of ATP are attenuated due to the loss of VAAT. Indeed, the actual
fusion of the granules with the plasma membrane is mediated by SNAREs,
and a part of this process is ATP dependent121. Thus, we interpret these data
as wild-type mast cells completing most of their degranulation during the
first 10 min, whereas the VAAT-deficient mast cells degranulate less efficiently than their wild-type counterparts. This result may be due to less accessible ATP in the granules of VAAT-deficient mast cells; therefore, we
speculate that VAAT may act as a transporter of ATP into the mast cell
granules.
To determine whether the reduced release of granule mediators in VAATdeficient mast cells in vitro is reflected in mast cell-mediated reactions in
vivo, the PCA reaction was induced in VAAT-deficient mice and wild-type
littermates. Interestingly, VAAT-deficient mice developed a reduced PCA
reaction compared with wild-type mice as determined by attenuated extravasation of Evans Blue in response to antigen in the IgE-injected ear. This result indicates that the IgE/antigen-mediated release of mast cell mediators
(e.g., histamine) was reduced in VAAT-deficient mice. As the second approach, mast cell degranulation was induced by compound 48/80 injection
into the skin of wild-type and VAAT-deficient mice. VAAT-deficient mice
had fewer scratch events but a longer duration of each scratch event than
wild-type mice after the injection of 48/80. We speculate that the injection of
48/80 induced mast cell degranulation with the release of histamine and other mediators, which may also have itch-inducing effects. In wild-type mice,
these mediators, such as histamine, interact with receptors on the nerve cells
and may trigger scratching events that occur so rapidly that a new scratch
event is triggered before the first one ends, thereby resulting in short and
rapid scratching behavior. An alternative hypothesis is that the injection of
48/80 also stimulates the release of a VAAT-regulated mediator with a
blocking effect on the scratch reaction mediated by the nerves. Nevertheless,
our results suggest that VAAT plays a role in the regulation of mast cellrelated reactions in vivo.
In summary, we demonstrate that VAAT is localized to the mast cell
granules and regulates the IgE-mediated degranulation of mast cells in vitro.
Furthermore, VAAT governs the degranulation of mast cells in vivo.
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Concluding remarks and future perspectives

The major finding presented in this thesis is that using an influenza model of
respiratory virus infection, we have demonstrated for the first time that influenza A virus stimulates the massive recruitment of MCp to the lung. This
influx occurs independent of TLR3 and ST2. However, agonists to these
receptors cause a modest increase in lung MCp. The influenza-induced MCp
recruitment was followed by a temporary accumulation of mature mast cells
in the lung. A summarized view of the potential mechanisms involved in
MCp recruitment to the influenza-infected lung is illustrated in Figure 6.
A few studies have previously reported increases in mast cells at certain
locations during virus infection. For example, an increased number of mast
cells was detected in the terminal bronchioles of rats infected with the Sendai virus, in the BAL of dogs infected with influenza C virus and in the subepithelial layer of the nasal mucosa in humans with an acute cold. These
findings, together with the results from our study, suggest that the accumulation of mast cells upon respiratory virus infections is not restricted to a certain species or virus. In addition to influenza, infection with rhinovirus and
respiratory syncytial virus often exacerbate asthma. Therefore, it would be
interesting to determine whether these respiratory viruses cause mast cell
accumulation through MCp recruitment to the lung similar to the influenza
virus.
In the present investigation, TLR3 and ST2 were redundant for influenzainduced recruitment to the lung. However, in addition to TLR3 and ST2,
several other innate PRRs and receptors sensing DAMPs are activated in
influenza infection. Although distinct molecules activate certain receptor
pathways, the end products of these signaling pathways are similar. For example, the activation of NF-κB and IRFs is commonly triggered. Therefore,
using mice deficient for certain IRFs (e.g., IRF3) or other common intracellular signaling components, for example, could be an approach to test
whether these pathways are required for MCp recruitment to the influenzainfected lungs.
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Figure 6. Schematic representation of the newly identified triggers involved in the
recruitment of MCp to the lung and the maturation of these cells in the lung. Influenza virus infection induces the recruitment of MCp from the blood to the lung.
MCp are relatively small mononuclear cells which lack or contain a few granules,
and express high levels of integrin β7. Influenza infection induces upregulation of
VCAM-1 expression on the lung endothelium. Therefore, the recruitment of MCp to
the lung during influenza infection likely occurs via interaction of α4β1- and α4β7integrins on the MCp with VCAM-1 on the lung endothelium. A fraction of the
MCp recruited to the lung upon influenza infection develops into mature mast cells
that are densely packed with granules and express low levels or lack expression of
integrin β7. The maturation of MCp into mast cells involves the transient appearance
of a mast cell population expressing intermediate levels of integrin β7 that likely
contain more granules than the MCp. The influenza-induced accumulation of mast
cells in the lung is gradually lost when the inflammation resolves, presumably as a
part of homeostatic regulation. Furthermore, the intranasal administration of Poly
I:C, a synthetic analogue of dsRNA, or IL-33, a danger signal released during influenza infection, is sufficient to induce an increase in lung MCp in a TLR3- or ST2dependent manner. TLR3 is expressed in epithelial cells in the lung. HC represents
various cell types in the lung with a hematopoietic origin such as innate lymphoid
cells type 2, mast cells and macrophages that express either TLR3 or ST2, or both.

Moreover, it would be interesting to test whether adaptive immunity is required for the influenza-induced MCp recruitment to the lung using RAG-2deficient mice, which lack mature lymphocytes. To this end, one could
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check whether these mice can mount a similar increase in lung MCp as wildtype mice in response to influenza infection. Alternatively, CD4 or CD8 T
cells can be depleted in vivo by the injection of anti-CD4- or anti-CD8depleting antibodies into mice before and during live influenza infection.
This will allow us to examine the role of CD4+ or CD8+ T cells in influenzainduced MCp recruitment.
After these fundamental studies of the recruitment of mast cell precursors
and development of lung mast cells in influenza infection, it will be interesting to check the contribution of virus-induced mast cells to asthma symptoms by combining an asthma model and the influenza model. Considering
that mast cells produce several bronchoconstrictive mediators and are located in strategic places in the lung, one could hypothesize that the increased
number of mast cells or their increased activation during respiratory virus
infections may contribute to the exacerbation of symptoms in asthmatics.
This process could possibly occur through the activation of mast cells by
innate signals from the virus infection and IgE/antigen-mediated activation,
leading to more degranulation. Such studies are in fact ongoing.
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