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ABSTRACT

Chronic inflammatory conditions can lead to detrimental health
conditions that become difficult to manage and treat. Ultimately treatment
requires modulation of the critical cell types involved in pathology in order to
achieve homeostasis. Mast cells, a type of innate immune cell located at areas of
high antigen load, are commonly thought of as primarily pro-inflammatory, but
are becoming increasingly recognized in other roles, such as wound healing, anti-
inflammatory actions, and homeostatic functions. In this study we investigate the
role of mast cell subtypes and inflammatory mechanisms via in vitro assays using
mouse and human mast cells, as well as relate to a clinical disease that involves
mast cells, equine asthma.

The first part of the dissertation reviews literature regarding mast cell’s
presence in two chronic inflammatory conditions, asthma and inflammatory
bowel disease (IBD). Additionally, I present a potential protective axis in
inflammation, mast cell - bone morphogenetic protein (BMP), that was initially
discovered in our laboratory in a mouse model of colitis.

In the second part we evaluated the mast cell — BMP axis in relation to
modulating mast cell functions. We observed that mast cells produce BMPs in an
inflammatory environment and these BMPs are able to modulate mast cell
functions in an anti-inflammatory manner. Additionally, BMP signaling in mast
cells has the potential to be both anti- and pro-inflammatory depending on the

BMP receptor engaged.



In the third part we investigated the mast cell molecular phenotype found
in equine asthma in relation to the inflammatory cytokine/chemokine milieu, in
addition to anti-inflammatory and pro-fibrotic factors. We observed that horses
with mastocytic asthma have different mast cell phenotypes from healthy or other
asthma subtypes. Additionally, there is potential dysregulation of BMPs in severe
asthma.

Collectively, these studies identified a potential important role for BMPs
and their signaling in mast cell functions and regulating inflammation.
Increasing the knowledge of the mast cell - BMP axis may be important in
multiple chronic inflammatory conditions, such as asthma and IBD, and be a

target for therapy.
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CHAPTER 1

BACKGROUND AND OVERVIEW



Introduction to the mast cell
Mast cells are a type of innate immune cell that is responsible for the body’s first

line of defense. Their location in the body is ideal for reacting promptly against invaders
and tissue damage. Mast cells are found most prominently in locations of high antigen
load, for example the skin and mucosal linings such as the airways, intestine, and
urogenital tract (1-4). They are also in close proximity to blood and lymphatic vessels in
addition to neurons, giving mast cell products the ability to travel to or activate signals
at distant sites. Mast cell progenitor cells are derived from the hematopoietic stem cells
in the bone marrow, circulate in the blood stream, and then migrate to the tissues where
they mature (5). Bone marrow-derived hematopoietic stem cells differentiate into
common lymphoid progenitors (CLPs) and common myeloid progenitors (CMPs). CMPs
further differentiate into progenitor cells that result in platelets and red blood cells, as
well as a branch that give rise to progenitor cells of granulocyte and monocyte origin.
These granulocyte progenitor cells are the branches that give rise to mast cell progenitor
cells. Additionally, there are reports to support mast cell progenitor cells can develop
from progenitor cell that are bipotent and have the ability to develop into mast cells or
basophils (6-8). The source of mast cell progenitors has been and continues to be
debated, with some reports indicating mast cell progenitors are more similar to
megakaryocyte/erythrocyte progenitor versus the granulocyte/monocyte progenitor (9).
Transcription factors that appear to be absolutely required for mast cell development
are PU.1, for in vitro and in vivo differentiation, and Signal Transducer and Activator of
Transcription 5 (STAT5), for in vivo differentiation (8, 10-12). Recently the carbonic

anhydrase 1 gene (Car1) has also been shown to be important in mast cell development



and has been suggested to mark hematopoietic progenitor cell population that can give
rise to erythrocytes and mast cells (13, 14). Mast cell progenitor cells can be identified by
cell surface receptors which vary as they move from the bone marrow to the peripheral
tissues where they fully mature. In the bone marrow, mast cell progenitors are identified
as lineage- (Lin-) c-kit+ Sca-1- Ly6c- FceRIa- CD27- integrinf7+ T1/ST2* (15). As they are
circulating in the blood mast cell progenitors are identified as Lin- c-kithi T1/ST2+
integrinf37hi CD116/32hi (16). Finally, in the peripheral tissues they are identified as
CD45* Lin- CD34* integrinf7hi FceRIale. As mast cells mature in the tissues, heavily
influenced by their environment, their expression of FceRIa increases and they become
increasingly granulated (see Figure 1.1). Homing to tissues relies on integrins and
chemokine receptors on the mast cell progenitors. Homing to the intestine relies on
integrin a4, and chemokine receptor Cxcr2 on the mast cell and mucosal addressin cell
adhesion molecule-1 (MAdCAM-1) and vascular cell adhesion molecule-1 (VCAM-1) on
intestinal epithelium (17, 18). Interestingly, the intestine has higher mast cell progenitor
capacity than the bone marrow, which is additionally present in germ-free mice (18, 19).
Homing to the lung is reliant on a43; and a4f: on the mast cell and VCAM-1 on lung
endothelium. The mast cell progenitor pool in the lung is low, but antigen-challenge will
increase recruitment of mast cell progenitor cells (20, 21). Stem cell factor (SCF), the
ligand for c-kit receptor, is the most important growth factor for mast cell differentiation
and retention in the tissues, which is produced by stromal cells (22). In the tissues mast
cells are long lived and have various functions and capabilities. SCF additionally aids in
adhesion, migration, IL-6 secretion, and enhances the receptor activation of FceRI, ST2,

and TLR4 (23-28). Downstream SCF signaling augments degranulation and cytokine
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production by increasing calcium influx and transcriptional activity (29). Additionally,
IL-3 is needed in mouse mast cells for differentiation, survival, and responding in vivo,
but is not required for human mast cells (30-35).

The role(s) of mast cells in homeostasis and disease has been evaluated mostly in
mouse models due to the ability to genetically modify them. Humans that lack mast cells
do not exist. A majority of the mast cell knockout mouse models, ex. KitW/W-v and KitW-
sh/W-sh are dependent on Kit (the gene for c-kit) mutations that result in the lack of mast
cells. More recent mast cell deficient models do not rely on Kit, but rely on other mast
cell-specific molecules, such as the proteases they produce in order to modulate their
number and production of certain substances. Depending on the model used there may
be conflicting conclusions, therefore mast cell specific inhibitors to investigate mast cell
function would be the ideal scenarios, but there are none that are entirely specific to
mast cell actions and/or products. Mast cells are traditionally known for their
involvement in allergic reactions, with the most severe form being anaphylaxis, although
due to their many products and cell-to-cell interactions, mast cells have been identified
in a growing number of homeostatic functions and disease pathology.

Paul Ehrlich in the nineteenth century first identified mast cells by their
cytoplasmic granules and referred to them as ‘mastung’, German for ‘well-fed’ (36). The
cytoplasmic granules contain many different preformed compounds, most notably mast
cell-specific proteases, biogenic amines, and tumor necrosis factor-a (TNFa) (see Table
1.1). Release of the compounds, or degranulation, can be caused by many different
external stimuli, such as IgE receptor crosslinking, toxins, complement activation, and

neuropeptides (4, 37). Following degranulation the cytoplasmic granules can be re-
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granulated, therefore the process does not result in mast cell death (38-41). Upon mast
cell activation de novo synthesized molecules can be produced, such as leukotrienes,
prostaglandins, and various cytokines and chemokines. Mast cell degranulation does not
require the entire contents of the granule to be released but can occur through selective
exocytosis. Mast cells can also release compounds without degranulation, such as the
case with LPS stimulation and specific cytokine release (37). The content of the granules
was one of the original way mast cells were distinguished in to two different types, along
with their anatomical location. Rodent connective tissue-type mast cells (CTMCs) have a
serglycin proteoglycan core protein with attached heparin glycosaminoglycan-chains,
where mucosal mast cells (MMCs) have a serglycin proteoglycan core protein with
attached chondroitin sulfate chains (42, 43). As the identification of the cytoplasmic
content of these mast cells has further progressed, subtyping or phenotyping mast cells
have been refined.

Mast cell protease cytoplasmic content has additionally been used to subtype, or
phenotype, mast cells into mucosal and connective tissue sub-types in humans because
human lung mast cells contained both heparin and chondroitin sulfate (44). The three
mast cell proteases used to subtype are tryptase, chymase, and carboxypeptidase A3.
Human mucosal mast cells are primarily tryptase containing, where connective tissue
mast cells have a mixture of all three proteases; tryptase, chymase, and
carboxypeptidase A3 (45). This sub-classification has also been used in other species,
such as rodents, and can vary slightly based on homologs to human tryptase and
chymase. Mouse mucosal mast cells are noted to primarily contain mast cell protease

(mcpt)-1, and -2 (chymases) and mcpt-6 (tryptase); where connective tissue mast cells
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contain mast cell protease-4 (chymase), mcpt-6, and -7 (tryptase), and carboxypeptidase
A3 (Cpa3) (1, 46, 47). Human tryptase analogs in mice are mcpt-6, and -7; where
chymase analogs are mcpt-1, -2, and -4 (48, 49). The contents of the mast cell cytoplasm
are heavily influenced by its environment; therefore, the subtype of mast cell can change
during disease, even in mature differentiated mast cells, and can have mixed types in a
specific tissue (50). The ability to analyze large data sets, including transcriptional
profiles has advanced our understanding of cell types. Mouse mast cells, for example,
are a transcriptionally distinct cell type and only share one common transcription factor,
GATAZ2, with basophils and also, not unexpectedly, the genes that encode for the a and 3
chain of the high affinity IgE receptor (51). Additionally, basophils were found to
express the gene for Cpa3; therefore, may not be a protease solely expressed by mast
cells. Underappreciated previously is also the mast cell’s expression of a broad array of
Mrgpr-family members; five in total, with one Mrgprb2 being the homolog to the human
Mrgprx2. In the future there is likely to be more refined subtypes of mast cells based on
the expression of these receptors, along with protease expression.

The most traditional response described in mast cells is IgE binding via FceRI
(the high affinity IgE receptor), with subsequent antigen-IgE crosslinking leading to
degranulation. This response is key to type I hypersensitivity response, clinically
manifested as anaphylaxis, hives, asthma, and food allergy, for example, and it is well
accepted that mast cells are critical to its development (52, 53). FceRI is a high affinity
IgE receptor that is present on mast cells and basophils as a tetrameric structure. The
structure is composed of one alpha subunit that binds IgE, one beta subunit that spans

the membrane, and two gamma subunits (54). The beta and gamma chains contain
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immunoreceptor tyrosine-based activation motifs (ITAMs) in their cytoplasmic tails.
The ITAMS are phosphorylated by cytoplasmic Src family tyrosine kinase (Fyn, Lyn)
and Syk (55-58). The kinases themselves are activated by receptor aggregation that
occurs upon binding IgE and antigen. IgE-crosslinking via antigen leads ultimately to
activation of multiple pathways, for example phosphoinositide 3-kinases (PI3K),
phospholipase C/Caz2*, and MAPK that can lead to degranulation, cytokine gene
transcription, and generation of eicosanoids (see Figure 1.2) (2, 59). Activation of the
IgE signaling pathway can be activated to different degrees in the absence of antigen
cross-linking (60). Variations of IgE antigen-independent activation are dependent on
the type of IgE bound. Highly activating IgE are termed ‘highly cytokinergic’ and low
activating IgE is termed ‘poorly cytokinergic’ (61). A highly cytokinergic IgE used
commonly in vitro is IgE-anti-DNP (SPE7 clone) and its high activation is attributed to
the ability to make a tri-molecular complex (62). The complex is made of a free IgE
cross-linking two-bound IgE. The highly cytokinergic IgE can lead to upregulation of
receptor internalization, histamine content, histamine and leukotriene release, IL-6
production, adhesion, migration, DNA synthesis, and survival, similar to IgE antigen-
dependent activation (12, 61, 63-81).

In addition to the receptor for IgE, they also have the receptor for IgG. The
receptors for IgG, including FcyRI, FcyRIIA, and FcyRIII, are variably expressed on
mouse and human mast cells with their activation leading to signaling pathways similar
to IgE-antigen activation, such as phosphorylation of Fyn, Lyn, Akt, Erk, p38, and JNK
(82-84). The functional role for mast cell IgG receptor activation is not clear and

requires further exploration, but some possible roles have been identified. IgG1/FcyRIII
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activation of IL4 primed mouse mast cells can induce the release of TNFa, IL10, and
VEGF (85-87). Additionally, IFNYy treated human mast cells and FcyRI aggregation can
induce histamine release (88). Besides Fc receptors and the classical IgE-antigen
activation, mast cells have several other types of receptors ensuring they are key first-
line defenders.

Being an innate immune cell, mast cells can respond rapidly to invaders and
cellular damage by use of their vast number of pattern recognition receptors (PRR).
PRRs can recognize both pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs). The most well described PRRs are
Toll-like receptors (TLRs), but others include NOD-like receptors, C-type lectin-like
receptors, and RIG-I-like receptors. TLRs that have been recognized on mast cells are
TLR1-13 (89). TLR2 recognizes the Gram-positive bacterial product peptidoglycan and
in mast cells its activation leads to degranulation and the release of products, such as
histamine (90, 91). TLR4 is most classically studied in its response to Gram-negative
bacterial component lipopolysaccharide (LPS), but it also recognizes other molecules
such as Gram-positive teichuronic acid, viral components, and endogenous molecules
such as heat shock proteins, to name a few (92-94). Mast cell TLR4 activation typically
leads to the secretion of TNFa, IL-1, and IL-6 without degranulation (95, 96).
Recognition of PAMPs or DAMPs via mast cell PRRs with subsequent activation enables
mast cells to protect the host via direct mechanisms and by indirect mechanisms in
which mast cell actions support the immune response and lead to activation of the
adaptive immune response. Mechanisms in which mast cells can aid in the recruitment

and activation of innate immune cells is via histamine, protease, and TNFa release. In
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bacterial peritonitis models, mast cells are necessary for host survival and neutrophil
recruitment (97-99). Additionally, release of histamine and proteases aid in general
cellular recruitment via vasodilation and vascular leak (100-102).

Depending on the host insult, the adaptive immune response may be required for
full protection of the host. The adaptive immune response is characterized by a humoral
response, B cell activation and immunoglobulin production; and cellular response,
characterized by CD4+ T cells and CD8+ T cells. Antigen presentation via MHCI on all
nucleated cells can activate CD8+ T cells independent of the aid of other cells. Activation
of CD4+ T cells, also referred to as CD4+ T helper cells, requires antigen presentation via
MHCII by antigen presenting cells (APC). The most classically described APC is the
dendritic cell. Mast cells can influence DC maturation, migration, and function (37, 103,
104). Migration of dendritic cells (DCs) to the draining lymph nodes, where naive T cells
home to and initial presentation of antigen occurs, is critical for initiation of the
adaptive immune response and mast cells promote the migration in part by their release
of TNFa (105-108). Histamine can also influence DC chemotaxis, cytokine secretion, up-
regulation of MHCII and co-stimulatory molecules; as well as aid in DC polarization of
Th2 immune response (109-112). There is further support for mast cells and their
products, such as PGD2 and PGE2, in influencing DCs and a Th2 polarization (113-116).
An in vivo model took advantage of labeling mast cell granules and investigated the
movement of the granules in respect to modulating DCs (117). In this they saw that the
granules released by mast cells were taken up by dermal DCs and they were taken to the
associated skin-draining lymph node. Additionally, the granules taken up by the DCs

were able to promote DC maturation and migration to the lymph node, again partially
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attributed to mast cell-derived TNFa. Mast cell-derived products therefore have many
roles and ability to modulate other immune cells.

Mast cells can aid in activation of the adaptive immune response via indirect
manners, such as previously mentioned support of DC migration, but also via direct
mechanisms. Mast cells have the ability to present antigen on their cell surface via
MHCI and MHCII in order to activate CD8+ T cells and CD4+ T cells, respectively (118).
Mast cells have been noted to act as APCs in mouse, rat, and human derived mast cells
(119-122). It has been further proposed that mast cells are “tissue-localized” APCs that
present to effector/memory CD4* T cells and can modulate effector functions by
secretion of cytokines, such as IL-6 and TNFa (123). In addition to cytokine secretion,
mast cells can upregulate co-stimulatory molecules critical for cell-to-cell contact, such
as ICOS ligand, PD-L1, PD-L2, 0X40L, CD153, Fas, and 4-1BB (124). The combination
of TNFa and OX40L is noted to be especially important in CD4+* T cell activation and
OX40L can be upregulated on mast cells via TLR and FceRI engagement. Besides
activation and recruitment of CD4* T cells, secretion of chemokines, such as CCL5, upon
TLR activation can aid in CD8+ T cell recruitment (125). A model of murine
cytomegalovirus infection supports the findings that activated mast cells can recruit
CD8+ T cells via CCLj5 release (126). An additional mast cell product, leukotriene B4, is
also able to recruit CD8+ T cells in allergy models (127). Chemokine-induced
recruitment is not the only mechanism mast cells utilize to modulate CD8+ T cells. Mast
cells are also able to process bacterial antigens from live bacteria and present to CD8+ T

cells via MHC I (128). In vivo models of experimental autoimmune encephalitis (EAE)
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and Leishmania infection utilizing mast cell deficient mice support mast cell
recruitment of T cells and note defective CD4+ and CD8+ T cell numbers (118, 129, 130).
In addition to the mast cell’s immune responses and aid in initiation of the
adaptive immune response, mast cells are also involved in dampening the immune
response to return to homeostasis. Mast cells have been shown to be critical for
supporting regulatory CD4+ T cell (T regs) tolerance. Mast cells are protective and
support T regs in graft versus host disease and nephrotoxic serum nephritis (131, 132).
In both those models it has been suggested that T regs recruit mast cells to their location
via the release of IL9 and this recruitment is critical to support T reg numbers.
Moreover in a model of papain-induced allergic inflammation mast cells again were
shown to support T reg numbers and proliferation via IL33-stimulated mast cell
production of IL2 (133). Additional in vitro and in vivo studies support that in an
environment of LPS, mast cells support regulatory T cell numbers and functions via cell-
to-cell interactions via MHC II and ICOSL/ICOS mechanisms (134, 135). Besides
supporting T regs in an environment of LPS, mast cells appear to aid in regulating
cytokine production in response to LPS. In an acute exposure to LPS, mast cells appear
to be important in regulating the level of systemic inflammation evidence by aiding in
dampening IL6 production, perhaps via production of SOCS-1, an intracellular protein
involved in negative feedback loop of IL6 (136). Besides cell-to-cell interactions, the
production of anti-inflammatory cytokines is important in regulating immune
responses. Two important anti-inflammatory cytokines are Tgf} and IL10. Tgfp is
especially important in T cell differentiation (T regs and Th17), dendritic cell tolerance,

and downregulation of mast cell inflammatory products (137-139). IL10 can inhibit the
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production of inflammatory cytokines, chemokines, and proliferation of T cells (140-
142). Mast cells have been shown to be sources of Tgfp and IL10; therefore, the mast
cell’s ability to downregulate inflammation is not unwarranted (4, 85, 103, 143-145).
Mast cell-derived IL10 was shown to reduce pathology of contact hypersensitivity and
chronic UVB irradiation models in mice (85, 146). Further, Tgf} and IL10 production by
mast cells are important in their prevention of graft-host-disease (147, 148). In addition
to IL10 and Tgfp, IL33-stimulated mast cells are able to help drive differentiation and
function of macrophage that are capable of suppressing T cell functions in a model of
experimental autoimmune encephalitis (149). The mast cell’s ability to do this was
associated with its production of IL6 and IL13. This supports that mast cells can have
many different roles that can vary depending on the tissue environment to be pro- or
anti-inflammatory.

TNFa is a primary cytokine noted in inflammatory conditions and mast cells can
be a source of it subsequent to multiple pro-inflammatory stimuli and subsequently
activated pathways. As previously mentioned, LPS recognition via TLR4 can result in
TNFa release. The production of TNFa in the mast cells is believed to be mainly MyD88
dependent, which is thought to not require receptor internalization in mast cells,
although recently receptor internalization has been noted to be required in some
instances (150, 151). TLR4 signaling can lead to NFkB and MAPK pathway activation in
mast cells. The step in which the signal bifurcates is the activation of the complex made
up of Tgfb-activated kinase 1 (TAK1) and TAK1-binding (TAB) proteins. At this
bifurcation MAPKSs or the inhibitor of nuclear factor-kB-kinase (IKK) complex are

activated. IKK’s role is crucial in activating NFkB by phosphorylating IxBa, which is
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then degraded and allows for phosphorylation of NFkB complex and movement to the
nucleus to modulate gene transcription, including TNFa. Activation of MAPK pathways
results in AP-1 complex activation, which modulates gene transcription of TNFa. NFkB-
dependent TNFa production can also be augmented by PI3K activation in mast cells
(152). MAPK activation in mast cells leads to p38 and ERK1/2 activation, which results
in TNFa production (153). Further support for both NFkB and p38 activation leading to
TNFa production in the mast cell is that both are required to be down-regulated for
endotolerance (154). Interestingly TAK1 is a signaling protein involved in both TLR4
and FceR-mediated mast cell stimulation. The use of a TAK1 inhibitor resulted in
reduced cell signaling pathways, IxBa and p38, in both LPS and IgE-antigen
stimulation, emphasizing cell signaling pathways are often more complicated with
potential cross-talk and sharing of cytoplasmic signaling proteins (154, 155).

Mast cells are in areas of high antigen-load, and near vasculature and nerve
endings making them adept at responding to and/or releasing molecules that can go
systemically via the help of the vasculature or “talk” with neighboring nerve endings
(156, 157). A molecule released by nerve endings that can be sensed by mast cells is
substance P (SP) and it is elevated in inflammatory conditions (158, 159). SP can be
recognized by mast cells via neurokinin-1 receptor (NK-1R) or Mas-related G-protein
coupled receptors (Mrgpr’s) Mrgprx2 (Mrgprb2 mouse homolog), and can result in
TNFa production, as well as degranulation (160-166). Both of these receptors are G
protein-coupled receptors. G protein-coupled receptor activation can lead to NFkB,
PI3K, and MAPK activation (167, 168). NK-1 receptor expression on immune cells is

broad, including lymphoid and myeloid cells, while Mrgprx(b)2 is only found on mast
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cells. Mrgprx2 expression on mast cells is also variable, with human skin mast cells and
synovial mast cells having the highest expression and lung mast cells not expressing the
receptor (169). NK-1R has the highest affinity for SP, but can bind additional tachykinis
such as neurokinin A and neurokinin B (170). Mrgprx2 binds SP, but can additionally
bind molecules such as major basic protein, eosinophil peroxidase, and opioids
including morphine and hydrocodone (171, 172).

Two locations of high antigen load where mast cells can be found are the lungs
and gastrointestinal tract. As described, the role of the mast cell can be multifunctional,
therefore increased knowledge of the mast cell’s capabilities in these locations is
important for understanding disease pathology and treatment options. Two diseases of
chronic inflammation in which mast cells are players in the pathology are asthma and

inflammatory bowel disease.

Asthma

Overview
Airway inflammation involves the activation of inflammatory cells and

production of inflammatory mediators, which with chronicity can lead to the
development of asthma. Asthma is a disease characterized by airway inflammation,
enhanced bronchial reactivity, and reversible airflow obstruction. Asthma had been
previously thought of as two broad categories, allergic asthma (Th2 high) versus non-
allergic asthma (non-Th2), although now this has been accepted to be more
complicated. Asthma is a disease that both humans and horses can naturally develop,
with some similarities between the two. Recently the human asthma research literature
has emphasized further describing asthma by their specific endotypes and phenotypes.

Endotype refers to the mechanistic pathway resulting in asthma, and phenotype refers
14



to the varying clinical presentations that can occur in asthma (173). Asthma is a
heterogenous group of affected patients, which hinders targeted therapy, hence why the
current emphases of describing endotype and phenotype in human asthma in attempts
to better identify effective treatments in individual patients.

The two broad endotypes in human asthma are termed type 2 (T2)-high (allergic
asthma) and non-T2 (non-allergic asthma), with each having multiple phenotypes. T2
high endotype and its phenotypes are specified as: atopic, late onset, and aspirin-
exacerbated respiratory disease (AERD). Non-T2 endotype and its phenotypes are
specified as: Non-atopic, smokers, obesity related, and elderly. The pathophysiology of
the T2-high endotype encompasses involvement of alarmins, Th2 cytokines,
eosinophils, mast cells, basophils, IgE, and PGD2. Asthmatics have reduced barrier
integrity with a loss of E-cadherin and claudin-18, which allows for the introduction of
allergens and microbes to deeper stromal tissues (174, 175). The airway epithelial cells
themselves can recognize intruders and damage via PRRs that results in the production
of alarmins. In the case of type 2 immune response, the alarmins most commonly
identified are thymic stromal lymphopoietin (TSLP), IL25, and IL33. IL25 and IL33 can
activate innate lymphoid cells (ILC)-2, while TSLP can help to prime DCs to further
polarize a type 2 immune response. ILC2’s activated by alarmins further promote type 2
immune response by producing IL5 and IL13, in addition to that produced by activated
Th2 CD4* T cells (176, 177). The type 2 cytokines, IL13 and IL4 promote goblet cells and
the production of mucus, as well as airway hyperresponsiveness. 1.4 is additionally able
to induce Th2 cells and B-cell isotype switching to IgE. IL5 promotes the differentiation

and maturation of eosinophil progenitors, in addition to supporting mast cells and
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basophils (178). In human asthma, eosinophils are the main cell type associated with
type 2 asthma. Stimulated eosinophils can release a large array of products, such as IL5
and IL13 that support type 2 immune responses, eotaxins that recruit more eosinophils,
cysteinyl leukotrienes, and cytotoxic proteins such as major basic protein and eosinophil
peroxidase (179). Eosinophils and their products are involved in airway remodeling and
airway smooth muscle contractility (180, 181). Sputum eosinophil evaluation is
considered the “gold standard” type 2 biomarker, with a level >3% noted in human
eosinophilia asthma. Additionally, in humans, severe asthma is classified by poor to no
response to treatment and eosinophilic airway inflammation makes up about 40-60% of
these patients (182). Mast cells and basophils express the high affinity IgE receptor,
therefore activation via this mechanism can lead to various products, such as histamine,
prostaglandins, leukotrienes, type 2 cytokines, and mast cell specific proteases. Mast
cell’s role in asthma will be discussed later in greater detail. Serum IgE is measured in
human asthmatics as an indicator of atopy, or allergy. In addition to IgE activating mast
cells and basophils, airway smooth muscle cells express the high affinity receptor;
therefore IgE may be involved in airway remodeling (183). Although classically asthma
is thought of as a type 2 immune response, this T2 inflammation is only observed in
about half of individuals with asthma and about a third of those with severe asthma
(184, 185).

Non-T2, or T2-low asthma, is less understood, but is characterized by
neutrophilic (sputum neutrophils >40-60%) or paucigranulocytic (normal sputum
neutrophil and eosinophil %) inflammation. The recruitment and maintenance of

neutrophilic inflammation is not understood and non-T2 asthma is also noted to be less
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responsive to corticosteroids. The immune response appears to be a Th1 and/or Th1y
response. A Thi-high signature is the increased production of IFNy, which is seen in
about 50% of individuals with severe asthma. IFNy has also been suggested to be
involved in increasing airway hyper-responsiveness, which may result in patients being
unresponsive to corticosteroids (186, 187). In addition to Th1 inflammation, Th17y
inflammation can sometimes be a component of asthma typified by the production of
IL17A and IL22. Th17 cytokines can increase smooth muscle cell proliferation and
collagen deposition (188). IL17 production is additionally noted to lead to CXCL8
production by airway epithelial cells leading to neutrophil recruitment; therefore this
may be a component of neutrophilic inflammation (189). The pathophysiology of these
human asthma endotypes and phenotypes, particularly non-T2 asthma is unclear and
continues to be studied in order to best treat individual patients.

Equine and human asthma have similarities; including the pathology of both
includes reversible airflow obstruction caused by bronchospasms, increased mucus
production, airway hyper-responsiveness, and pulmonary remodeling (190, 191). Equine
asthma syndrome encompasses two subtypes, severe asthma (or previously known as
recurrent airway obstruction), and mild to moderate asthma (or previously known as
inflammatory airway disease) (192). The cause of equine asthma is multifactorial as it is
in humans, including environmental conditions, feeding substrates, housing, season,
preventative medicine practices, distribution of infectious agents, and genetic
influences. Severe asthma is typically seen in horses >7-years-old with marked lower
airway inflammation and obstruction, frequent coughing, and increased respiratory

effort at rest. Mild/moderate asthma affects horses of all ages and clinical signs are
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usually not seen at rest. A diagnosis of equine asthma is commonly based on history,
clinical signs of lower airway inflammation, and bronchoalveolar lavage fluid (BALF)
cytology consisting of >25% neutrophils for severe asthma or >10% neutrophils, >5%
mast cells, and/or >5% eosinophils for mild/moderate asthma (192). Cell types found in
BALF from healthy horses are <10-5% neutrophils, <1% eosinophils, and <2%
metachromatic cells with primarily macrophages and lymphocytes, although there are
no discrete reference ranges for macrophages or lymphocytes (192). Severe asthma in
horses is thought to be similar to human non-T2 asthma, while mild/moderate asthma
is similar to T2 asthma. Further definition of asthma patients, such as phenotype and
endotype seen in human asthma is not well understood in equine asthma, although
warrants further investigation.

The exact pathophysiology resulting in T2 asthma and non-T2 asthma has not
been fully elucidated in horses or humans, but is seen as an allergic reaction versus an
environmental, air pollution, ozone or viral exposure, respectively (193). Both human
and equine allergic type asthma are thought to involve a Th2 immune response, but this
is not always straightforward and both allergic and non-allergic human/equine asthma
cases can include a Th1 and/or Th17 immune response (194-196). The cytokine
production found in BALF is also thought to reflect the predominant immune response,
although a discrete Th1 versus Th2 immune response is not uniformly found in all
horses evaluated (197-199). Diagnosis of asthma in humans consists of a history or
current respiratory signs and symptoms consistent with asthma, as well as objective
observation of airflow obstruction via airway function tests (200). Airway function tests

are less available for diagnosing equine asthma due to costs, ease of use of the
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equipment, and required knowledge for analysis. Cytological evaluation of the BALF can
be used to confirm an increase in inflammatory cells such as eosinophils or neutrophils
in human or equine asthma (201). In human medicine though the use of induced
sputum has taken the place of BALs and the cellular content is comparable (202, 203).
Performing a BAL with cytological evaluation is standard in equine asthma diagnosis,
although with the currently defined cellular parameters for mild/moderate and severe
asthma, the groups are very heterogenous. Heterogenous group definitions likely affect
the ability to properly treat and manage each equine patient. Diagnostics in human
asthma also include the use of biomarkers, such as serum IgE (specific or total),
eosinophil and neutrophil count, to better categorize the patient’s endotype, which may
influence treatment.

Treatment, in both humans and horses, includes managing the airway
inflammation and increasing bronchodilation to ease breathing. Avoiding the inciting
antigen which causes signs of asthma can be done by modulating the environment and
is highly relied upon in managing equine asthma, although as one might suspect, can be
very hard to manage due to the environment horses live in. In addition to antigen
avoidment, medications can be utilized. Physicians have more tools to pull from versus
veterinarians in regard to treatment due to costs and availability. Treatment of human
asthma includes a stepping up strategy, with assessment of clinical signs, diagnostics,
and patient adherence to treatment as guidelines for stepping up treatment (204).
Initial treatment includes the use of daily, low dose inhaled corticosteroids to decrease
inflammation, with the as-needed use of short-acting beta--agonsist for

bronchodilation. More severe symptoms may require an increase in corticosteroid dose
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and/or switch to oral dosages, and the use of long-acting beta--agonsist. Corticosteroid
and bronchodilator treatments are used in equine asthma therapy, although the
additional use of biologics used in human asthma is not. For example, physicians have
the option of adding on anti-IgE, anti-IL5, anti-IL5Ra, and/or anti-IL4Ra; but as the
targets indicate, are intended for T2-asthma (205, 206). Biologics targeted for non-T2
asthma are not currently available and most likely will not be developed until non-T2
pathophysiology is further understood. Human and equine asthma similarities may
prove beneficial in applying research findings across species and support using the
horse as a human model of naturally occurring asthma. The translational research may
aid in advancing the diagnosis and treatment of asthma in a quicker timeline.

Mast cell and Asthma
Mast cells play a role in acute and chronic human asthma, but their role has not

been clearly defined (207). Both eosinophilic (T2-asthma) and non-eosinophilic (non-
T2 asthma) asthma share a common feature in which airway smooth muscle is
infiltrated by activated mast cells (208, 209). There is also evidence of activated mast
cells in the airway mucosa releasing mediators such as histamine, TNFa, PGD2, IL4,
and IL13 that contribute to asthma pathology, such as promoting mucous production,
smooth muscle cell proliferation and hypertrophy (210, 211). Even with evidence of mast
cells involvement in asthma, they are low to non-detectable percentages, 0.25%-3% of
total cells, in individuals with asthma (201, 202, 212, 213). The ease of obtaining human
flow cytometry reagents has aided in better identification of mast cells in sputum versus
cytological evaluation. A recent study did this technique and reported increased sputum

mast cells in humans with asthma that positively correlated with sputum eosinophils
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and basophils (214). Sputum eosinophil numbers correlate with peripheral blood
counts, but sputum mast cell numbers, most likely due to their long-term tissue
residence, are not reflected in periphery counts. Sputum neutrophil counts are also not
reflected in peripheral blood counts (215). This emphasizes the need to study mast cells
in situ or from the primary location of interest. In human medicine, they recognize two
mast cell subtypes based on their neutral serine proteases; 1) cells that contain tryptase
as well as chymase and carboxypeptidase A3 (MCrc), and 2) cells that contain tryptase
only (MCr) (216, 217). MCr are typically located at mucosal surfaces such as the nasal
and bronchial epithelium in rhinitis and asthma patients, and are in the bronchial
lamina propria of both healthy and disease-affected humans (217, 218). The MCrc group
is typically located in the connective tissue of normal human skin and airway smooth
muscle bundles in asthma (216, 217, 219). Therefore, in a healthy individual the majority
of mast cells in the lung should be MCr with less than 20% MCrc.

Human asthmatic patients have an increased number of MCrc, and those
numbers increase with asthma severity (220). Identifying mast cells in BALF or induced
sputum is limited by standard immunohistochemistry (IHC) approach because airway
luminal mast cells are rarely detectable in induced sputum of humans with asthma (221,
222). Mast cell subtypes therefore have been identified recently using real-time
quantitative (q) PCR. Utilizing this technique another mast cell subtype was identified in
epithelial brushings and endobronchial biopsies of human asthmatic patients that had
high protease levels of tryptase and carboxypeptidase A3, but low chymase (MCr/cpas).
This is different from the typical mast cell subtype found in asthmatic patients that

contain high concentrations of all 3 proteases, tryptase, chymase and carboxypeptidase
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A3 (MCrc). The MCr/cpas subtype was found to be increased in patients with Th2-high
asthma and it predicted responsiveness to inhaled corticosteroids (223). This new
subtype, which is associated with airway eosinophilia and greater corticosteroid
responsiveness, was also identified in induced sputum of human asthmatic patients
(224, 225). These findings show that mast cell subtype correlates to disease phenotype,
response to therapy, and can be identified in induced sputum. It was already known that
eosinophils in induced sputum correlated to greater response to corticosteroids, but this
was the first link to mast cell subtype (226). Utilizing the new technique of molecular
phenotyping of mast cells by gene expression of mast cell proteases, we are able to better
characterize and understand the role of the mast cell in asthma.

The equine mast cell has been under-investigated and most of the information is
in reference to mastocytosis (increase mast cell population) or mast cell tumors. Mast
cell research across species is further defining its role and importance in innate
immunity, adaptive immune response, graft versus host disease, helminth infection,
inflammatory bowel disease and asthma (131, 132, 227-229). Mast cell subtypes and
location are not as well defined in the horse as they are in the human. A study in 2005,
investigated lung biopsy samples via IHC of healthy versus severe asthma affected
horses. This study identified that in healthy horses the wall of lung bronchi and
bronchioles consist mainly of chymase positive mast cells, while around blood vessels
there are mainly tryptase positive mast cells (230). No double stained mast cells were
seen; meaning the mast cells only had one protease, although carboxypeptidase A3 was
not stained for. In comparison to healthy horses, severely asthmatic horses were found

to have more chymase positive mast cells in the walls of bronchi. A 2007 study
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investigated tryptase expression and production in BALF of healthy versus severely
asthmatic horses when naturally challenged and found tryptase production was higher
in severely asthmatic horses and it correlated to neutrophil numbers in BALF (231).
Further, THC of lung biopsy samples found a trend for an increase in the tryptase
positive mast cells in bronchial and bronchiolar epithelium of severe asthma affected
horses versus healthy. Also reported was a significant increase in total airway epithelial
mast cells in severely asthmatic horses versus healthy, showing mast cells appear to be
recruited to the airways of asthmatic horses and are activated. A downfall of this study
was no other mast cell proteases, besides tryptase, were investigated. Identifying mast
cells in patients of any species also runs the risks of false negatives when using protein
staining of cytoplasmic granules, because as discussed earlier, mast cells can
degranulate, therefore resulting in no stain uptake. Unfortunately, these findings do not
paint a clear picture as to what mast cell subtypes horses have and how asthma affects
the subtypes seen, but there are similarities to the human studies in which mast cell
subtypes are influenced by asthma. As noted before mast cells are rarely detectable in
human induced sputum but have been identified using molecular phenotyping.
Therefore, it is possible to use this technique in routinely acquired BALF for equine
asthma diagnosis.

Mast cells are potential therapeutic targets and have been evaluated via different
mechanisms. Mast cell stabilizers have been used in racehorses with mild to moderate
asthma with improvement in clinical signs and bronchial hyper-responsiveness,
although the drug’s effects are not only directed to mast cells as the name claims (232).

A new therapy that targets mast cells is the tyrosine kinase inhibitor imatinib, which
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targets c-kit, a receptor found on the cell surface of mast cells. Most mature immune
cells, with the exception of innate lymphoid cells-2 (ILC2), lack c-kit, making it more
mast cell specific. This therapy has been effective in the treatment of corticosteroid-
refractory severe asthma in human patients and could be a treatment consideration for
equine asthma patients in the future (233). However, the role of mast cells and the
specific mediators involved in equine asthma needs further characterization.
Additionally, improved definitions of equine asthma subtype may prove beneficial in

diagnosing, treating, and long-term management.

Inflammatory Bowel Disease

Overview

Inflammatory Bowel Disease (IBD) is an incurable, chronic inflammatory
disorder of the gastrointestinal tract whose etiology continues to be unclear but affects
individuals worldwide. Current therapeutic approaches to IBD are focused on systemic
immunosuppression, but they are variably effective, do not result in a cure and often
cause severe negative side effects, including secondary infections and increased risk of
malignancy (234-236). The two main subtypes of IBD are Crohn’s Disease (CD) and
Ulcerative Colitis (UC). The pathology in CD is typically located to the ileum and the
proximal colon, but it can affect any region of the intestine, where UC pathology starts
in the rectum and extends proximally. Other differences include CD inflammation is
usually transmural and UC is restricted to the mucosa. Each patient requires tailored
therapies due to variable remission rates and complications such as neoplasia,
strictures, fistulae, and abscesses. Preventing disease, predicting relapse, and preventing

complications is limited. Genome wide association studies have identified around 100

genetic risk loci shared between the two main subtypes of IBD, CD and UC (237, 238).
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Concordance rates in monozygotic twins were found to be 35% for CD and 16% for UC,
indicating a stronger genetic influence in CD, but also indicating there are additional
causative factors in the development of disease, such as environmental and microbiome
influences (239). Nucleotide-binding oligomerization domain containing 2 (NOD2) was
the first susceptibility gene identified in CD. Dendritic cells (DCs) from CD patients with
NODz2 susceptibility variants were found to be less able to localize bacteria in to
autophagolysosomes and had reduced autophagy, meaning the DCs were less able to rid
the body of bacteria and immune inducing antigens (240). Additionally, early-onset IBD
is associated with loss-of-function defects in IL10 or its receptor. IL10 is an important
cytokine for immune homeostasis and all loss-of-function defects in it or its receptor
leads to pathology similar to IBD (241, 242). While some gene mutations and
polymorphisms have stronger associations than others with the development of IBD,
they cannot explain all cases of IBD or pathology. There are other influences on the
genome, such as epigenetics and microRNAs (miRNAs). Deciphering the exact cause of
this multifactorial disease is complicated, but it highlights the need for individualized
treatment and continued research into the disease pathogenesis.

IBD patients have variable decreased barrier function, increased sensing, and
response to antigen that goes unchecked compared to healthy individuals (243). Over
exuberant inflammatory response to luminal antigens, such as lipopolysaccharide (LPS),
a gram-negative bacterial wall molecule, are part of the initiation and propagation of the
disease. Chronic or increased load of antigen leads to increased pro-inflammatory
cytokines and chemokine production. Cytokine of most importance and targeted for

therapy is TNFa. TNFa is potentially made by various immune cells, such as T
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lymphocytes, macrophage/monocytes, mast cells, other granulocytes, as well as
fibroblasts and other non-immune cells (244). The production of TNFa can be incited by
antigens such as LPS, but also by bacteria, virus, tumor cells, immune complexes,
cellular damage due to radiation or even stress (245). TNFa can act through two
receptors, TNF receptor-1 found on all nucleated cells, and TNF receptor-2 primarily
found on endothelial and hematopoietic cells (246, 247). Activation and release of TNFa
results in pro-inflammatory states due to it activating other cell types, resulting in the
release of other pro-inflammatory cytokines such as IL6 and IL1f. Further effects of
TNFa are expression of adhesion molecules and recruitment of immune cells,
proliferation of fibroblasts, activation of coagulation and fibrinolysis, and inhibition of
apoptosis (248, 249). In vitro work has supported the role of TNFa in recruitment of
immune cells, such as neutrophils, increased epithelial permeability, and the formation
of granulomas (250-252). Levels of TNFa are additionally noted to be elevated in IBD
patients, both in the cells of the intestine and feces, but are less clearly elevated in the
serum (253-257). While pro-inflammatory cytokines, such as TNFa, are elevated in IBD
patients, but the exact cause or start of the inflammation is not clear.

Genetically susceptible individuals appear to have dysregulated immune
responses to intestinal commensal microbiota, which leads to chronic inflammation
(258). Studies have reported significantly elevated circulating endotoxin levels in active
disease versus inactive disease, as well as versus healthy controls (259, 260). In
response to LPS innate immune cells recognize the antigen via pattern recognition
receptors, specifically TLR4, and produce molecules in response to and/or present

antigen to adaptive immune cells. TLR4 polymorphisms have also been identified as
26



susceptibility factors of IBD, although their functions are not clear, it further supports a
role of LPS-TLR4 signaling in the pathology of IBD (261). In addition to over-exuberant
immune responses to microbiota and antigens, IBD patients are noted to have
composition changes in their microbiome compared to healthy control microbiome;
therefore, manipulation of the microbiome has become a therapeutic target.

Other treatment options include targets of immune suppression which are the
most commonly used therapeutics and can have negative side-effects such as increased
susceptibility to infections and cancer development, as well as variable remission rates.
Corticosteroids are the most common immune suppressant used, first reported to be
effective in UC in 1954 (262). Corticosteroids reduce TNFa, IL1p3, type I interferon
production, and regulate T helper cell differentiation in order to aid in decreasing IBD
pathology (263). Other immunosuppressive therapy includes the use of cyclosporine A,
methotrexate, and thiopurines. With the development of biologic therapy, anti-TNFa
targets have become popular. These anti-TNFa agents have been shown to be beneficial
in IBD therapy in several studies and are targeted to TNFa itself, or its receptors (264-
268). Anti-TNFa agents were first approved by the FDA for use in CD in 1998 and since
then there have been different formulations. Anti-TNFa therapy is thought to help by
blocking the TNFa effects and appear to primarily distribute to tissues of high
inflammation (246, 269). Examples of anti-TNFa actions are reduced cytokine
production, induction of apoptosis in activated T lymphocytes, antibody-dependent cell
mediated cytotoxicity, and complement-dependent cytotoxicity (246, 270-272). In
general the development of biologics have been beneficial to IBD treatment, but do

come with downfalls and negative side-effects (273). A major concern in anti-TNFa

27



treatment is loss of response. Primary non-responders are patients that never respond
to anti-TNFa therapy and this happens in up to 30% of patients (274-276). Additionally,
secondary non-responders will occur in about 50% of those that initially did respond,
requiring dose escalation or switching to a different anti-TNFa therapy. Possible
explanations for the non-responders may be due to variations in metabolism and
production of antidrug antibodies. This leads to the need for dosage escalation, switch to
new anti-TNFa agent, and multidrug therapy, which requires close patient monitoring
and treatment tailoring. Due to multifactorial causes of IBD, additional treatment
options are always needed. The development of new therapeutics though is reliant on
understanding the pathogenesis of the disease, therefore continued investigation of the
cells and their role(s) are important.

Chronic inflammation, such as in IBD, is a continuous cycle brought upon by
constant activation of T lymphocytes. There are several types of T lymphocytes,
including two broad types, CD4* helper T cells and CD8+ cytotoxic T cells. The main
pathogenic cell in IBD is currently considered to be a subtype of CD4+ helper T cell
named Th17 (277). This is supported by increased cell numbers and related cytokine,
IL17, from inflamed intestinal tissue from IBD patients compared to normal tissue (278,
279). In order to regulate the adaptive immune response and limit T lymphocyte
activation, regulatory T cells are imperative. Regulatory T cell numbers have been
shown in the periphery of IBD patients to be decreased in active disease versus non-
active, but proliferation of T regs within the lamina propria does occur (280, 281). The T
regs in the lamina propria also appear to be functional via in vitro suppression of

effector T cells. Therefore, it has been proposed that the ratio of regulatory T cells to
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effector T cells is the important factor and not the total number of T regs for decreased
inflammatory functions. A clinical study using antigen-specific regulatory T cell therapy
in CD patients with refractory disease has supported the theory that reduced ratio of T
regs to effector T cells results in inflammation and increasing the T reg compartment is
beneficial (282). Regulatory T cells can help decrease immune activation in all cell types
by cell-to-cell interactions and the production of anti-inflammatory cytokines, such as
IL10 and Tgfp. Regulatory T cell numbers is also supported my mast cells, as previously
discussed.

Regulatory T cells secrete anti-inflammatory molecules such as IL-10 and Tgff3,
which decrease inflammation by decreasing the ability of APCs to stimulate effector T
cells, as well as support their own T reg proliferation. LPS and IFNy induce MHCII
expression on mast cells, which are then able to present antigen to antigen-specific
regulatory T cells with subsequent expansion (135). Mast cells are also able to activate
naive CD4+ T cells. Mast cells exposed to LPS and IgE for 6 weeks caused TLR4 and
NFkB activation that led to the induction of regulatory T cells from a population of naive
CD4* T cells. The induction was shown to be dependent on ICOSL/ICOS interaction on
the mast cell and T cell, respectively (134). Mast cells and regulatory T cells interact and
support each other’s anti-inflammatory state, therefore investigating the role of the mast
cell in IBD may lead to targets for modulation of regulatory T cell numbers or other anti-
inflammatory mechanisms.

Mast cell presence in IBD
Early investigation of the pathophysiology of the major subtypes of IBD,

including the presence of mast cells, involved microscopy-imaging studies. In the
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healthy human, mast cells are normally found in the intestines where they are 2-5% of
the mononuclear cells in the lamina propria (283). The mucosal mast cells are reported
to be primarily of the MCr subtype, 98%, and the submucosal mast cells are primarily
MCrc subtype, 77% (216, 284). Human biopsy samples from CD patients noted mast cell
numbers were markedly increased, along with evidence of degranulation as detected
using transmission electron microscopy (285). Further investigations have supported an
increased number of mast cells in IBD patients versus healthy controls (286-288),
although some investigators have found opposing results in other studies that
demonstrated no difference or decreased mast cell numbers (289-292). Using protease-
labeling techniques, chronic UC patients have increased numbers of tryptase—positive
mast cells compared to controls and have increased mast cell counts in active disease
versus remission (293, 294). Variation in mast cell numbers across reports is likely in
part due to the method of staining. Mast cell degranulation can lead to falsely decreased
reported numbers, therefore when staining for mast cells this needs to be taken into
consideration.

To further investigate mast cell’s role in IBD, evaluation of mast cell-derived
products has been evaluated. A key pro-inflammatory cytokine in IBD is TNFa and mast
cells are a potential source, although other immune cells are capable of producing it as
well. Mast cells in the human intestine express TNFa and increase its production in the
presence of IgE-crosslinking, exposure to LPS, and bacteria (295). Further evaluation of
TNFa-positive mast cells in CD patients has shown increased mast cell numbers in
addition to increased TNFa-positive mast cells during disease, suggesting a role in the

disease process (296). In support of the mast cell’s involvement in the disease, other
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mast cell-derived products, such as histamine is noted to be increased in active CD and
UC (297-300). Additionally, urinary excretion of the histamine metabolite N-
methylhistamine is increased in IBD patients versus healthy controls (301).
Spontaneous secretion of tryptase, a mast cell or basophil-derived product, is also found
to be increased in UC (302). Mast cells isolated from ulcerative colitis biopsy samples
and further stimulated with IgE actively secrete increased amounts of histamine,
leukotrienes, and prostaglandins when isolated from inflamed regions versus un-
inflamed regions of the intestine (303). While mast cell number and inflammatory
mediators are noted to be increased both ex vivo and in vivo, mast cells do not solely
produce inflammatory mediators, but also have the potential to secrete anti-
inflammatory mediators and interact with cells via cell surface proteins to regulate
immune responses. A lone paper ventured to hypothesize a suppressive role for the mast
cell and noted that mast cell numbers were increased at the border of active UC (304).
Unfortunately, this finding was not further clarified, but is suggestive the mast cell may
have an accelerating or decelerating role in the inflammatory process.

Investigating the status of the mast cell during IBD treatments suggests that
decreased numbers are beneficial, but the treatments in general are downregulating the
immune response, therefore they are not specific. Corticosteroids are noted to decrease
mast cell numbers in IBD, but there was no correlation between mast cell number and
the severity of inflammation noted on histological analysis of biopsy samples (305).
Further analysis of the mast cell’s role in IBD has transitioned to mouse models to better

understand the pathophysiology.
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Mouse models of colitis
Mouse models of colitis can assess acute and chronic stages of inflammation,

innate versus adaptive immune responses, and genetic influence depending on the
model used. Common models used include chemically induced colitis models or
genetically modified mice that are susceptible to colitis (306, 307). Each model has their
pros and cons, as well as ability to assess certain physiological mechanisms of the
disease. Chemically induced models of colitis using dextran sodium sulfate (DSS) or 2,
4, 6-tri-nitro-benzene-sulfonic acid (TNBS) are common and primarily assess barrier
function and acute inflammation. Chemically induced models harness the ability of the
chemical administered to damage the intestinal barrier and subsequently lead to
intestinal inflammation. Chemically induced models can be modified to partially
resemble chronic inflammation by decreasing the chemical dosage and giving multiple
rounds, although the mice can still recover. The benefits of the chemically induced
models are they have a shorter timeline and therefore can generate data quicker. On the
other hand, these models are not spontaneous nor reach a chronic inflammatory stage,
which is the mechanism in IBD. Models such as IL10~/- and CD4+ CD45RBh SCID
transfer colitis further evaluate the adaptive immune response and specific genes of
interest. Cell transfer models use genetically modified mice that lack adaptive immunity
that can then receive lymphocytes of interest give the researcher the ability to
investigate particular aspects of the lymphocyte subsets. Genetically modified mice
allow for deletions, insertion, or up-regulation of genes of interest and genome wide
association studies in human IBD patients have identified potential genes of interest

that are associated with an increased risk of developing IBD. The ability to genetically
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modify mice then gives the researcher the ability to investigate the role of a specific gene
in pathology, either in a whole mouse or conditional model. The IL10-/- model for
example is especially translatable because the colitis pathology spontaneously develops
and resembles aspects of actual IBD pathology. Early onset-IBD is also associated with
loss of function mutations in the IL10 gene or IL10 receptor gene (308).

Mast cell’s role in mouse models of colitis
A majority of the research evaluating the role of the mast cell in colitis has

entailed using chemically induced mouse models of colitis, but has also evolved to use of
genetically modified mice (309, 310). TNBS-treated rats are reported to have increased
mast cell density and DSS-treated rats are noted to have increased numbers of
eosinophils and mast cells versus controls, but a cause and effect was not established
(311, 312). Mast cells store and de novo synthesize many molecules of various functions.
Common molecules evaluated in colitis models have been proteases such as tryptase and
chymase, and histamine. Mouse tryptase, mast cell protease (MCP)-6, was found to
exacerbate DSS and TNBS-induced colitis, supported by MCP-6 knockout mice having
improved colitis (313). Evaluation of mast cell degranulation products in the systemic
blood system showed that in rat DSS colitis, rat mast cell protease (RMCP)-I and
RMCPII were elevated, suggesting mast cell proliferation and/or increased
degranulation (314). Mast cell proteases cleave proteins into their active form and
peritoneal cell cultures from chymase-deficient mice have decreased conversion of
proMMP- to MMP-g compared to wild type (315). Additionally MMP-9 deficient mice
had significantly decreased DSS-induced colitis and formation of active MMP-9 has

been attributed to chymase activity in colitis models (316, 317).
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An increase in mast cell-derived products in the acute time period has been
associated with worsened colitis pathology, but increased mast cell numbers and their
molecules over a chronic period may be protective. Mast cell numbers and RMCPII have
been seen to remain elevated for up to 20 days after DSS treatment (318). This elevation
suggests a benefit of mast cell presence in the recovery time. Support of the mast cell’s
benefit in recovery and healing is suggested to be associated with mast cell breakdown
of IL33 in a MCP-4 dependent manner (319). Additional support for the mast cell’s role
in healing from colitis damage was suggested to be attributed to mast cell dependent
IL33/ST2 signaling; therefore, IL33 may be involved in multiple signaling pathways
actions of the mast cell (320). Mast cells are additionally linked to maintaining
intestinal barrier functions.

The intestinal barrier defends the host against the contents of the intestinal
lumen and its permeability can increase with stress and inflammation. Tryptase is
involved in barrier integrity by activating protease-activated receptor (PAR) on
basolateral and apical membranes of the intestinal epithelial cells resulting in tight
junction disruption and increase in permeability (321-325). Mast cells have also been
attributed to regulating basal intestinal epithelial migration and barrier functions in a
chymase/MCPT4-dependent manner activation of PAR2 and MMP-2 (326, 327).
Intestinal barrier permeability is increased during colitis and can be decreased with use
of treatments such as dexamethasone or doxantrazole. These treatments decrease the
general inflammatory state and cytokines, in addition to down-regulating mast cell
protease production; therefore again they are not mast cell specific (328). This

highlights the dichotomy of mast cell functions in which an over exuberant or acute
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reaction mast cell products can be detrimental, but the same products are necessary for
basal functions. Mast cell’s role in homeostatic functions in barrier functions is
supported in colitis-prone mice that additionally lack mast cells have increased
intestinal permeability and reconstitution with mast cells is beneficial (229, 329, 330).
Using the IL107/- mouse as a model of IBD is supported by the finding that anti-
TNFa antibody treatment is beneficial, as it is in IBD patients, and mutations in IL10 or
its receptor are associated with early-onset IBD (331, 332). Additionally an
immunosuppressive agent, everolimus, has a therapeutic effect in this model; likely as a
result of decreased CD4+T cell infiltrate and IFNy production (333). Evaluating the
immunological changes in this mouse model prior to spontaneous development of
colitis showed that there is a reduction in the frequency of CD4+* T regulatory cells and a
higher frequency of activated T cells in the colon, as well as increased IL17 and IFNy
production in the colon (334). Severity of the colitis has been noted to be dependent on
the genetic background of the mouse and housing environment and appears to be most
mild in C57Bl/6 mice in specific-pathogen free (SPF) housing (335). The cytokine IL10
is known to decrease production of inflammatory cytokines and inhibit Th1 cell
development, therefore its lack would naturally be thought to lead to chronic
inflammation (336, 337). IL107/- mice on C57Bl/6 background in SPF housing are noted
to have proximal colitis, characterized by mucin depletion, hyper-regenerative or
degenerative lesions of the intestinal epithelia, abnormal crypt and villus structures, and
lymphoplasmocytic and histiocytic infiltration of the lamina propria (338). Confirming
acute colitis mechanisms in a more physiological and pertinent chronic colitis, such as

the IL107/-, aids in applying findings to humans with IBD.
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Our group, as well as others, has shown that mast cells are protective in a mouse
model of spontaneous, chronic colitis using the IL10~/- mouse (229, 329, 330). The IL10"
/- mouse can be bred with a mast cell deficient KitW-sh/W-sh mouse (also referred to as
Sash), which results in a mast cell-deficient mouse with spontaneous colitis. Although
the mechanism of protection is not clearly defined, further experimentation using
reconstitution techniques showed the protective mechanism is independent of IL10. The
presence of mast cells may lead to the production of protective molecule(s) and, or cell-
to-cell interactions resulting in manipulation of the immune response in an anti-
inflammatory manner. Further investigation by our laboratory showed that bone
morphogenetic protein (BMP)-2, -4, -6, &-7 were significantly decreased in mast cell
deficient colitis mice and BMP-4, -6, & 7 levels were restored to baseline when mast cell
reconstitution was performed, suggesting the mast cell as a source or manipulator of
BMP production. This finding indicated BMPs as a candidate molecule aiding in the
mast cell’s protective capability in a model of spontaneous, chronic colitis. This has
therefore led to further investigation of this mast cell-BMP axis by our laboratory, such

as do mast cells produce BMPs and how do BMPs impact mast cell functions.

Bone Morphogenetic Proteins
Overview
Bone morphogenetic proteins (BMPs) are a group of 20 different secreted
proteins in the Tgf} superfamily, which also includes Tgfp} and activin, that induce a
signal through heterotetrameric receptor complexes (see Table 1.2) (339). BMPs were
first identified in its role to induce ectopic bone formation, but are also involved in

embryonic development, tissue healing, and regulation of innate and adaptive immune

cells (340, 341). BMP-2, -4, -8, and -10 appear to be expressed at the earliest stages of
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embryogenesis, as those homozygous knockouts are embryonically lethal (342-345).
BMPs are synthesized as large precursors, 400-500 amino acids, which are cleaved by
serine endoproteases to their bioactive form of 50-100 amino acids (346-348). BMPs
can form homodimers or heterodimers, where heterodimers are noted to activate
signaling pathways at a greater degree than their homodimers; for example: BMP2/5,
BMP2/6, BMP2/7, and BMP4/7 (347, 349, 350). There are 2 types of BMP receptors
based on sequence homology (351). Type 1 receptors include: activin A receptor type I
(ACVR1), (also known as activin receptor-like kinase-2 or ALK2); BMP receptor type IA
(BMPR1a), (also known as ALK3); ACVRL1, (also known as ALK1); and BMPR1b, (also
known as ALK6). Type 2 receptors include: BMPR2, ActR2, and ActR2b. The receptors
are serine/threonine kinase receptors, which are made up of a short extracellular
domain, a single trans-membrane domain, and intracellular domain containing the
serine/threonine kinase. Both type 1 and type 2 receptors are required for transducing a
signal. The type 2 receptor has been shown to phosphorylate the type 1 receptor, which
ultimately propagates the signal via the phosphorylation of a group of Smad proteins
(referred to as canonical signaling) (352, 353). Smad is a term created by the
combination of C. elegans Sma genes and the Drosophila Mad genes. Tgf} and activin
use structurally similar type 1 and type 2 receptor kinases that BMPs utilize. Tgf} and
activin use type 1 receptors ALK4, ALK5, or ALK?7, in combination with type 2 receptors
TgfBR2, ActR2, or ActR2b. Additionally, the Smad proteins they engage are also
different. Tgfp and activin engage Smad-2/3, while BMPs engage Smad-1,5,8/9 and

both require a co-Smad, Smad4.
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Specific BMP ligands are noted to engage type 1 versus type 2 receptors first, and
then recruit the opposite receptor. For example, BMP-6 and-7 interact with type 2 and
then recruit type 1; and BMP-2 and -4 bind to type 1 first and then recruit type 2 (354).
Although there has been some information contradicting receptor affinity preference,
specifically BMP7 was reported to have equal affinity for type 1 and type 2 receptors
(355). The receptor location at the cell surface, its movement, and endocytosis is poorly
understood. There is some information to suggest the receptors may be segregated in
clathrin coated pits and detergent resistant membranes, which may also lead to Smad-
dependent or Smad-independent pathway activation depending on receptor location
(347, 356-358). Further work is required to fully understand receptor dynamics and
mechanisms.

The ligand-bound receptor complex leads to canonical signaling pathway via
phosphorylating Smad-1, -5, & -8/9; this phosphorylated complex associates with
Smad-4, which is then translocated to the nucleus to regulate transcription of target
genes (359-361). Inhibitor Smad proteins, specifically Smad7 that inhibits both BMP
and activin/Tgfp signaling, can regulate Smad signaling where Smad6 prefers to block
BMP signaling (362). In addition to canonical signaling, Smad-independent, or non-
canonical signaling includes activation of several pathways, including PI3K/Akt, ERK,
p38, c-Jun, JNK, and NFkB (363, 364). Smad-independent pathway activation is
thought to include other signaling proteins such as BRAM1 (Bone morphogenetic
protein Receptor Associated Molecule 1), XIAP (X-linked inhibitor of apoptosis protein),
TAK1 (TGF-beta activated kinase 1), and TAB1 (TAK1 binding protein) (365-368).

Downstream from TAK1 includes activation of p38, JNK, and NFkB; therefore BMP
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signaling is more complicated than pure Smad signaling pathways and its subsequent
targets (368-370).

Controlling BMP signaling includes inhibitory Smad proteins, as well as BMP
ligand and receptor antagonists. There are soluble antagonists that can inhibit
ligand/receptor interaction prior to cell signaling activation (371-374). In vertebrates,
the structurally distinct classes of inhibitor proteins are twisted gastrulation (TSG),
chordin, noggin, and the DAN family. The DAN family includes proteins such as gremlin
and sclerostin (375-377). Specific soluble BMP antagonists have also been noted to have
a higher affinity for certain ligands, for example noggin and chordin prefer BMP-2, and -
4; and sclerostin prefers BMP-6, and -7 (371, 373). Chemical inhibitors have also been
discovered and developed as an additional tool to evaluate both Tgf and BMP
signaling. Chemical inhibitors targeting the Tgf[ signaling pathway target receptors
ALK4, 5, and 77, while BMP signaling blockade involves inhibition of ALK2, 3, and 6. One
of the first chemical inhibitors found to block BMP receptor signaling was
dorsomorphin (378). Dorsomorphin and its derivative LDN-193189 have slight
differences, including affinities for the receptors and off-target effects (379). In the use
of dorsomorphin or LDN, the lowest possible concentration to block BMP signaling is
recommended in attempt to decrease off-target effects, such as inhibiting other protein
kinases, such as MAPK’s; although in light that BMP signaling includes multiple non-
canonical pathways, these off-target effects may not be true (380-382). Effects, such as
inhibiting VEGF and AMPK are potentially “truer” off-target effects that a more

attributed to dorsomorphin versus LDN-193189 (381, 383). There are additional BMP
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and TgfP receptor chemical inhibitors that can be utilized in the attempt to understand
the cell-signaling pathway (see Table 1.3) (384).

BMP signaling may additionally have cross talk with other signaling pathways,
such as the NF-kB signaling. It has been suggested that the p65-subunit of the NF-xB
complex may bind to Smad1/4 complex (385). Additionally, BMP signaling and TLR4
activation may be linked via signaling proteins TAK1, a signaling protein previously
described in mast cell signaling pathways, and ECSIT (evolutionary conserved signaling
intermediate in Toll pathways). TAK1 and ECSIT are key signaling proteins involved in
TLR4 signaling and NF-kB activation (386). ECSIT is also important in BMP signaling
in mouse embryogenesis, and further TLR signaling in ECSIT knockdowns are noted to
have decreased Smad-1,5,8/9 phosphorylation following TLR3 stimulation of connective
tissue progenitor cells (387, 388). Further investigation of BMP signaling in immune
cells is likely to identify further cross talk or sharing of signaling proteins that will
increase our understanding and functions of BMP signaling in immune cells.

The critical importance of BMP signaling in development and basal physiological
needs is apparent in their mouse global knock out models. Several of the BMP ligand,
receptors, and signaling protein knockouts are embryonically lethal or die shortly after
birth. BMP-2 and -4 global knockouts are embryonically lethal, and BMP-1, -7, and -11
global knockouts die shortly after birth (342, 389-391). BMP receptor global knockouts,
BMPR1a, Acvri, and BMPr2 are embryonically lethal, and Acvr2b die shortly after birth
(392-395). The cell signaling proteins, Smad-1, -4, -5, and -7, global knockouts are

embryonically lethal, while Smad8 is dispensable (396-400).
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BMPs and their signaling are becoming increasingly noted to be involved in
regulating immune cell populations and actions. BMP ligand and receptor expression is
appreciated in the human thymus and BMP4 treatment inhibits T cell differentiation,
which supports a role for BMPs in T cell differentiation (401). Cellular proliferation of
naive CD4* T cells following activation is inhibited when BMP signaling is blocked,
identifying an additional role for BMPs in T cell activation and homeostasis (402, 403).
BMP signaling is also indicated be involved in specific CD4* lineages. Using chemical
BMP receptor inhibitors, CD4+ T cell activation under polarizing conditions resulted in
significantly decreased Th17 and T reg differentiation, while Th2 polarization remained
the same (404). Inhibition of Th17 cells may be linked to signaling via Bmpria, where
cells that are deficient of this receptor primarily differentiation into IL17-producung
CD4+* T cell (405). BMP ligands and receptors are also indicated in T regulatory cell
differentiation. BMP-2 and -4 are noted to have an additive effect with Tgff3 in inducing
T regs, which may be linked to Bmpria signaling as its inactivation specifically in CD4+*
T cells led to impaired generation of T regs in mice (406, 407). While there is a clear role
for BMP signaling in T cell differentiation, additional cell types can also be modulated
by BMPs.

BMPs appear to also have a role in driving alternatively activated M2-
macrophage phenotype. The M2 phenotype is appears to be specifically associated with
BMP7. BMP7 treatment has been seen to polarize M2 macrophage and decrease
inflammatory products in vitro and in vivo, which appears to be attributed to Smad-
PI3K-Akt-mTOR pathway and Bmpria receptor expression via in vitro analysis (408-

411). BMP ligands can have different actions; such as BMP6 treated macrophage have
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increased inducible nitric oxide synthase and TNFa (412). It is therefore important to
investigate several BMP ligand — immune cell interactions because they can vary in their
actions.

Dendritic cells (DC) and B cells are also influenced by BMP signaling. Tgfp is
known to drive Langerhan cell differentiation, but BMP7 is also increased in niches of
Langerhan cells and BMP7-deficient mice have reduced Langerhan cell numbers;
therefore there may be a role for BMP7 aiding in Tgf-DC effects (413). Human
dendritic cells have been reported to produce BMP4 that increases with maturation, and
maturation in the face of BMP inhibition resulted in decreased PD-L1 and PD-L2
expression, reducing their ability to modulate other cells (414). Lastly, B cells express
BMP receptors and BMP6 treatment induces Smad-1,5,8/9 phosphorylation which has
an anti-proliferative effect in naive and memory B cells (415).

Specific BMP ligand/receptor/signaling in immune cell populations therefore
pose a possible interesting area for modulation of immune cell differentiation and
function, which could be harnessed for a desired effect. Key questions that remain to be
clarified are what BMP signaling pathways, canonical versus non-canonical, are these
BMPs effecting in these immune populations and are the downstream effects different
based on cell type, BMP ligand, and receptor engaged.

Mast cells and BMP signaling
Mast cell — BMP interactions are minimally understood. Treatment with BMP4

was found to increase mast cell responsiveness to IgE activation and BMP2 was noted to
increase mast cell survival (416). Evaluation of BMP receptors on mouse bone marrow

derived mast cells found expression of several type 1 and type 2 receptors (417). Type 1
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receptors detected were: Acvr2, Acvri (Alk2), Bmpria (ALK3), Acvrib, Tgfpr1, and
Acvric; while Bmprib (ALK6) was not detected. Type 2 receptors detected were: Actr2a,
Actr2b, Bmpr2, and Tgfbr2. Additionally, overexpression of Acvr1 in mast cells is noted
to be pro-inflammatory in models of heterotopic ossification (HO) and fibrodysplasia
ossificans progressive (FOP), where specifically mast cell production of TNFa, IL1j3, and
IL6 are increased (417). BMPr2 gene expression has been additionally identified as a
mast cell signature gene when compared to basophils; therefore potentially suggesting
BMP signaling via BMPr2 is more important in mast cells versus basophils (51). Further
investigation of mast cell - BMP signaling is likely to identify additional roles that may
be important in chronic inflammatory conditions.

Role in Asthma
Bone morphogenetic proteins (BMPs) are ligands in the Tgfp superfamily and are

critically involved in embryogenesis, including lung development. Lung development
regulation by BMP4 and BMP’s Smad signaling pathway is thought to occur via
crosstalk with the Wnt signaling pathway. Genetic deletion of Smad1 leads to disruption
of lung branching morphogenesis and eventual neonatal respiratory failure (418).
Additionally, Smad8 is required for proper pulmonary vascular remodeling (419). Of
the several BMP receptors, specifically deleting Bmpria leads to abnormalities of lung
branching morphogenesis, airway formation, and neonatal respiratory distress (420,
421). BMP7 also appears to be involved in lung branching morphogenesis and is most
highly expressed in the basement membrane (422). This highlights the importance of
BMP molecules and their signaling pathway for lung tissue development and

homeostasis.
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Lung tissue homeostasis is reliant on BMPs and their signaling; therefore, their
status in lung inflammatory conditions is of importance for understanding the disease
pathology and treatment options. A chronic inflammatory condition of the lung that has
similar pathophysiology in humans and horses is asthma. In both species the disease
pathology is characterized by reversible airflow obstruction caused by bronchospasms,
increased mucus production, airway hyper-responsiveness, and pulmonary remodeling
(190, 191). In addition to BMPs being involved in lung morphology and vascular
remodeling, BMP4 is able to inhibit fibroblast proliferation and BMP7 is anti-fibrotic
(423). BMP7 has been shown to inhibit TgfB1-induced epithelial-mesenchymal
transition, which is associated with decreased expression of collagen type 1 in fibroblasts
and lung myofibroblasts (424-426). In support of these individual findings, a study
found BMP4 reduced Tgfp1-induced ECM production and BMP7 inhibited Tgff31
induced myofibroblast-like transformation in normal human lung fibroblasts (427). In
models of bleomycin-induced pulmonary fibrosis, Tgff-Smad2/3 signaling is pro-
fibrotic, where BMP-Smad1,5,8/9 is anti-fibrotic (428, 429). Remodeling and
thickening of the airways are characteristics of asthma and collagen production is one of
the components of this thickening, therefore BMP ligands and signaling may be altered
in asthma (430).

There has been limited research in the area of asthma and BMP signaling,
although significant differences have been found. Bronchial biopsies from asthmatic
patients and controls showed that BMP receptor expression is downregulated in asthma
and allergen challenge in asthmatics increases BMP7, BMP canonical signaling, and

BMP receptor expression (431). Down-regulation during asthma may impede repair and
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allergen challenge may lead to increases in attempts to repair and return to
homeostasis. In a mouse model of asthma, BMP7 treatment was found to be beneficial,
supported by reduced lung inflammation and collagen type 1 production (432). A rhesus
macaque model of allergic airway disease noted that Bmpria expression was not
significantly different with the induction of disease, but BMP canonical signaling was
significantly decreased with disease (433). Additionally, during recovery both Bmpria
and BMP canonical signaling were significantly elevated, suggesting a role for BMP
signaling for maintaining lung homeostasis during asthma. Smad-1,5,8/9 signaling in
asthmatic samples supports that in human asthmatics, lung fibroblasts are more
responsive to Tgf} and hence transitioning to myofibroblasts due to a dysregulation of
smad signaling where Smad-2/3 is upregulated and Smad-1,5,8/9 is downregulated;
which supports the dichotomy in Smad signaling in pro- anti-fibrotic effects (434).
Additional support for BMP signaling importance in asthma is in the expression
level of known BMP inhibitors. For example, a BMP signaling antagonist, Follistatin-like
1 (Fstl1), has been shown to be significantly elevated in asthmatic patients versus
healthy control (435). Further, Fstl1 levels are associated with increased smooth muscle
mass and basement membrane thickening in asthmatics (436). A mouse model of
asthma was used to investigate the possible mechanisms for these findings and
deciphered that macrophage/myeloid cells produce Fstl1 which leads to Oncostatin M
(OSM) production (437). Administration of Fstl1 to these mice resulted in airway
remodeling and increased OSM levels, where anti-OSM antibody administration
resulted in decreased airway remodeling, eosinophilic inflammation, and airway hyper-

responsiveness. OSM is made primarily by neutrophils in mucosal airway diseases and
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is increased is asthma patients with incompletely reversible airflow obstruction (438,
439). The limited described research in asthma supports further investigation of BMP
signaling, with the goals being to better understand asthma pathology and how to
control it effectively.

Role in IBD
BMP ligands, receptors, and signaling proteins are expressed in the

gastrointestinal tract. In both normal human and mouse colon BMP2, Bmpria, Bmprib,
Bmpr2, and p-Smadi1/4 were identified in colonocytes at the epithelial surface (440). In
the adult mouse intestine, Bmpria and BMP2 were highly expressed in the epithelium of
the villus and crypts, while BMP4 was more highly expressed in the stromal and
mesenchymal cells around crypts and glands (441-443). Further gene expression
profiling in humans suggests BMP-1, -2, -5, and -7, Smady, and Bmpr2 are highly
expressed in the tip regions of the colon, while BMP antagonists chordin-like 1, gremlin
1, and gremlin 2 are highly expressed in the colon crypts (444).

BMP signaling and its role in colitis has been most studied in relation to BMP7,
Smads and Smad?y expression. BMP dysregulation has been identified in IBD and colitis
models. Smad7 is highly expressed in IBD intestinal samples and downregulation of
smad?y expression resulted in decreased intestinal inflammation and continues to be
evaluated in further human clinical studies for actual clinical use (445-448).
Additionally, Smads gene expression was found to be decreased in IBD patients and its
deficiency results in the breakdown of the apical junctional complex and worsened
experimental colitis; further underscoring the importance of BMP signaling in intestinal

homeostasis (449). In rat models of colitis, both TNBS- and DSS-induced, BMP7 has
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been described to be anti-inflammatory and reduces colitis pathology (450-452). DSS
injury is noted to result in a reduction of BMP ligands and receptors, which is thought to
lead to greater inflammation and injury as seen by targeted intestinal genetic deletion of
BMP receptors using a villin-Cre; Bmpriaflox/flox system which resulted in worsened
colitis (453). Furthermore, the use of intestinal organoids and treatment with BMP4
resulted in decreased TNFa-induced CXCL8 (IL8) production. BMP pathway
suppression early on during colonic inflammation has also been linked to inflammation-
driven development of colon neoplasia in mice, underscoring the importance of this
pathway in intestinal health and chronic inflammation (454). BMP signaling
modulation as a novel treatment option for IBD is ideal because in addition to
modulating inflammation, it can directly affect fibrosis. BMP7 has the ability to decrease
intestinal fibrosis primarily by inhibiting Tgfp-induced epithelial to mesenchymal
transition that results in fibroblast/myofibroblast differentiation, with subsequent
production of extracellular matrix proteins resulting in fibrosis (455). Treatment
options targeted at blocking epithelial to mesenchymal transition and subsequent

fibrosis would be a beneficial tool in the treatment of chronic colitis.

Conclusions
Taken together, mast cell - BMP signaling axis may be a critically important axis

in chronic inflammatory conditions. The axis may be an additional mechanism in mast
cell roles in chronic inflammation and warrants further investigation. Additionally,
defining each of their roles, BMPs and mast cell, in modulating the immune response in
chronic inflammatory conditions such as asthma and IBD is intriguing as potential

targets for treatment.
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Figure 1.1. Isolation of mast cells using a positive selection kit, with
subsequent toluidine blue staining. A) Positive fraction stained with toluidine blue
to stain mast cells granules (500x total magnification). B) Negative fraction stained with
toluidine blue and not granulated cells are visible (500x total magnification). C) Cluster
of positive fraction cells stained with toluidine blue that clearly show cytoplasmic
granules consistent with mast cell (1000x total magnification). Sample used for
selection was mouse peritoneal fluid and positively selected for using Miltenyi Biotec

CD117 selection kit. All images obtained with the Olympus BX41.
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Figure 1.2. Antigen dependent IgE signaling. A simplified version of the cell
signaling pathway occurring in mast cells upon antigen binding and IgE-cross linking.
Activation results in degranulation of cytoplasmic granules and their contents,
leukotriene production, and cytokine/chemokine production. Created with

BioRender.com
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Table 1.1. Examples of molecules stored in mast cell granules.

Molecule Type Molecule Name

Proteases Mast cell specific: tryptase, chymase,
carboxypeptidase A3

Cytokines TNF, IL4

Chemokines CXCLS8

Lysosomal enzymes B-hexosaminidase

Bioactive monoamines Histamine, serotonin

Proteoglycans Chondroitin sulphates, heparin

Peptides Substance P

Adapted from: Wernersson, S. and G. Pejler, Mast cell secretory granules: armed for

battle. Nat Rev Immunol, 2014. 14(7): p. 478-94.
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Table 1.2. Tgf} superfamily signaling molecules.

Ligand | Typel Type I1 Receptor Co-Smad Inhibitory
Receptor Receptor | regulated-Smad Smad
(R-Smad) (I-Smad)
BMP2/4 | ALK2 (Acvr1) BMPRII Smadi1 Smad4g Smad?y
ALK3 (Bmpria) Smads
ALK6 (Bmprib) Smad8
BMP7 ALK2 (Acvr1) BMPRII Smad1 Smadg Smady
ALK3 (Bmpria) | ActRII Smads
ALK6 (Bmprib) | ActRIIB Smad8
TgfBs ALK5 (TBRI) TPRII Smad2 Smadg Smad6
Smad3 Smad?y
Activins ALK4 (Acvrib) | ActRII Smadz2 Smadg4 Smad6
ActRIIB Smads3 Smady

Adapted from: Massague, J., J. Seoane, and D. Wotton, Smad transcription factors.

Genes Dev, 2005. 19(23): p. 2783-810
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Table 1.3. Chemical BMP receptor inhibitors.

Compound Affinity for these receptors
Dorsomorphin ALK2, ALK3, ALK6

LDN-193189 ALK2, ALK3, ALK5, ALK6, TBRII
LDN-212854 ALK2, ALK3, ALK6

LDN-214117 ALK2

Ko02288a ALK2, ALK3, ALK6

DMH1 ALK2, ALK3

DMH2 ALK2, ALK3, ALK5, ALK6, BMPr2, TBRII
SB-431542 ALK4, ALK5, ALK7

Adapted from: Dinter, T., G.A. Bocobo, and P.B. Yu, Pharmacologic Strategies for

Assaying BMP Signaling Function. Methods Mol Biol, 2019. 1891: p. 221-233.

85




CHAPTER 2

BMP — MAST CELL AXIS AND ITS MODULATION OF INFLAMMATION
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Abstract

Mast cells are a type of innate immune cell with its role primarily constrained to
the tissues. Mast cells are in high concentration at locations of high antigen exposure
where they are able to recognize intruders and respond quickly to help coordinate the
immune response. Mast cells are not only inflammatory drivers, as commonly thought
of with antigen-IgE mediated responses; they are additionally able to help maintain
barrier homeostasis and are beneficial in models of lung and intestinal inflammation.
Transforming growth factor (Tgf)-f3 and bone morphogenetic proteins (BMPs) are in the
same superfamily, with each previously found to have the ability to modulate the
immune response in anti-inflammatory manners. The interaction between mast cells
and BMPs, which there a several different BMP ligands, is not clearly defined, although
mast cells are noted to express high amounts of a specific BMP receptor, Bmpr2, and
increased activity of another BMP receptor, Acvri, results in increased pro-
inflammatory cytokine production. Due to BMP ligands having the ability to modulate
immune responses in an anti-inflammatory manner, and the mast cell - BMP axis is
poorly defined; we chose to investigate this further. We hypothesized that during
inflammation BMPs modulate mast cell responses in an anti-inflammatory manner.
Results showed that preincubation of mouse and human mast cells with BMP7 resulted
in decreased TNFa secretion without affecting degranulation. Chemical inhibition of
Acvri1 resulted in further significant TNFa secretion, which in mouse mast cells appears
to be related to decreased p-p38 and pERK1/2 but is not evident in human mast cells.
These results show both an anti- and pro-inflammatory role of the BMP — mast cell axis

with BMP7 treatment leading to a decrease in TNFaq, while blocking Acvri signaling
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leads to further decreased TNFa release. Although further work is needed to clarify the
mechanism by which TNF release is decreased in human mast cell, we believe that Acvri
is critical in mast cells for appropriate TNF production and release. Based on
preliminary results, investigating the steps involved in subsequent release of vesicles
containing TNFa may be of interest. Ultimately, increased understanding of the BMP
ligand — Mast cell axis could be an area with novel therapeutic options in diseases of

inflammation.

Introduction

Mast cells are located in the lung, intestine, skin, and urogenital tract where
antigen exposure is concentrated; therefore as a member of the innate defense system
they are in a location of optimal antigen recognition and response (1-4). Mast cells play
a critical role in early responses to pathogens, which are recognized via complement
receptors, mannosylated receptor protein, PAMP receptors (such as TLR4), and they
contain the NLRP3 inflammasome (5-11). Mast cells also have the high affinity IgE
receptor (FceRI) and are classically known to be activated in antigen dependent IgE
manners that lead to degranulation. Activated mast cells are able to release preformed
and de novo synthesized molecules, in addition to interacting with other cells with cell
surface receptors (12-15). Pro-inflammatory preformed mast cell-derived products
include histamine, TNFa, and tryptase; while de novo synthesized molecules include
additional TNFa, arachidonic acid-derived metabolites, interleukins, and chemokines.
Classical pro-inflammatory actions of mast cells, such as IgE-mediated activation and
LPS-TLR4 activation are widely studied, but anti-inflammatory or protective roles of the

mast cell is less well understood.
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The beneficial role of mast cells has been more recently identified in models of
lung and intestinal inflammation. In a model of papain-induced lung inflammation,
mast cells were found to decrease lung inflammation, likely associated with supporting
T regulatory cell proliferation (16). Additionally, in a house dust mite model of lung
inflammation mast cell derived protease, MCP-4, was found to be beneficial in
decreasing inflammatory infiltrate (17). Mucosal healing of the intestinal tract was also
identified as a role of mast cells in a model of colitis, attributed to 1L.33/ST2 signaling
and production of IL22 and IL13 (18). Furthermore, our group, as well as others, has
shown that mast cells are protective in a mouse model of spontaneous, chronic colitis
using the IL107/- mouse (19-21). Although the mechanism of protection is not clearly
defined, further experimentation by our lab using reconstitution techniques showed the
protective mechanism is independent of IL10 and may be linked to the direct or indirect
production of bone morphogenetic protein (BMP)-2, -4, -6, &-7. Bone morphogenetic
proteins are a group of 20 different proteins in the Tgfp superfamily that induce a signal
through heterotetrameric receptor complexes (22). The BMP-mast cell axis is not well
described, but BMPs have the ability to support anti-inflammatory and anti-fibrotic
mechanisms; therefore, the BMP-mast cell axis may be particularly important and
possible novel treatment in chronic inflammatory conditions of the lung or intestine.

BMP ligands have been shown both in vitro and in vivo to be anti-inflammatory.
Foxp3 T regulatory cell differentiation and proliferation is primarily Tgff31-driven, but
BMP2 and BMP4 have been shown to be synergistic in T regulatory cell induction (23).
In addition to regulating cell induction, BMPs are able to regulate cytokine production.

Blockade of BMP receptors with chemical inhibitors in vitro resulted in decreased pro-
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inflammatory cytokines in response to stimuli; furthermore, BMP7 treatment in a model
of atherosclerosis aids in M2 macrophage differentiation and decreased pro-
inflammatory cytokine production such as MCP-1 and TNFa (24, 25). BMP7 is
additionally beneficial in models of colitis where treatment with BMP7 reduced disease
activity, pathology, and myeloperoxidase activity (26). In addition to BMP7 decreasing
inflammation, it is also anti-fibrotic and blocks TgfB-induced epithelial to mesenchymal
transition that is especially beneficial in diseases of chronic inflammation (27, 28).
Interestingly, specific BMPs can have opposite effects. BMP6 was found in vitro to
decrease macrophage proliferation, but induced pro-inflammatory molecules, such as
inducible nitric oxide synthase and TNFa (29). Initial evaluation of the mast cell - BMP
interaction has been noted to be more pro-inflammatory as BMP4 is noted to aid in
mast cell survival and recovery to second IgE-antigen stimulation and overexpression of
a specific BMP receptor, Acvri, in mast cells results in increased production of pro-
inflammatory cytokines (30, 31). The BMP - mast cell axis, specifically in relation to
BMP?7 is potentially very interesting due to BMP7’s anti-inflammatory and anti-fibrotic
functions, and because BMPr2, a receptor for BMP7, is a gene expression profiling
marker that separates basophils and other immune cells from mast cells (32).

BMP receptor-ligand complex signals via phosphorylating Smad-1, -5, & -8/9;
this phosphorylated BR-Smad complex associates with Smad-4 that is then translocated
to the nucleus to regulate transcription of target genes such as a group of proteins
referred to as inhibitors of DNA binding and cell differentiation (Id) (33-35). The
canonical BMP receptor signaling pathway is Smad-dependent, but non-canonical,

Smad-independent signaling also occurs which involves TAK1, MAPKs, and NFkB (36).
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When BMP ligand is bound, BMP type 2 receptor phosphorylates the type 1 receptor,
which ultimately propagates the signal in a canonical or non-canonical pathway. BMP
receptor chemical inhibitors are utilized to evaluate BMP signaling, which work by
binding to BMP receptors with variable affinity and block the receptor’s serine-
threonine kinase ability. The first BMP receptor chemical inhibitor identified was
dorsomorphin. Dorsomorphin and its derivative, LDN-193189, have the highest affinity
for Acvri compared to other chemical inhibitors.

We hypothesized that during inflammation BMPs modulate mast cell responses
in an anti-inflammatory manner and that BMP receptors differentially modulate mast
cell inflammatory responses. The objectives were to define the role of BMPs in
regulating mast cell functions by evaluating classical mast cell degranulation and the

release of TNFaq, a key cytokine in driving inflammation.

Materials and Methods
Reagents. Lipopolysaccharide (LPS, L3024), anti-DNP IgE (D8406), substance

P (SP, S6883), A23187 (C7522), DNP-HSA (A6661), dorsomorphin (P5499), SB-431542
(S4317), DMH1 (D8946), and DMH2 (SML1535) were obtained from Sigma-Aldrich (St.
Louis, MO). LDN-193189 (6053) was obtained from Tocris Bioscience (Bristol, UK). p-
nitrophenyl-N-acetylobeta-D-glucosaminide (NAG, 229411000) was obtained from
Acros Organics (Fair Lawn, NJ). Mouse IL3 (403-ML), mSCF (455-MC), mBMP7 (5666-
BP), mTgfB1 (7666-MB), human SCF (255-SC), and hBMP7 (354-BP) were obtained
from R&D Systems (Minneapolis, MN).

Antibodies. Anti-B-actin (4970), anti-phospho-NF-kB p65 (Ser536, 3033), anti-

NF-kB p65 (8242), anti-phospho-p44/42 MAPK (Erk1/2) (Thr2o2/Ty204, 9101), anti-
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P44/42 MAPK (Erk1/2, 4695), anti-phospho-p38 MAPK (Thr180/Tyr182, 4511), anti-
p38 MAPK (8690), anti-phospho-TAK1 (Ser412, 9339), anti-rabbit IgG HRP-linked
(7074), and anti-mouse IgG HRP-linked (7076) were purchased from Cell Signaling
Technology (Danvers, MA). Anti-calnexin (MA3-027) was purchased from Thermo
Fisher Scientific (Waltham, MA). Anti-BMP7 (MAB4350) was purchased from Millipore
Sigma. Anti-BMPr2 (ab130206) was purchased from Abcam (Cambridge, UK).

Mice. C57Bl1/6J mice were used in this study. Mice were housed in specific-
pathogen free barrier facility. Mice were euthanized via CO- inhalation. All procedures
were approved by the University of Tennessee and University of Pennsylvania
Institutional Animal Care and Use Committee.

Bone marrow derived mast cells (BMMCs). Female wild type mice,
Cs7Bl/6 (Jackson mice), age 6-8 weeks old were used to collect femurs for bone marrow
isolation. Cells were cultured in RPMI 1640 with L-glutamine, supplemented with 10%
fetal bovine serum, penicillin/streptomycin, HEPES, sodium pyruvate, essential amino
acids, plus IL3 and SCF at 10 ng/ml (cytokines from R&D, FBS from Gibco (part of
Thermo Fisher), and all other reagents from Corning (Corning, NY)). Mast cells were
cultured in 175 cm? tissue culture flasks, incubated in a humidified incubator at 37°C
with 5% COs.. For the first 1-2 weeks the medium was changed three times per week, and
thereafter 2 times per week. Mast cell differentiation was not assessed until at least 4
weeks of culture was met. Purity of mast cells was determined by flow cytometry using
anti-CD117 and anti-FceRIa cell surface markers (Miltenyi Biotec, Bergisch Gladbach,

Germany). Cells were used when >90% double labeled.
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Cell lines. RBL-2H3 cells, a rat mast cell line, were cultured in EMEM complete
media supplemented with 10% FBS (GE Life Sciences, Marlborough, MA) and
penicillin/streptomycin, with passaging performed every 3 to 4 days. LAD2 cells, a
human mast cell line, were obtained from the NIH and cultured in Stem Pro complete
media (Thermofisher), supplemented with L-Glutamine, penicillin/streptomycin, and
100 ng/ml SCF. Medium was changed and cells passaged via hemidepletion once a
week. Both cell types were cultured in 75 cm? tissue culture flasks, incubated in a
humidified incubator at 37°C with 5% CO..

Beta-hexosaminidase assay. To evaluate degranulation, RBL-2H3 cells
(500,000 cells/ml) and LAD2 cells (500,000 cells/ml) were seeded in to 96 well plates.
RBL-2H3 cells were sensitized overnight with 0.5 ug/ml anti-DNP-IgE. RBL-2H3 cells
were induced to degranulate with the addition of 100 ng/ml DNP-BSA for 2 hours.
LAD2 cells were induced to degranulate with the addition of 1 uM SP for 2 hours.
Modulation of degranulation by certain molecules was assessed by preincubation for 24
hours with BMP7 or BMP receptor chemical inhibitors at specified dosages. Both cell
types were also exposed to a calcium ionophore, 1 uM A23187, as a positive control.
Degranulation was assessed by first collecting the supernatant, then lysing the cells to
collect the protein and then incubating both with p-nitrophenyl-N-acetylobeta-D-
glucosaminide (NAG) for 1 hr at 37°C. The reaction was stopped with the addition of
carbonate buffer and then the absorbance was read at 405 nm using a microplate
reader. Percent degranulation was calculated by adding the absorbance readings for the
supernatant and cell lysate, then dividing the absorbance of the supernatant by the total

absorbance and multiply by 100 to give a percent.
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TNFa detection. Cells were pretreated with BMP7 or BMP receptor inhibitors
at indicated dosages and times. BMMCs (1 x 10° cell/ml) were co-stimulated with IgE at
0.5 ug/ml when exposed to LPS stimulation in order to optimize TNFa production.
LAD2 cells (500,000 cell/ml) were stimulated with SP to induce TNFa secretion. A
subset of treated cells was treated with A23187 (calcium ionophore) for about 2 hours
prior to supernatant collection in order to force mast cell degranulation. Supernatant
was collected for TNFa detection by ELISA (Invitrogen, Carlsbad, CA).

BMP?7 detection. BMMCs were stimulated for 24hrs with pro-inflammatory
stimuli. A subset of treated cells was treated with A23187 (calcium ionophore) about 2
hours prior to supernatant collection in order to force mast cell degranulation. BMP7
was then detected via ELISA (Thermo Fisher).

RNA sequencing and analysis. BMMCs were stimulated, as indicated, at 1 x
10% and then cell pellets were collected, washed with PBS, and final cell pellets made at 2
x 106 cells. Pellets were immediately stored at -80°C and then sent to a commercial
company for RNA extraction and RNA sequencing. Samples were analyzed with an
Ilumina HiSeq machine. Raw sequence files (fastq) for 27 samples were mapped to the
genome with using salmon against the mouse transcripts described in
genecode. Transcript counts were summarized to the gene level using tximport and
normalized and tested for differential expression using DESeq2.

Real-time polymerase chain reaction (RT-qPCR). RNA was extracted
from BMMC pellets per manufacturer’s instructions (Qiagen). Quantification and purity
of RNA extracted was assessed via NanoDrop 2000c¢ Spectrophotometer (Thermo

Fisher). Reverse transcription and cDNA synthesis was performed on 200 ng of RNA
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using Maxima First Strand cDNA synthesis kit (Thermo Fisher) and stored at -80°C.
Tagman Gene Expression Assays were used for all target genes; B-actin
(Mmo02619580_G1), BMPria (Mmoo0477650_m1), BMPr2 (Mmo00432134_m1), Acvri
(Mmo1331069_m1), and BMPrib (Mmo03023971_m1) (Applied Biosystems, Foster
City, CA). Real time PCR was performed on 10 ng cDNA, with Tagman Fast Advanced
Master Mix (Applied Biosystems). QuantStudio 6 Flex Real-Time PCR system (Applied
Biosystems) was used for thermal cycling at recommended settings. Results were
normalized to f-actin and relative quantification was performed using 24¢t method.

Apoptosis Analysis. Apoptosis was evaluated using a commercially available
Annexin V apoptosis detection kit (BD Biosciences, Franklin Lakes, NJ). BMMCs (1 x
10° cell/ml) and LADz2 cells (500,000 cell/ml) were treated with BMP7 or BMP receptor
inhibitors for 24 hours at indicated dosages. Hydrogen peroxide was used as a positive
control and for FMO controls. Staining was evaluated via flow cytometry and analyzed
with FlowJo software (BD Bioscience).

MTS cell proliferation analysis. Cellular proliferation was evaluated in cells
treated with LPS/IgE, SP, BMP7, or BMP receptor inhibitors after 24-hour exposure.
LAD2 cells (500,000 cell/ml) and BMMCs (1 x 10° cell/ml) were seeded into a 96 well
plate and MTS/PMS was added per manufacturer’s instructions (Promega, Madison,
WI) and absorbance was read after 2 hours at 490 nm using a microplate reader.

Evaluation of BMP ligands and receptors via Western blot. Naive cell
pellets were resuspended in 50 uL of RIPA buffer supplemented with protease and
phosphatase inhibitors. Lysate protein concentration was assessed with a commercially

available kit per manufacturer’s instructions (Thermo Fisher, Cat. No. A53226). Twenty
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to thirty ug of protein sample, plus laemmli sample buffer was separated via SDS-PAGE
and then transferred to a nitrocellulose membrane. The membranes were blocked with
5% BSA in TBS-T buffer for phosphorylated protein detection or 5% milk in TBS-T
buffer for one hour at room temperature. Primary antibodies were incubated overnight
at 4°C in 5% BSA in TBS-T buffer (1:1000 dilution, except for -actin at 1:2000). The
following morning the primary antibody was removed, and the membrane was washed
three times with TBS-T. Respective secondary antibody (1:2000) was incubated at room
temperature for 1 hr in 5% milk TBS-T buffer. The membrane was then washed three
times and the protein bands were detected with chemiluminescent HRP substrate
(Thermo Fisher). Densitometry was analyzed using Li-Cor Odyssey imager and Image
studio software (Lincoln, NE).

Evaluation of cell signaling pathways in association with TNFa
production via Western blot. BMMCs were stimulated at a concentration of 1 x 10°
cells/ml and LAD2 cells were stimulated at a concentration of 500,000 cells/ml. Cells
were stimulated with LPS/IgE or SP, respectively, at indicated times and dosages. Some
experiments included pretreatment with BMP7 or BMP receptor inhibitors for indicated
times and dosages in order to evaluate modulation of LPS/IgE and SP signaling
resulting in TNFa release. Cell pellets were collected at twice the concentration of
stimulation and were washed with PBS supplemented with protease and phosphatase
inhibitors. Two million BMMCs or 1 million LAD2 cell pellets were resuspended in 50
uL of RIPA buffer supplemented with protease and phosphatase inhibitors. Protein
quantification, SDS-PAGE, and protein detection was performed in same manner as

stated above.
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Statistical Analysis. GraphPad Prism 8 (San Diego, CA, USA) was used for
statistical analysis. Normality of data was assessed using Shapiro-Wilk test and data was
analyzed using one-way analysis of variance with Tukey’s multiple comparisons in
normally distributed data, and by Kruskall-Wallis with Dunn’s multiple comparisons in

non-normally distributed data. Statistical significance was set at p < 0.05.

Results
Pre-treatment of mast cells with BMP7 results in decreased TNFa release,

while not affecting degranulation.

The potential immuno-modulatory effects of BMP7 treated mast cells is
unknown; therefore, we first set out to determine if mast cells pretreated with BMP7
would affect the mast cell’s ability to degranulate and/or release TNFa. Mast cells pre-
treated with BMP7 at indicated dosages for 24 hours prior to stimulation with IgE/DNP
or SP resulted in no to very mild decrease in degranulation in both RBL-2H3 and LAD2
cells (Figure 2.1). Interestingly, cells pretreated with BMP7 at varying dosages for 24hrs
with subsequent LPS or SP stimulation, resulted in significantly decreased TNFa release
in both BMMCs and LAD2 cells (Figure 2.2). Additionally, BMP7 pretreatment resulted
in a decrease in TNFa production in a dose-dependent manner. Prolonged exposure to
BMP7, 72-hour pretreatment, also resulted in significantly decreased TNFa production
(Figure 2.3).

Since BMP7 pretreatment did not result in a decrease of degranulation, but did
decrease TNFa release, BMP7 effects appear to be more targeted and not due to cell
death. Apoptosis and proliferation assays were performed and confirmed these

thoughts. Apoptosis is not induced by BMP7 pretreatment in either BMMCs or LAD2
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cells, as seen in Figure 2.4. Additionally, proliferation status appears unchanged with
BMP7 treatment versus untreated. These results support that BMP7 treatment is not
resulting in decreased TNFa release due to increased cell death. Taken together, the
data support that BMP7 treatment is anti-inflammatory and affects the mast cell’s
ability to produce and/or release TNFa. The resultant decrease in TNFa may be
attributed to change in mast cell phenotype, or effect on cell signaling pathways that
result in TNFa production and release.

BMP7 treatment appears to drive mast cell phenotype.

Mast cells are generally accepted to have two main subtypes, or phenotypes,
based on the mast cell proteases they contain. Human mucosal mast cells are primarily
tryptase containing, where connective tissue mast cells have a mixture of all three
proteases; tryptase, chymase, and carboxypeptidase A3 (37). This sub-classification can
vary slightly between species but is relatively similar. Mouse mucosal mast cells are
noted to primarily contain mast cell protease (mcpt)-1, and -2 (chymases) and mcpt-6
(tryptase); where connective tissue mast cells contain mast cell protease-4 (chymase),
mcept-6, and -7 (tryptase), and carboxypeptidase A3 (1, 38, 39). Human tryptase analogs
in mice are mcpt-6, and -7; where chymase analogs are mcpt-1, -2, and -4 (40, 41). Due
to these two possible phenotypes, we wanted to evaluate in vitro if BMP7 treated
BMMCs drove a specific phenotype. As seen in Figure 2.5, BMP7 treatment prior to LPS
stimulation results in significantly increased tryptase, mcpt1, and mcpt2; consistent
with mucosal mast cells. These results support that specific mast cell phenotypes may be
more anti-inflammatory, which is important to know for driving mast cell responses and

could be used as a treatment target.
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Inflammatory stimuli upregulate BMP7 production.

Mast cells pretreated with BMP7 have a specific effect, decreasing pro-
inflammatory TNFa release, but our next question was if mast cells produce BMP7
themselves when in an inflammatory milieu, which may be a component of their
beneficial roles. At baseline both BMMCs and LAD2 cells express BMP7 and BMMCs
express BMP receptors (Figure 2.6). At baseline BMMCs do not express BMPrib and
most highly express BMPr2. Additionally, stimulation with pro-inflammatory cytokines
caused an upregulation in BMP7 production in BMMCs (Figure 2.7). These results
suggest that in an environment of inflammatory milieu, mast cells could be a source of
BMP7, which then has the ability to activate BMP signaling in it or other surrounding
cells. Since BMPs can bind to several different receptors and form heterotetrameric
receptor complexes, this led us to investigate what happens to mast cell degranulation
and TNFa secretion when BMP receptors are inhibited by use of chemical inhibitors.
BMP7 is thought to interact with a BMP type 2 receptor and then recruit a type 1, but
there has also been a report to support equal receptor affinity (42). Additionally, type 1
receptor affinity for BMP7 is said to be Acvri, but can also engage Bmpria (43). BMP7
engagement of receptors is likely to be influenced by what receptors each cell type has;
therefore, requires investigation for each cell type of interest.

Acvri blockade results in decreased TNFa release.

BMP ligands engage both a BMP type 1 and type 2 receptor for signaling
activation. BMP type 2 receptor has been shown to phosphorylate the type 1 receptor,
which then ultimately propagates the signal via canonical signaling, via Smad-1,5,8/9,

or non-canonical signaling via TAK1, MAPKs, and NFkB. BMP7 is reported to use type 2
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receptors: Bmpr2, Actr2, or Actr2b; and type 1 receptors: Acvri or Bmprib (44). Mast
cells highly express Bmpr2 and do not express Bmprib; therefore, BMP7 likely engages
Bmpr2 and Acvri in an ideal scenario. Chemical inhibition of BMP receptors can be
done using several different molecules, which have varying affinity for specific BMP
receptors, but all work by inhibiting the receptors kinase ability. We found that mast
cells pretreated with BMP receptor inhibitors did not have significantly decreased
degranulation, as would be expected based on BMP7 not affecting degranulation (Figure
2.8). Interestingly, as seen in Figure 2.9, the use of LDN-193189 or dorsomorphin alone,
without BMP7, resulted in significantly decreased TNFa secretion upon stimulation in
LAD2 cells versus other chemical inhibitors. This significant decrease in TNFa release
was also seen in BMMCs pretreated with dorsomorphin or LDN-193189. LDN-193189,
dorsomorphin, DMH1, and DMH2 target BMP type 1 receptors, while SB-431542 targets
TgfP type 1 receptors. SB-431542 had a mild decrease in TNFa release, although not as
pronounced as dorsomorphin or LDN-193189; therefore, the effect appears strongest
with inhibition of BMP receptors. The BMP receptor chemical inhibitors have varying
receptor affinities with highest affinities for LDN-193189 and dorsomorphin noted to be
Acvr1 and BMPrib amongst the other inhibitors used (45). Taking into account receptor
affinities, TNFa results, and that mast cells do not express BMPrib; it is likely the
dramatic effect of LDN/dorsomorphin is due to their high affinity for Acvri. The effect is
not likely due to cell viability as apoptosis status is unchanged, and while proliferation
states are mildly, variably affected, degranulation is normal at those dosages (Figure
2.10). Therefore, it is more likely that LDN/dorsomorphin effects are linked to changes

in cell signaling pathways, which result in TNFa production and secretion, such as
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MAPKSs and NFkB. These pathways are also able to be activated by BMP ligands through
non-canonical signaling; therefore it may be that Acvri activation is more closely linked
to non-canonical signaling resulting in TNFa production, where canonical signaling via
Smad-1,5,8/9 results in decreased TNFa production and release (Figure 2.11).
Phospho-ERK1/2 is upregulated upon stimulation in BMMCs and LAD2
cells.

In order to further evaluate how LDN-193189 and dorsomorphin are resulting in
pronounced decrease in TNFa we first chose to evaluate some of the pathways
associated with TNFa production, such as NFkB p65 subunit, p38, ERK1/2, and TAK1 to
see what pathways are upregulated in our cells. Results showed that upon stimulation,
in both BMMCs and LAD2 cells, ERK1/2 is upregulated, while BMMCs additionally had
upregulation in p38 (Figure 2.12). Both p65 and TAK1 were unchanged at the time
points evaluated.

BMP7 and LDN-193189 decrease baseline p-p38 and induction of pERK1/2
in stimulated BMMCs.

We further evaluated activation of these pathways with 72hr pretreatment of
BMP7 or LDN-193189 to see if TNFa release was due to down regulation of these
pathways. BMMCs had significant downregulation in both baseline of p-p38 and
induction of pERK1/2 15 minutes post-stimulation, which was not seen in LAD2 cells
(Figure 2.13). These results support that in BMMCs, BMP7 and LDN-193189 may be
decreasing TNFa release via downregulating pathways, MAPKs, that can result in its
production. The effect of BMP7 and LDN-193189 on LAD2 cells remains unknown. We

chose to focus on a few key pathways, but other pathways not investigated may be
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affected in LAD2 cells, or BMMCs, and warrant further investigation, such as PI3K,
PKC, and Lyn (46-49). Another explanation for decreased TNFa detection in the
supernatant is that the cells are unable to release TNFa from the storage vesicle,
whether it be pre-formed or newly synthesized.

LAD2 cells appear to primarily de novo synthesizes TNFa, while BMMCs
have more stored TNFa.

Mast cells can store preformed molecules in large cytoplasmic vesicles (granules);
which are then released via exocytosis (degranulation). Mast cells can also newly
synthesize molecules upon stimulation and form new secretory vesicles via the Golgi
apparatus. Secretion of the de novo synthesized molecules entails vesicular trafficking
and recycling, which can involve different signals and vesicular trafficking proteins
versus degranulation. Acvr1 inhibition may result in the blockage of a signal that results
in release of TNFa from its cytoplasmic vesicle. TNFa in mast cells can be pre-stored
and de novo synthesized upon stimulation and therefore can be packaged and re-
packaged into various types of vesicles. In our hands it appears the human mast cell
line, LAD2, de novo synthesizes TNFa upon stimulation, while mouse BMMCs have a lot
of TNFa pre-stored as shown by BMMC negative controls subject to forced
degranulation have more TNFa versus LAD2 cells (Figure 2.14). This increased pre-
stored TNFa may be associated with higher baseline p-p38 seen in our BMMCs versus
little to no detection in LAD2 cells. We would expect if LDN-193189 treatment was
resulting in a build-up of TNFa that was unable to be released and subsequently
detected in the supernatant, the addition of A23187, a calcium ionophore, may result in

increased release and detection of TNFa. Mast cell degranulation is largely reliant on
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calcium; therefore A23187 is used as a positive control for mast cell degranulation as it
causes an influx of calcium. A23187 treatment resulted in increased TNFa secretion in
BMMCs versus its same treatment without A23187, and LDN-193189 pretreatment
resulted in significantly lower TNFa suggesting BMMCs when stimulated increase TNFa
production, but primarily release the TNFa that was prestored. This suggests that LDN-
193189 treatment in BMMCs may affect both prestored and de novo synthesized TNFa.
Similar results were not seen in LAD2 cells. LAD2 cells, upon A23187 treatment,
resulted in similar TNFa release versus its same treatment without A23187 treatment,
suggesting that LDN-193189 treatment has more of an effect on de novo synthesized
TNFa or that TNFa in LAD2 cells are in different secretory vesicles not sensitive to
A23187 treatment.
Discussion

Our findings support a dual role of BMP signaling in the ability to modulate mast
cell release of TNFa. The treatment of mast cells with BMP7 or LDN-193189 (Acvri
inhibitor) prior to stimulation with pro-inflammatory molecules resulted in decreased
TNFa release while not affecting mast cell degranulation. Pathways associated with
TNFa production upon LPS or SP stimulation, such as NFkB, TAK1, and MAPKs
(including p38 and ERK1/2) were evaluated as the possible mechanism for the
decreased TNFa release. Of the pathways we investigated, in both BMMCs and LAD2s,
it appears there are different effects of BMP7 and LDN-193189 in each cell type. BMP7
and LDN-193189 pretreatment was noted to decrease baseline p-p38 and post-
stimulation p-ERK1/2 in BMMCs; which may be the mechanism(s) by which less TNFa

release was detected in these cells. LAD2 cells did not have any modulation of the
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pathways investigated with BMP7 or LDN-193189 pretreatment. Other pathways in
LAD2 cells may be affected by BMP7 or LDN-193189 pretreatment that were not
investigated here, or physical release of TNFa from storage vesicles may be affected and
warrant further investigation.

In order to modulate the BMP pathway, we utilized BMP receptor chemical
inhibitors that work by binding to and blocking the receptor’s serine/threonine kinase
ability. Unexpectedly, treatment with BMP receptor chemical inhibitors alone resulted
in decreased TNFa release without affecting degranulation. Of note, specific inhibitors
appeared to inhibit the TNFa release better than others and of those that were most
affective, LDN-193189 and dorsomorphin, these have the highest affinity for Acvri. Mast
cells that were genetically engineered to have a gain-of-function mutation in Acvri, that
is ligand-independent and ligand-responsive have been noted to have an increase in
pro-inflammatory cytokine production upon stimulation with SP and BMP4; therefore
blocking Acvr1 may not be surprising that it results in a decrease in TNFa release (31).
What was slightly surprising was there was not an exogenous source of BMPs applied in
our scenario, only LPS or SP for BMMC or human LAD2 cell stimulation, respectively.
This suggests possible low-level constitutive release of BMPs and/or Acvri-mediated
BMP pathway activation, or crosstalk between the BMP pathway and LPS/SP signaling
pathways.

Our results also suggest the synthesis and storage of TNFa in human LAD2 cells
versus mouse BMMCs is slightly different based on forced degranulation utilizing
A23187. LAD2 cells appear to make their TNFa de novo upon stimulation with SP, while

BMMCs have more stored, with the addition of de novo synthesis upon stimulation with

104



LPS. BMMCs pretreated with LDN-193189, with no other stimulation, had less TNFa
stored in their granules versus negative control which may be attributed to the
decreased p-p38 at baseline seen on western blot. Pretreatment with LDN-193189, with
no other stimulation, in LAD2 cells did not result in decreased TNFa versus negative
control likely due to the fact that they primarily de novo synthesizes TNFa. The
mechanism by which the cells store their TNFa is important in further deciphering the
mechanism of action of both BMP7 and LDN-193189. Release of specific molecules from
their associated vesicle is suggested to involve different machinery in mast cells, such as
VAMP-8 involved in the release of f-hexosaminidase and cathepsin D; and VAMP-3
involved with release of TNFa and histamine (50, 51). Further evaluation of TNFa
release in association with BMP7 and LDN-193189 may identify an additional
mechanism of BMP related modulation of immune cells. Pathways modulated by BMP
signaling may aid in the activation and mobilization of SNARE and VAMP proteins
needed for vesicle movement to the plasma membrane. Both ERK1/2 and NFkB
signaling has been previously indicated to be important for activation of machinery
needed for vesicle movement and physical release of TNFa in mast cells (52, 53).

BMPs are known to induce the production of a group of proteins referred to as
inhibitors of DNA binding and cell differentiation (Id) which are able to modulate the
transcription of genes important in cell proliferation and differentiation. BMPs have
been noted to induce these in several different cell types such as smooth muscle cells,
stem cells, and B cells (54-58). Importantly these Id proteins also have roles in immune
cell functions and differentiation, such as promoting T regulatory cells, controlling CD8+

and CD4+* T cell subsets and effector functions, and B cell lymphopoiesis (59-65). It is
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unknown if these proteins are induced in mast cells upon BMP ligand treatment or what
their roles could be in mast cell functions. Induction of these proteins may be related to
TNFa production and/or release and warrant further investigation.

Confirmation of what receptors BMP7 is binding to on mast cells would aid in
clarification of the mast cell - BMP axis. Specific BMP ligand - receptor engagement
may result in different signaling, with specific ones resulting in canonical versus non-
canonical signaling, or a mix thereof. Mast cells in inflammatory milieu upregulate
BMP7, which may be released and lead to autocrine/paracrine BMP signaling that
results in modulation in mast cell functions. When a specific BMP receptor is blocked,
such as with Acvri, BMP7 may be engaging Bmpr2 and Bmpria instead, which avoids
activation of non-canonical BMP signaling through Acvr1 and only results in canonical
signaling, which is thought to be anti-inflammatory. Ultimately, it may be the specific
BMP pathway activated, canonical versus non-canonical, that has the ability to
modulate downstream inflammatory actions, such as the production and/or release of
TNFa.

Signaling pathways in mast cells that result in TNFa production have been
studied more thoroughly in mouse BMMCs versus human LAD2 cells. Pathways
upregulated upon stimulation with SP in LAD2 cells has been previously investigated,
but in conjunction with IL.33 stimulation and only select components of the NFkB
pathway were evaluated (66). LAD2 stimulation with SP and/or IL33 resulted in
changes in the NFkB pathway, specifically phosphorylation of IxkB-a, seen only with
IL33 alone. Additionally, TNFa release post-SP stimulation was 50% decreased when

NK-1R was blocked, suggesting SP is recognized by other receptors. NK-1R binding of
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SP is noted to lead to NFkB, MAPKs, and PI3K activation, and more recently SP has
been noted to bind to Mrgprx2 (mouse homolog, Mrgprb2) and not solely NK-1R (67-
70). Activation of the Mrgprx2 receptor can lead to calcium mobilization important for
degranulation, but also to PI3K activation and subsequent MAPK activation; therefore
other pathways besides NFkB may be activated that subsequently lead to TNFa
production in LAD2 cells (71). Our results support activation of ERK1/2 signaling
pathway in SP stimulated LAD2 cells. Stimulation of BMMCs with LPS has been
extensively investigated and several pathways have been indicated in TNFa production.
Initially TLR4 signaling in mast cells was thought to only be MyD88-dependent, which
did not require receptor complex internalization, but receptor complex internalization
may be required for activation of specific pathways. BMMC stimulation with LPS can
lead to NFxB; MAPKSs, such as p38 and ERK1/2; and PI3K activation (46, 52, 72-74).
Additionally, intracellular trafficking of the TLR4 complex is important, perhaps more
so for ERK1/2 activation (52). Our results in BMMCs support activation of ERK1/2 and
p38 in BMMCs upon stimulation with LPS. Further investigation of additional
pathways, such as PI3K is required, especially in LAD2 cells, as our data here has not
identified pathways modulated by BMP7 or LDN-193189.

Ultimately the mast cell - BMP axis needs to be furthered evaluated in vivo.
Global knockouts of components of the BMP family are typically embryonically lethal,
although targeted deletion of BMP ligands and/or receptors is possible and is currently
being pursued in our laboratory. Mast cell’s high expression of BMPr2 and the fact that
it is a gene expression marker that separates it from basophils is a particularly

interesting area of further investigation. Defining the requirement for BMPr2 in mast
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cell functions will aid in clarifying it as a target of modulation in diseases where the mast
cell is involved, such as anaphylaxis, allergies, colitis, etc.

A limitation of this study is the inability to easily compare LPS stimulation in
both BMMCs and LAD2 cells. LAD2 cells are minimally, to not responsive to LPS (75).
We chose to focus on LPS with the BMMCs because of the desire to relate to what would
be encountered in the colon during colitis, although SP is also upregulated during
inflammation. Future experiments may include other human derived mast cells, such as
embryonic cord blood, and/or the use of SP in BMMCs.

In conclusion our results support a dual role of the BMP — mast cell axis in the
regulation of inflammation (Figure 2.15). BMP7 treatment and Acvr1 blockade both
resulted in decreased TNFa release upon stimulation with pro-inflammatory molecules.
In BMMC:s, it is suggested here that BMP7 and Acvr1 blockade with LDN-193189 results
in the reduction of signaling via the p38 and ERK1/2 pathway. Further investigation is
required to determine the mechanism of action in LAD2 cells. Modulation of cell
signaling pathways may be associated with both a decrease in TNFa production and
release of TNFa from its storage vesicle. Ultimately these results further help to define
potential anti-inflammatory mechanisms of the BMP — mast cell axis, which may help to
explain mast cell’s beneficial roles in chronic inflammation and identify novel

therapeutic targets.
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Figure 2.1. BMP7 pretreated mast cells have normal degranulation. Two mast
cell lines, (a) RBL-2H3 (rat) and (b) LAD2 (human) are minimally to not affected in the
ability to degranulate determined by -hexosaminadase release with pretreatment of
BMP7. RBL-2H3 and LAD2 cells were pretreated with BMP7 at indicated dosages for 24
hours and subsequently stimulated for 2 hours with A23187 (positive control),
IgE/DNP, or SP and degranulation evaluated. Cells stimulated with IgE/DNP were
pretreated with IgE at 0.5 ug/ml 24hrs prior to exposure to DNP at 100ng/ml. Data is
displayed as mean with standard deviation. *, p<0.05; **, p<0.01; ***, p<.001; ****

P<0.0001.
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Figure 2.2. BMP7 pretreated mast cells significantly decrease TNFa release
upon stimulation. Two mast cell lines, (a) & (b) BMMCs (mouse) and (c) & (d) LAD2
(human), have significantly decreased TNFa secretion upon stimulation when
pretreated for 24 hours with BMP7. Cells were pretreated with BMP7 at 1 x 106 cell/ml
for BMMCs and 500,000 cell/ml for LAD2 for 24 hours and subsequently stimulated for
16 to 24 hours with LPS (0.5 ug/ml) or SP (1 uM), respectively. Tgfp1 pretreatment was
used as a positive control in BMMCs. Data is displayed as mean with standard deviation.

¥ P<0.05; **, p<0.01; ***  p<.001; **** p<0.0001.
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Figure 2.3. Mast cells treated for 72 hours with BMP77 have significantly
decreased TNFa release upon stimulation. Two mast cell lines, (a) BMMCs
(mouse) and (b) LAD2 (human), have significantly decreased TNFa secretion upon
stimulation when pretreated for 72 hours with BMP7. Cells were pretreated with BMP7
at 1 x 10 cell/ml for BMMCs and 500,000 cell/ml for LAD2 for 72 hours and
subsequently stimulated for 16 to 24 hours with LPS (0.5 ug/ml) or SP (1 uM),
respectively. Data is displayed as mean with standard deviation. *, p<0.05; **, p<0.01;

**¥% p<.001; ¥*¥*¥ p<0.0001.
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Figure 2.4. Mast cells treated with BMP7 have stable apoptosis and
proliferation status. (a) & (b) Mouse BMMCs pretreated for 24hrs with BMP7, with
secondary LPS/IgE stimulation do not have an increase in apoptotic cells. (¢) BMMCs
stimulated for 24hrs with BMP7 do not have a significant change in cellular proliferation
as compared to the treatment with LPS/IgE. (d) & (¢) Human mast cells, LAD2,
pretreated for 24hrs with BMP7, with secondary SP stimulation do not have an increase
in apoptotic cells. (f) LAD2 cells stimulated for 24hrs with BMP7 have no change in
cellular proliferation. Hydrogen peroxide was applied to the cells for about 2-4 hours at
concentrations indicated as a positive control for apoptosis analysis. Data is displayed as

mean with standard deviation. *, p<0.05; **, p<0.01; *** p<.001; **** p<0.0001.
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Figure 2.5. BMP7 pretreatment modulates mast cell phenotype and
response to inflammatory stimulus. BMMCs that were pretreated with BMP7
prior to inflammatory stimulus have decreased inflammatory cytokine production but
increased protease expression. BMMCs were pretreated with vehicle or BMP7 at 20
ng/ml for 24hrs, and then selective pretreated cells were subject to LPS/IgE (0.5 ug/ml)

for 24hrs. Cells were then harvested for RNA sequencing. (a) Depicts PCA of 4 different
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treatments and (b) is a heat map of significantly differentially expressed genes. Blue
dots = BMP7, Red dots = BMP7 + LPS/IgE, Yellow dots = LPS/IgE, Green dots =

Negative control.
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Figure 2.6. Mast cells at baseline express BMP7 and BMP receptors. (a)
BMP7 is expressed in both LAD2 cells and BMMCs. (b) BMP receptor expression of
BMPria, BMPr2, and ACVR1 at baseline is detected at the RNA level in BMMCs, with
BMPr2 expressed at the highest level and BMPrib was not detected. (c) BMMCs, LAD2,
and RBL-2H3 cells express BMPr2 at the protein level. Data is displayed as mean with

standard deviation. *, p<0.05; **, p<0.01; ***, p<.001; **** p<0.0001.
127



(o)

115 kDa
T w—— w— a— BMPR2

49 kDa T—— R — B-actin

RBL-2H3 BMMC LAD2

Figure 2.6 continued

128



A23187 treated cells

301 *
I

L3
i

)
e

BMP7 pg/ml
[
<

0 -—=oT0=—=kT— T T
SP (1uM) - + - -
IL4 (1.7 ng/ml) -
IgE (0.5 ug/ml) - - + - - +
LPS (1 ug/ml) - - + - - +

+

1

1

+ + -
1

Figure 2.7. Mast cells exposed to inflammatory stimuli upregulate BMP7
production. BMP7 is upregulated in BMMCs when exposed to inflammatory stimuli
for 24hrs. A23187 (1 uM), a calcium ionophore, induces mast cell degranulation and was
used to increase detection of BMP7. Data is displayed as mean with standard deviation.

* P<0.05; **, p<0.01; *** p<.001; **** p<0.0001.
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Figure 2.8. Mast cell degranulation is mildly to unaffected by pretreatment
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degranulate normally in the face of BMP receptor inhibition, with minimal changes.
Cells were pretreated with BMP receptor inhibitors at 500,000 cell/ml for 24 hours and
subsequently stimulated for 2 hours with A23187 (1 um, positive control), IgE/DNP, or
SP (1 uM) and degranulation evaluated by detection of f-hexosaminidase. Cells
stimulated with IgE/DNP were pretreated with IgE at 0.5 ug/ml 24hrs prior to exposure
to DNP at 100 ng/ml. BMP receptor inhibitors were applied at two different dosages, +,

0.25 uM and ++, 1 uM. *, p<0.05; **, p<0.01; *** p<.001; **** p<0.0001.
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Figure 2.9. Acvri1 blockade results in profoundly decreased TNF secretion
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significantly decreased TNFa secretion upon stimulation when pretreated for 24 hours
with BMP receptor inhibitors with high affinity for Acvr1 (LDN-193189 and
dorsomorphin). Cells were pretreated with BMP receptor inhibitors at 1 x 10° cell/ml for
BMMCs and 500,000 cell/ml for LAD2 for 24 hours and subsequently stimulated for 16
to 24 hours with LPS (0.5 ug/ml) or SP (1 uM), respectively. Data is displayed as mean

with standard deviation. *, p<0.05; **, p<0.01; ***, p<.001; **** p<0.0001.
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Figure 2.10. Acvri1 blockade does not result in significantly increased
apoptosis. Mouse BMMCs (a) & (b) and LAD2 cells (d) & (e) pretreated for 24hrs with
dorsomorphin or LDN have stable apoptosis status. LAD2 cells had significantly
increased annexin V/PI positive cells with 1 uM dorsomorphin treatment, although this
is likely not physiologically relevant when compared to the positive control apoptosis
inducer and the previous finding that degranulation is normal at this dose. Hydrogen
peroxide was applied to the cells for about 2-4 hours at concentrations indicated as a
positive control and FMOs were done in same way as previously shown. Cellular
proliferation was assessed in (c) BMMCs and (f) & (g) LAD2s after 24hr treatment with
BMP receptor inhibitors and was mildly, variably affected, although degranulation is
noted to be normal at these dosages. Data is displayed as mean with standard deviation.

¥ P<0.05; **, p<0.01; *** p<.001; **** p<0.0001.
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Figure 2.11. Proposed model of pathway activation and BMP7 production

upon mast cell stimulation. Created with BioRender.com.
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Figure 2.12. Mast cells stimulated with inflammatory stimuli have an
upregulation in phospho-ERK1/2, with BMMCs additionally having
upregulation of p-p38. BMMC (a) & (b) and LAD2 cells (¢) & (d) show upregulation
of pERK1/2 upon stimulation with LPS/IgE or SP for 24 or 16hr, respectively. BMMCs

additionally appear to have upregulation in p-p38 upon stimulation.
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Figure 2.13. Pretreatment with BMP7 or LDN-193189 decreases ERK1/2 and
P38 phosphorylation in BMMCs, not LAD2 cells. BMMCs (a) & (b) and LAD2
cells (e) were pretreated with BMP7 (BMMCs: 40 or 160 ng/ml; LAD2 40 or 80 ng/ml)
or LDN-191389 (BMMCs: 0.25 uM; LAD2: 0.25 or 0.5 uM) for 72hrs and then
subsequently stimulated with LPS/IgE or SP, respectively. Cell pellets were collected at
o min and 15 min post LPS/IgE or SP stimulation. Pathways previously identified as
induced upon stimulation, ERK1/2 and p38, were evaluated. Pretreated BMMCs with
BMP7 and LDN-193189 had (c) significantly decreased pERK1/2 at 15 minutes post
stimulation and interestingly had (d) significantly decreased p-p38 at baseline. LAD2
cells did not have any significant decrease in ERK1/2 induction with BMP7 or LDN-

191389 pretreatment.
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Figure 2.14. LAD2 cells de novo synthesizes more TNFa versus BMMCs have
more TNFa stored. LAD2 cells (a) and BMMCs (b) were pretreated with LDN-193189

for 24hrs and subsequently stimulated with SP or LPS/IgE for 16 to 24hrs, respectively.

146



Two hours prior to collection, A23187 was applied to force degranulation. TNFa in the
supernatant was subsequently detected with ELISA. Data is displayed as mean with

standard deviation. *, p<0.05; **, p<0.01; ***, p<.001; **** p<0.0001.
p p p p
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Figure 2.15. Proposed model for BMP7 and LDN-193189 reduction in TNFa
release upon subsequent stimulation. (a) BMP7 pretreatment has been shown to
decrease TNFa release in both BMMCs and LAD2 cells. We have shown that BMP7
pretreatment in BMMCs is able to downregulate baseline p-p38 and induced pERK1/2
upon stimulation with LPS, which likely plays a role in decreasing the TNFa released by
these cells. (b) Additionally, LDN-193189 pretreatment in BMMCs showed similar
effects. BMP7 treatment is likely driving a canonical signaling pathway, Smad-
dependent, which results in anti-inflammatory actions, such as downregulating p-p38
and pERK1/2. Downregulation of these pathways may be due to inducing the
production of Id-proteins but is unknown at this time. LDN-193189 inhibits Acvr1
signaling that is likely more closely linked to non-canonical signaling and therefore its
blockade leads to decreased activation of those non-canonical signaling pathways, p-p38
and pERK1/2. Acvri signaling may help amplify LPS and SP signaling pathways
independent of binding BMP ligand, or there may be low grade constitutive signaling
occurring in a ligand-dependent or independent manner. Created with BioRender.com.



(b)

NK-1R or MRGPRX2 LPS}.':._ G 4
LPSbinding g

SP

protein

[y

r

Figure 2.15 continued

149

Increase in TNFa
production &
release impeded

anti-inflammatory
actions of smad
signaling may be
possible with
different
receptors




CHAPTER 3

MAST CELL PHENOTYPE AND CYTOKINE PROFILES IN EQUINE ASTHMA
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Abstract

Equine asthma syndrome is a naturally occurring lung disease characterized by
chronic, partially reversible airway obstruction, pulmonary remodeling and lower
airway inflammation. The syndrome is classically defined in to two major groups, mild
to moderate asthma (mEAS), and severe asthma (sEAS), but each remains a
heterogeneous group with further subtyping potentially required. Further subtyping
may be supported by significant differences in the cellular and cytokine profiles present
in the BALF of asthmatic horses. The cytokine profiles that distinguish asthma groups in
horses have not been systematically classified, and mast cell phenotypes, which, in
human asthma, correlate with asthma type, lung function, and response to therapy, have
not been well described in horses. The purpose of this study was to: (1) compare mast
cell protease mRNA expression between healthy and asthmatic horses, (2) analyze the
cytokine profile present in BALF of currently defined equine asthma groups, and (3) use
these data to evaluate potential biomarkers of defined asthma groups. Mast cell protease
gene expression and select cytokine gene expression of the BALF cellular component,
and multiplex bead immunoassay for cytokine concentrations in the BALF supernatant
were performed. Samples for gene expression profiling were enrolled from two
institutions in order to include a mast cell predominant mEAS group. Chymase mRNA
expression, a mast cell-specific protease, was significantly decreased in horses with
mastocytic asthma, supporting the need for further subtyping in the mEAS group.
Horses with severe asthma had elevated TNFa, CXCL8, and IFNy in the BALF
supernatant. Multidimensional analysis demonstrated healthy and mEAS horses have

the most overlap, with sEAS having the most separation from the others influenced
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primarily by neutrophil and lymphocyte concentrations. These results will help further
define EAS immunopathology, which could improve understanding and definitions of
asthma groups; while also potentially identifies novel therapeutic strategies.
Introduction

Equine asthma is a chronic inflammatory lung disease characterized by enhanced
bronchial reactivity, and chronic, partially reversible airflow obstruction, pulmonary
remodeling, and lower airway inflammation (1). The most common environmental
triggers for asthma development in susceptible horses include pollens, dust, mold, and
bacterial components. Equine asthma prevalence in the Northern hemisphere is about
14% and the disease can be frustrating to manage, while also being career or life ending
for the horse (2, 3). Recently it has also been shown that prevalence can change with
season (4). The diagnosis is based on history, physical examination, bronchoalveolar
lavage fluid (BALF) cytology, and lung function tests. Lung function tests are performed
less frequently due to cost, required skill for equipment use and data analysis, and
availability of the apparatus. History and physical exam findings supporting asthma
include clinical signs of lower airway inflammation, such as cough, increased respiratory
rate and effort, poor performance/exercise intolerance, and serous, mucoid, or
mucopurulent nasal discharge at rest and/or at exercise. A 2016 consensus statement
has defined two categories of equine asthma syndrome (EAS), currently designated as
mild to moderate asthma (mEAS) and severe asthma (sEAS) (1). Horses with sEAS,
auscultation of the lungs at rest or during rebreathing exam can reveal wheezes,
crackles, cough, and/or tracheal rattle. Abnormalities upon auscultation may not be

apparent, but recovery from a rebreathing exam may be prolonged in mEAS or sEAS
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horses. In contrast to horses with sEAS, horses with mEAS do not have clinical signs at
rest (1). BALF cytological findings supporting asthma include an increased percentage of
neutrophils (most pronounced in severe asthma), mast cells, eosinophils, or some
combination of increase in these cells.

In both horses and humans, asthma immune responses have been broadly
divided into allergic asthma, with a Th2-high immune response; and non-allergic
asthma, with a non-Th2 immune response. However, the two are not always clearly
defined as such and can include horses from both mEAS and sEAS group (5). A Th1
immune response has been shown to be associated with a generalized increase in BALF
cell numbers in lower airway inflammation, although cytokine profiles, either at the
protein or mRNA level, may support more of a Th1, Th2, Th17, or mixed immune
response, depending on the study (6-18). Regulation of inflammation is in part
attributed to transforming growth factor (Tgf)-f1 production, but Tgff31 also has the
ability to lead to collagen deposition and airway remodeling (19, 20). The extent of
airway remodeling in a mouse model of asthma has been linked to the balance of Tgfp1
and bone morphogenetic protein (BMP)-7 due to BMP7’s ability to block Tgfp1 pro-
fibrotic affects and its anti-inflammatory affects seen in both humans and mice (21-23).
One report in horses noted no significant differences in Tgff31, but has not been followed
up, nor has BMP7 been investigated (24). Due to inconsistencies in reported cytokine
profiles and focusing on a single category of EAS, this has limited our ability to fully
describe the pathogenesis of EAS and its categories, which ultimately limits our

diagnostic, treatment, and management abilities.
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Human asthma additionally describes asthma type by the predominant
inflammatory cells present in the airways, such as eosinophilic, neutrophilic, or
paucigranulocytic (4, 25, 26). Recently, the presence of mast cells in human asthmatics’
BALF and induced sputum samples has been shown to correlate with asthma type and
response to therapy (27-30). Mast cells are classically identified by their expression of
CD117 (c-kit), the receptor for stem cell factor (SCF); and FceRI, the high affinity
receptor for IgE. In humans, two main phenotypes of mast cells are recognized based on
the proteases they contain; tryptase-only containing mast cells (MCr), and tryptase,
chymase, and carboxypeptidase A3 containing mast cells (MCrc) (31, 32). Healthy
human lungs predominantly contain mast cells of the mucosal-type (MCr), and asthma
is associated with an increase in MCr more so in mild asthma and increasing chymase
expression in severe asthma (27, 33). Cytological identification of mast cells in induced
human sputum is difficult due to low cell prevalence and mast cells can release their
cytoplasmic protease content; therefore, protease mRNA expression is used to avoid
these confounders. Using this technique, a third mast cell type with increased tryptase
and carboxypeptidase A3, but decreased chymase expression was identified in human
asthmatics that correlated with eosinophilic asthma and increased responsiveness to
corticosteroids (28, 29). Mast cell lung phenotypes identified in humans have not been
thoroughly evaluated in horses, but warrant further investigation (34, 35).

We hypothesized that healthy and asthmatic horses would have significantly
different BALF mast cell protease mRNA expression and cytokine/chemokine levels that
would correlate with BALF cytology results and health status. The objectives of this

study were to: (1) compare mast cell protease mRNA expression between healthy and
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asthmatic horses, (2) analyze the cytokine profile present in BALF of currently defined
equine asthma groups, and (3) use these data to evaluate potential biomarkers of
defined asthma groups. The results showed significant differences in mast cell protease
expression and cytokine levels across asthma groups. The results potentially support
further subdivision of the mild to moderate group to include a mastocytic category and
identified cytokine targets of interest for treatment of asthma.

Material and methods
Main study population — (UT-CVM)

Horses were enrolled from the institution’s equine hospital caseload and research
herd from February 2018 to April 2019. Procedures were approved by the University of
Tennessee Institutional Animal Care and Use Committee (protocol 2533). Horses from
the clinical caseload were enrolled on a volunteer basis with written, informed owner
consent, and completed standardized questionnaire. The institution’s research herd
guidelines for care and use are in accordance with USDA guidelines.

Table 1 contains the diagnostic criteria for each experimental group, in part
defined using consensus guidelines (1). Attending large animal internal medicine
clinicians at the time of client-owned horse enrollment evaluated the horses. The
institution’s research herd was evaluated by the same two investigators for all horses
(JW and CS). Exclusion criteria included horses less than one year of age, history of
systemic or respiratory disease (besides suspected asthma) in the past three months,
and corticosteroid (systemic or intranasal) administration begun or significant dosage
changes within two weeks of enrollment. All horses underwent evaluation via history

and physical exam, including a rebreathing exam, CBC/fibrinogen measurement, and
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BALF cytology. Horses were excluded from analysis if they did not meet final inclusion
criteria.
Sub-population — (NCSU-CVM)

As data collection progressed and BALF results of the UT-CVM horses were
evaluated, it was observed that only 2 mEAS horses enrolled had > 1% mast cells.
Therefore, additional samples were obtained from NCSU-CVM collaborators (KD & KS),
who had previously identified horses with mastocytic asthma (maEAS), as defined by
the collaborator (Table 1). These additional samples were used for investigation of gene
expression only because using a standardized cDNA input for all targets of interest could
normalize this analysis. The NCSU-CVM samples are identified as a sub-population.
Sample collection
Main Population (UT-CVM)

Blood was collected from the jugular vein into K:EDTA tubes (Becton, Dickson,
and Co., Franklin Lakes, NJ) prior to sedation and was submitted to the institution’s
clinical pathology laboratory for CBC determination using an Advia 2120i hematology
instrument (Siemens Healthcare Diagnostics, Inc.m Tarrytown, NY) and heat-
precipitated fibrinogen measurement using an analogue Goldberg TS meter clinical
refractometer (Reichert Technologies, Buffalo, NY) by a licensed medical technologist.

Bronchoalveolar lavage procedure was performed on standing, sedated horses
using a blind technique with a BAL catheter (Mila International, Florence, KY). Sedation
for each horse was determined by the attending clinician and consisted of xylazine (0.2
— 0.5 mg/kg) or detomidine (5 - 10 ug/kg), combined with butorphanol (10 — 20 ug/kg)

IV. The BAL catheter was passed nasotracheally until wedged. Once wedged, the cuff
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was inflated and 200 mL of sterile saline was infused and re-aspirated by 60 mL
syringe. The first 10 mL of aspirated sample was discarded as dead space, with
subsequent BALF collected and pooled for analysis.

BALF Cell Count and Cytologic Analysis (UT-CVM)

BALF clinicopathologic analysis consisted of a TNCC and cytologic examination
of cytocentrifuged BALF. To optimize preservation of cell morphology, BALF was placed
in KaEDTA tubes for TNCC and cytologic evaluation.

TNCC was performed using a scil Vet ABC hematology analyzer (scil animal care,
Gurnee, IL) by a trained laboratory assistant or medical technologist. The WBC reported
by the instrument was reported as TNCC. To prepare BALF for TNCC, 200 pL of well-
mixed BALF was placed into a previously prepared hyaluronidase-containing cryo tubes,
in order to break down any mucus that could clog the instrument (36, 37). All TNCC
measurements were done in duplicate to mitigate measurement imprecision, and
average of the duplicate TNCC was reported.

For cytologic evaluation, 100 puL of well-mixed BALF was placed in a
cytocentrifuge (Aerospray 7120 Slide Stainer and Cytocentrifuge, Wescor Incorporated,
Logan UT). Cytocentrifuged specimens were air-dried and stained with aqueous
Wright’s stain. A 300-cell differential cell count, or all cells when <300 cells on a slide,
was performed by a blinded clinical pathologist; respiratory epithelial cells were
excluded from these differential counts.

BALF Preparation for RNA and Cytokine Analysis (UT-CVM)
Pooled BALF placed in non-K2EDTA tubes was refrigerated at 4°C until further

processing, within two hours of collection. To prepare specimens for cytokine and RNA
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analysis, BALF was strained through sterile 4x4 gauze, followed by a 70 pum nylon cell
strainer to remove mucus, and then centrifuged. Aliquots of supernatant were made and
stored at -80°C until further analysis. Cell pellets were washed (1x PBS) two additional
times and were stored dry at -80°C until further processing.

Sub-Population (NCSU-CVM)

BALF was collected in a similar manner, with the exception of a larger infusion
volume. Following sedations with detomidine (0.005 — 0.01 mg/kg IV) and butorphanol
(0.02 — 0.04 mg/kg IV), a cuffed catheter (Bivona, outside diameter 11 mm, 244 cm
length, Smith Medical) was passed nasotracheally until wedged. The cuff was then
inflated and 300 mL of warmed sterile saline solution was infused and re-aspirated by
60 mL syringe, 150 mLs at a time. The aspirated fluid was pooled, placed on ice and
processed within 30 minutes of collection. Of the recovered fluid, 10 mL was submitted
to NCSU’s Clinical Pathology Service for a total nucleated cell count and 300-cell
differential cell count performed by blinded clinical pathologists. Slides were prepared
within 2 hours of sample collection, and both direct smear and cytocentrifuge slides
were examined. The remaining fluid was filtered to remove mucous and centrifuged to
collect the cell pellet. Aliquots were stored at -80°C until further analysis.

RNA extraction and gene expression (UT and NCSU-CVM)

The corresponding institution extracted RNA. For the main population, RNA was
extracted from BALF cell pellets using RNeasy Plus Mini Kit (Qiagen, Hilden, Germany)
per manufacturer instructions. For the sub-population, RNA was isolated using a

RNeasy Mini Kit with the addition of RNase-free DNase kit (Qiagen) per manufacturer’s
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instructions. Samples from the sub-population were then sent to the main institution for
analysis. RNA samples were stored at -80°C for up to 18 months.

For both populations, quantification and purity of RNA extracted was assessed
via NanoDrop 2000c Spectrophotometer (Thermo Fisher Scientific, Waltham, MA).
RNA integrity was analyzed on a subset of samples using 2100 Bioanalyzer and the RNA
6000 Nano kit (Agilent, Santa Clara, CA). Reverse transcription and cDNA synthesis
was performed on 200 ng of RNA using Maxima First Strand cDNA synthesis kit
(Thermo Fisher Scientific) and stored at -80°C. Tagman Gene Expression Assays were
used for all target genes; B-actin (actb), CD117 (ckit), tryptase (tpsb2), chymase (cmazi),
carboxypeptidase A3 (cpa3), TgfB1 (tgf1), BMP7 (bmp7), BMP4 (bmp4), ACVR1
(acvr1), and BMPr2 (bmprz2) (Applied Biosystems, Foster City, CA) (Table 3.10 for
primer information). Real time PCR was performed on 10 ng cDNA, with Tagman Fast
Advanced Master Mix (Applied Biosystems). QuantStudio 6 Flex Real-Time PCR system
(Applied Biosystems) was used for thermal cycling at recommended settings. Results
were normalized to (3-actin and relative quantification was performed using 2-2ACt
method. Plate results were used when [3-actin standard deviations were < 0.7. Average
standard deviation of all plates run was 0.55.

Multiplex Bead Immunoassay Analysis (UT-CVM)

BALF supernatant was thawed at room temperature and centrifuged to remove
any precipitates formed during thawing. Cytokines/chemokines included in the assay
were: interleukin (IL)-2, IL-4, IL-5, IL-17A, CXC motif chemokine ligand (CXCL)-8,
interferon gamma (IFNy), and tumor necrosis factor alpha (TNFa). Cytokine

concentrations were quantified using an equine-specific Milliplex® Map Magnetic Bead
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Panel (EMD Millipore, St Louis, MO, USA) according to the manufacturer’s instructions
using a Luminex® 200 instrument and Luminex xPONENT®) software run in duplicate
(Luminex, Austin, TX, USA). Dilutional linearity and percent recovered were
determined using low cytokine containing BALF spiked with kit cytokine standard.

Data analysis was done using Milliplex Analyst v5.1 software (EMD Millipore). A
bead count of at least 50 beads per well was used for inclusion in analysis and individual
samples with a coefficient of variation (CV) > 15% were not included. The Analyst®
software assigned the lowest detectable concentration for the individual analytes in
which the cytokine/chemokine concentrations fell below the lower limit of detection
(LLOD) of the assay. Best-fit standard curve for each analyte was used to calculate
analyte concentrations. Analyte concentrations for each horse was normalized to BALF
volume recovered.
Statistical analysis

Normality of data was assessed using Shapiro-Wilk test. Descriptive data are
expressed as median with interquartile range for both normal and non-normally
distributed data for consistency. Descriptive data, protease expression, and cytokine
concentrations were analyzed using one-way analysis of variance with Tukey’s multiple
comparisons in normally distributed data, and by Kruskall-Wallis with Dunn’s multiple
comparisons in non-normally distributed data. Pairwise correlation of variables
including age, sex, cell concentrations, gene expression fold changes, and normalized
cytokine concentrations was performed, with additional multidimensional scaling
(MDS) analysis in order to visualize on a two-dimensional figure the clustering of

samples based on age, sex, cell concentrations, gene expression fold changes, and
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normalized cytokine concentrations. Bray-Curtis distance function was applied to
calculate the dissimilarity matrix of dataset, which ignored missing gene expression
values in 4 samples. To evaluate which variable contribute the most to sample
clustering, an additional principal components analysis (PCA, which is a specific
solution of MDS based on Euclidean distance of complete data) on the samples with no
missing values was performed, followed by quantification of the contributions of each

variable to the first two principal components. Significance was set at p < 0.05.

Results
Main study population — University of Tennessee College of Veterinary

Medicine (UT-CVM)

A total of 54 horses were sampled for evaluation. Twenty-four horses were
excluded because they did not meet our inclusion criteria (Table 3.1). Final groups were
comprised of 11 healthy and 19 asthmatic horses (5 mild/moderate and 14 severe) (Table
3.2). Median age was not significantly different between groups. Various breeds were
represented in each group.

Sub-population — North Carolina State University College of Veterinary
Medicine (NCSU-CVM)

Samples from 8 horses with mastocytic asthma (maEAS) sampled at NCSU were
included to fully evaluate mast cell protease expression due to the limited detection of
mast cells in the UT-CVM asthma cohort (Table 3.2). Although the ages of some of the
horses were unknown, the median age of the NCSU-CVM group was not significantly

different from the UT-CVM groups.

161



BALF Cell Count and Cytologic Analysis (UT & NCSU-CVM)

Results of BALF cell count and cytological analysis are described in Table 3.3 and
3.4. The median total nucleated cell count (TNCC) of each group was not statistically
different, although 5 outliers in the sEAS group had TNCC > 1,000 cell/uL; therefore,
was close to significantly different versus healthy, p = 0.08. As expected, based on
standard diagnostic criteria, horses with severe asthma had significantly higher
percentages of neutrophils compared to healthy horses and those with maEAS (p <
0.0001 & p = 0.0001, respectively). Horses with SEAS had lower percentages of
lymphocytes in their BALF when compared to healthy, mEAS, or those with maEAS (p =
0.01, p = 0.0001, & p = 0.0003, respectively). The composition of leukocytes in healthy
horses was predominated by macrophages compared to SEAS (p < 0.0001). Three
horses with mEAS had eosinophils detected in their BALF. No eosinophils were detected
in BALF from any healthy horses or horses with sEAS. Mast cells were detected in two
mEAS horses and one healthy horse. Mast cells were only consistently detected in
maFEAS horses.

Mast cell protease gene expression in BALF (UT & NCSU-CVM)

In order to determine whether BALF mast cells have altered protease expression,
tryptase, chymase, and/or carboxypeptidase A3 in equine asthma, gene expression
analysis was performed on BALF cell pellets (Table 3.5, Fig 3.1). Samples from 4 sEAS
were excluded due to poor quality and/or concentrated RNA. Tryptase expression
trended higher in horses with maEAS compared to sEAS (p = 0.1) but was not
statistically different between any groups. Chymase was significantly lower in horses

with maEAS (fold change: 0.18 [0.08 — 0.54]) versus control (1.88 [0.33 — 2.46]; p =
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0.02), or SEAS horses (0.92 [0.65 — 1.97]; p = 0.04). Protease expression was not
significantly changed by removing horses that had clinical signs but use of
corticosteroids (Fig 3.2). Taken together, these results suggest that healthy horses and
asthmatic horses without mast cells identified on cytology have airway mast cells that
express both tryptase and chymase, whereas maEAS horses have mast cells that
primarily express tryptase. As expected, CD117(c-kit), expression was significantly
increased in horses with maEAS (fold change: 2.32, [1.31 — 3.85]) compared to sEAS
(0.38 [0.27 — 1.50]; p = 0.01). Additionally, carboxypeptidase A3 was not amplified in
any sample, with either primer set identified, but whether this was due to a technical
issue or lack of carboxypeptidase A3 gene expression in airway mast cells has not been
determined.

Analysis of BMP ligands, receptors, and Tgfp1 expression (UT & NCSU-
CVM)

Potential anti-inflammatory and airway remodeling cytokines, BMP7 and Tgff1,
were evaluated in BALF isolated cells at the gene expression level due to availability of
reagents (Table 3.5, Fig 3.3). Additionally, BMP4 and two BMP receptors, Acvr1 and
Bmpr2, were evaluated alongside to get a broader evaluation of BMP ligand and
receptor expression. BMP7 expression was not significantly different across the groups,
although a subset of horses diagnosed with sEAS had markedly elevated BMP7
expression and trended higher versus maEAS (p = 0.08). Tgf1 was significantly
elevated in mEAS (fold change: 1.43, [1.2 — 1.83] p=0.04) versus healthy (fold change:
1.06, [0.81 — 1.22]). Tgfp1 to BMP7 ratios did not explain the subgrouping of SEAS seen

in BMP7 expression results, although 3 horses in the sEAS group (1 in low BMP7, 2 in
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high BMP7) were unable to have Tgff31 analyzed due to lack of remaining RNA for
analysis. Additional BMP ligand and receptor evaluation was not statistically different
across groups but were able to be detected. Due to the inability to perform lung function
tests on any of the horses, it is unknown if these horses with high BMP7 or Tgfp1 could
represent ones with worse or better lung function. Lung biopsy samples were also not
obtained which could have given more information in regard to level of fibrosis and
BMP7, Tgf1 expression levels seen in asthma groups.

Multiplex Bead Immunoassay Analysis (IL-2, IL-4, IL-5, IL-17A, CXCLS8,
IFNy, TNFa) (UT-CVM)

Evaluation of BALF supernatant cytokine concentrations was only performed on
the UT-CVM study population for consistency of the BALF procedure (Table 3.6, 3.7 &
3.8). Multiplexing allowed for conservation of sample and reducing technical errors and
time when measuring multiple analytes. Significant differences between groups were
found for normalized concentrations for TNFa, CXCL8 (formerly known as IL-8), and
IFNYy. Analysis showed that horses with severe asthma had significantly higher TNFa (p
= 0.0005), CXCL8 (p < 0.0001), and IFNy (p = 0.006) compared to healthy horses (Fig
3.4). There were no statistical differences in cytokine concentrations between horses
with mEAS or sEAS, but comparison is limited due to small sample size. These results
support horses with severe asthma, type 1 and neutrophil recruiting immune responses
is predominant. No significant differences between groups were found for the remaining
analytes, although some analytes were poorly to not detected. Results were not
significantly changed by removing horses that had a history of corticosteroid use with

continued clinical signs (Fig 3.5).
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The equine multiplex bead immunoassay has been used to analyze other more
common samples, such as serum, but to the authors’ knowledge has not been used to
evaluate BALF; therefore, further validation of the assay was performed. A spike and
recovery assay using the kit standard and low cytokine concentration BALF was
performed, which found the percent recovered was lowest for IL-17A and high at low
concentrations for IL-4 and TNFa (Table 3.9). Additionally, dilutional linearity was
achieved for all analytes (Fig 3.6).

Analysis of Similarity Between Samples (UT-CVM)

Pairwise correlation of data was done on the UT-CVM cohort (Fig 3.7). Analysis
showed a positive, very strongly correlated expression of CD117 and tryptase (r = 0.94),
suggesting mast cells primarily express tryptase. Pairwise correlation analysis of the
consistently detected cytokines (CXCL8, IFNy, and TNFa) demonstrated a positive
correlation between neutrophil concentration and CXCL8 and IFNy concentrations
(Pearson’s r = 0.38 and 0.93, respectively), suggesting a stronger association between
IFNy production and increasing neutrophil concentration. Neutrophil concentration
was nearly significantly positively correlated with TNFa, with a p value of 0.06 and r =
0.36. CXCL8 and TNFa were positively, very strongly correlated with lymphocyte and
macrophage concentration, suggesting that CXCL8 and TNFa production are closely
related to increasing lymphocyte and macrophage numbers. The data does not allow
interpretation of what cells are making the cytokines, but further evaluation of the
strong correlations warrants further investigation in regard to production and function.
The significant correlations shown of the other cytokines, IL5, IL2, and IL4 are hard to

interpret due to low to minimal detection. Additionally, significant correlations with
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mast cell concentration are difficult to interpret due to only 2 horses with
mild/moderate asthma and one healthy horse having detectable mast cells in the UT-
CVM cohort.

Multidimensional scaling (MDS) analysis showed separation between samples
from horses with sEAS, mEAS, and healthy horses (Fig 3.8). The healthy samples and
mEAS samples did not form distinct clusters, but a gradual trend from healthy to mEAS
to SEAS was observed on both axes of the two-dimensional projection. Further principal
component analysis on samples with complete data showed that the first two principal
components (PCs) explained the majority of the variance, with the first PC explaining
99.97%, and the second PC explaining 94.38% of the variance. The absolute value of the
loadings of the first two PCs quantified the contribution of each variable to the observed
clustering pattern. By ranking the variables on the maximum absolute loadings from
PC1 and PC2, neutrophil concentration and lymphocyte concentration were the main
drivers of the observed clusters (Fig 5B). The increase in neutrophils and decrease in
lymphocytes observed in sEAS, therefore, is an important association involved in the
severity of asthma pathology.

Discussion

This study, to our knowledge, is the first to examine BALF supernatant
cytokine/chemokine concentrations and mast cell protease expression in BALF isolated
cells in horses with asthma. These results potentially help to clarify pathophysiology of
asthma, while also supporting further subtyping of the two primary categories of
asthma. Including a mastocytic asthma group in the sample analysis identified the

dysregulation of the mast cell protease chymase, potentially supporting the further
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subtyping of the mild to moderate asthma group to include a mastocytic group. Loss of
chymase may contribute to disease progression since chymase has anti-inflammatory
activities in allergic asthma models via modulating IL.-33 concentrations, and may be
protective of lung function (38, 39). We additionally demonstrated that mast cells in
equine BALF express both tryptase and chymase mRNA but fail to express
carboxypeptidase A3. Previous work evaluating mast cell types in horses have
investigated lung tissue samples, but not BALF, and reports have been conflicting. A
report comparing types in SEAS versus control after moldy hay challenge found no
MCrc, although severely asthmatic horses had significantly more MCc in the wall of the
bronchi (34). In conflict to this report, another study found increased tryptase
expression in lung tissue from asthmatic horses versus control (35). BALF IgE-bearing
cells have been evaluated in asthmatic horses and were not different from control
horses, although this is not mast cell-specific or evaluates protease expression (40). The
current study suggests protease dysregulation, and changes in mast cell type, occur in
horses with mastocytic asthma.

Further investigation of mast cell phenotypes in horses is supported by human
studies in which mast cells and their type is associated with asthma pathology.
Increased numbers of MCr in smooth muscle of subjects with asthma have been
associated with airway hyper-reactivity (27, 41). Additionally, an increase in MCrc type
has been suggested to be protective of lung function in severe, steroid-dependent human
asthmatics and corticosteroids are noted to decrease MCt numbers (27, 39). Molecular
analysis of lung samples revealed that tryptase and carboxypeptidase A3 were among

the most differentially expressed genes in asthmatics versus control, with Th2-high
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asthma associated with expression of tryptase and carboxypeptidase A3, but not
chymase (42, 43). Taken together this suggests the importance of continued
investigation of mast cell phenotype in relation to asthma type, pathogenesis, and
response to therapy in equine asthma.

Utilizing a multiplex bead immunoassay allowed simultaneous detection of a
panel of cytokines/chemokines in BALF supernatant. In this study, cytokine/chemokine
concentrations in BALF of the main study population (UT-CVM), revealed elevated
TNFa and CXCLS8 in sEAS horses; therefore, these are potential targets for treatment in
asthma. Elevated TNFa and CXCLS8 parallels findings in human asthma, in which
asthmatics had increased TNFa and CXCLS8 versus control, and neutrophilic asthma
was associated with further increased CXCL8 (44, 45). A caveat to this immunoassay
was a few analytes were poorly detected; therefore, lower sensitivity assays would be
beneficial in order to most clearly define the type of immune response at the protein
level. We utilized an unbiased approach and multidimensional scaling to integrate
clinical data, cytokine/chemokine concentrations, and mast cell protease expression, in
order to investigate potential biomarkers of equine asthma. This analysis indicated that
neutrophil and lymphocyte concentrations are key drivers of equine asthma differences,
in particular, severe equine asthma in which neutrophils increase and lymphocytes
decrease. This suggests, that in SEAS, both neutrophils and lymphocytes should be
targets of treatment, both their numbers and role in inflammation. Corticosteroids can
reduce inflammation by general mechanisms such as inhibiting gene expression of

inflammatory cytokines, but targeted cellular therapy against neutrophil /lymphocyte

168



ratios may be more effective, such as reducing CXCL8, which is key to recruiting and
activating neutrophils.

In addition to airway hyper-responsiveness, airway remodeling is another key
feature of asthma. Tgf1 and BMP7 expression in asthma models and human asthma
highlights their balance as an important factor in asthma airway remodeling (21-23).
This study is the first to evaluate BMP7 expression in the airway of the horse. Our
results demonstrated that a subset of horses with sEAS had elevated BMP7 expression
compared to all other groups. The potential role of BMP7 in human asthma has been
suggested to be anti-inflammatory and anti-fibrotic, with BMP7’s ability to block
detrimental Tgff1 effects, such as fibroblast activation with subsequent airway
remodeling, production of extracellular matrix, and collagen deposition (22, 23). The
sEAS BMP7-high group may have an over exuberant BMP7 response in attempt to
counteract airway remodeling and worsening lung function. Further studies to define
the horses with BMP7-high and BMP-7 low sEAS may elucidate further subtyping of
sEAS and further define the pathophysiology. Further investigating Tgf31/BMP7
dynamics in the horse may be especially interesting in regard to a translational human
asthma model and fibrosis investigation because the horse is noted to develop similar
histologic lesions of airway remodeling, including peribronchiolar fibrosis (46).

Primary limitations of the study are small sample size, which limits extrapolation
of results to other areas of the country and our ability to identify significant differences.
Additionally, experimental group classification relied on history, clinical signs, physical
exam, and BALF cytology. Further objective evaluation, such as lung function testing,

would be optimal for final diagnosis. Innate variations of a blind BALF collection, such
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as the location sampled or volume of return, even when performed in the same manner,
could have influenced results. Evaluating protein concentrations in BALF supernatant
does not have a universally accepted way to normalize the cytokine/chemokine
concentrations across patients. Normalization of analyte concentration to fluid volume
recovered during the BAL procedure has been recommended, but is not consistently
employed in the literature (47). Our results were normalized to BALF volume returned.
Additional manipulation of the supernatant, such as concentrating techniques, may
result in protein loss and inconsistent concentrating due to technical error; therefore, if
possible, not manipulating the samples is best (48, 49).

The inclusion of a mastocytic asthma group and their results may have been
influenced by the BAL technique being performed in a slightly different manner than the
main population. Due to this difference, only gene expression was evaluated due to the
ability to normalize RNA sample input. The mastocytic asthma group showed significant
differences in CD117/c-kit and chymase expression. Tryptase and chymase are primarily
made by mast cells, and although mast cell protease knockout models have suggested a
mild decrease in basophil number, suggesting low protease expression; basophils are
not noted as of yet to be in equine BALF (50-53). In our study, CD117/c-kit expression
increased in maEAS horses and highly correlated with tryptase expression levels,
therefore the tryptase gene expression is likely to be of mast cell origin, since basophils
do not retain CD117 expression once differentiated (54, 55). CD117 can also be expressed
by other immune cell types, specifically type 2 innate lymphoid cells, however these cells
have not yet been described in the horse (56). Increased CD117 expression has also been

linked to increased mast cell responses to SCF; therefore, our results may also support
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that mast cells in the mastocytic asthma group are more reactive; although further
evaluation of SCF concentrations and ex vivo responses is needed (57, 58). It is unclear
whether the negative CPA3 amplification in all horses in this study is due to a technical
problem with the assay or whether horse BALF mast cells truly do not express CPA3.
Ideally mast cell protease expression would not be evaluated in a heterogeneous cell
population but would be mast cell specific via mast cell isolation and/or flow cytometry
techniques in order to obtain cell specific cell numbers. Due to low mast cell numbers in
BALF, even in mastocytic asthma, further optimization is required for mast cell isolation
and/or flow cytometry and will be further evaluated.

We propose that further evaluation of protease and cytokine/chemokine profiles
in a larger cohort will identify biomarkers that support defining equine asthma subtypes
based on BALF cellular infiltrate, including eosinophilic mild/moderate asthma,
mastocytic mild/moderate asthma, neutrophilic mild/moderate asthma, and
neutrophilic severe asthma. These groups likely have differences that will require
specific environmental management and treatments for optimal management of the
patient. Lung function tests would be additional useful information for support of
diagnosis, treatment recommendations, and evaluating treatment effects. A staging
scale for severe asthma could be used in addition to, or substitution of, lung function
tests, but a staging scale for mEAS does not exist at this time (59).

In conclusion, this study demonstrates that, similar to human patients with
asthma, horses with sEAS have increases in CXCL8, TNFa, and IFNy. In addition, as

seen in humans with Th2-high asthma, maEAS is associated with an increase in tryptase
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and decrease in chymase. Therefore, horses may serve as a naturally occurring model of

human asthma and potential model for chymase dysregulation.
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Table 3.1. Defined experimental groups.

Experimental History & Physical | CBC/fibrinogen | BALF cytology
Group exam
Healthy Normal Normal <10% neutrophils,
Main population <1% eosinophils,
UT-CVM <2%
metachromatic
cells, and
<50%
lymphocytes
Asthma History, clinical signs, | Not consistent >10% neutrophils,
Main population and physical exam with systemic >5% mast cells,
UT-CVM supportive of lower infection and/or >5%
airway inflammation; eosinophils
no changes to or
initiation of *severe asthma,
corticosteroids >25% neutrophils
(systemic or
intranasal) within 2
weeks of enrollment
Mastocytic History, clinical signs, | Not performed >2% mast cells
Asthma and physical exam <6% neutrophils
Sub-population supportive of lower <1% eosinophils
NCSU-CVM airway inflammation;
no corticosteroids
administered within 2
weeks of BAL
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Table 3.2. Individual horse’s clinical data.

Diagnosis | Clinical Signs Rebreathing Exam Sex Age Breed
Gyrs)
Horse 1 sEAS Chronic cough Delayed recovery M 20 Pony
Horse 2 sEAS Chronic cough, NSF M 13 Not
intermittent nasal reported
discharge
Horse 3 sEAS Chronic cough Tracheal rattle M 13 MFT
Horse 4 sEAS Chronic cough, Crackles, wheezes M 13 ASH
intermittent nasal
discharge
Horse 5 sEAS Chronic cough Crackles, wheezes G 12 Pony
Horse 6 sEAS Increased respiratory Wheezes M 14 TWH
effort
Horse 7 sEAS Chronic cough, exercise Wheezes G 19 Not
intolerance reported
Horse 8 sEAS Chronic cough NSF G 20 Arab
Horse 9 sEAS Increased respiratory rate | Wheezes G 14 TWH
at rest
Horse 10 | sEAS Chronic cough, Crackles, wheezes M 20 Arab
intermittent nasal
discharge
Horse 11 sEAS Wheezes and increased Wheezes G 10 TWH
respiratory effort at rest
Horse 12 sEAS Chronic intermittent Wheezes, occasional crackle, G 19 H
cough and increased increased respiratory effort
respiratory rate
Horse 13 | sEAS Chronic intermittent Wheezes and worsened cough | G 12 QH
cough
Horse 14 | sEAS Cough, increased Worsened respiratory effort G 17 QH
respiratory effort and cough
Horse 15 mEAS Increased respiratory rate | NSF M 18 QH
in barn
Horse 16 | mEAS Cough, intermittent nasal | Cough upon tracheal G 13 QH
discharge palpation, delayed recovery
Horse 17 | mEAS None observed Delayed recovery M 22 QH
Horse 18 | mEAS Chronic cough Wheezes G 14 MFT
Horse 19 | mEAS Exercise intolerance, Delayed recovery, nasal G 11 PF
intermittent nasal discharge
discharge
Horse 20 | Ctr None NSF M 8 TWH
Horse 21 Ctr None NSF M 18 QH
Horse22 | Ctr None NSF M 19 QH
Horse23 | Ctr None NSF M 16 QH
Horse 24 | Ctr None NSF M 14 MFT
Horse25 | Ctr None NSF M 17 QH
Horse 26 | Ctr None NSF M 26 APH
Horse 27 | Cir None NSF M 16 TWH
Horse 28 | Ctr None NSF G 11 TWH
Horse 29 | Cir None NSF M 14 QH
Horse 30 | Cir None NSF G 12 TB
Horse 31 maEAS None NSF M 6 QH
Horse 32 | maEAS Abdominal lift NSF M 18 QH
Horse 33 | maEAS None NSF M unkno | unknown
wn
Horse 34 | maEAS Abdominal lift, nasal NSF M unkno | unknown
discharge wn
Horse 35 maEAS None NSF G 9 TBx
Horse 36 | maEAS Nostril flare Delayed recovery M unkno | unknown
wn
Horse 37 | maEAS None NSF M 3 unknown
Horse 38 | maEAS Cough, abdominal lift NSF M 3 unknown
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*SEAS= Severe Asthma, mEAS= Mild/Moderate Asthma, Ctr= Healthy, maEAS=
Mastocytic Asthma; M= Mare, G= Gelding; NSF= No significant findings; MFT=
Missouri Fox Trotter, ASH= American Saddle Horse, TWH= Tennessee Walking Horse,
H= Holsteiner, QH= Quarter Horse, PF= Paso Fino, TB= Thoroughbred, APH=

American Paint Horse, TBx= Thoroughbred cross.
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Table 3.3. Bronchoalveolar lavage fluid cytology results.

BALF characteristics for the four defined groups: TNCC, Neutrophil %, Lymphocyte %,
Macrophage %, Eosinophil %, and Mast cell %. Data are expressed as median [IQR].

SEAS, n=14; mEAS, n=5; Ctr, n=11; maEAS, n=8.
%
Group TNCC N L M E MC
(cell/uL)
SEAS 500 74.5" 14.5°% 10.0™ 0 (o}
[257 - [55.25 — [1.75 — [6.75 —
37751 89.75] 29.0] 18.25]
mEAS 400 12.0 50" 36 1.0 0
[250 — [6.5 — [41.5 — [25.5 — [0.0 - [0.0 —2.0]
725] 19.0] 58.5] 44.5] 3.0]
Ctr 250 4.0" 32¥ 66" 0] o)
[200 — [0.0-9.0] | [26 —40.0] | [55—73]
300]
maEAS 201.5 2.35¢ 47.65 46! 0.0 5.0
[169.5 — [1.18 — [22 — 58.73] [28.2 — [0.0 — [4.18 —
355.81 5.03] 70.5] 0.7] 5.75]

*sSEAS= Severe Asthma, mEAS= Mild/Moderate Asthma, maEAS= Mastocytic Asthma,

Ctr= Healthy; TNCC= Total Nucleated Cell Count (Average recorded); N= neutrophil,

L= lymphocyte, M= macrophage, E= eosinophil, MC= mast cell. Note: Medians in the

same column with the same superscript symbol differ significantly from each other.
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Table 3.4. Bronchoalveolar lavage fluid characteristics for individual

horses.

Fluid volume recovered, % volume recovered, TNCC, neutrophil %, lymphocyte %,

macrophage %, eosinophil %, and mast cell % for individual horses in each group. Data
is represented as the median [IQR] for each group.

%
Horse mLs Fluid % Volume TNCC N L M E MC
Recovered | Recovered (cell/pL)
sEAS
1 23 11.5 13,000 70 22 8 0 0
2 62 31 900 33 40 27 0 0
3 120 60 49,000 98 1 1 0 0
4 52 26 2,000 57 26 17 0 0
5 24 12 250 81 5 14 [o) [o)
6 78 39 200 32 32 36 0 0
7 19 9.5 Unable to 97 0 3 o) o)
determine
8 30 15 5,550 89 4 7 0 0
9 58 29 300 50 28 22 0 0
10 70 35 1,150 79 14 7 0 0
11 40 40 500 69 15 16 o} o}
12 60 60 200 92 2 6 o} o}
13 46 46 300 87 1 12 o} o}
14 81 81 350 59 33 8 o} o}
Median 55 27.5 500 83.0 10 6.5 0 0
[IQR] [28.5 - 72] [14.25 - [257 - 3775] [57.0 - [1-26.5] [4.5-16.5]
36.0] 94.0]
mEAS
15 70 35 1,000 11 66 23 o) o)
16 120 60 400 20 44 36 o) o)
17 90 45 250 2 51 42 5 0
18 65 32.5 450 18 50 28 1 3
19 100 50 250 12 39 47 1 1
Median 78 39.0 250 12.0 50 36 1.0 0
[1IQR] [67.5-95] | [33.8—47.5] | [150-425] | [4.5—17.0] [34.5 - [28.5 - [0.0 - [0 -3.0]
56.51 54.51 5.0]
Ctr
20 70 35 200 o) 25 75 0 0
21 120 60 300 2 26 71 o} o}
22 50 25 100 o) 28 73 0 0
23 60 30 400 o] 34 66 o} o}
24 60 30 250 8 44 47 0 0
25 90 45 300 4 32 64 0 9
26 80 40 200 5 46 49 o} o}
27 70 35 400 1 25 74 0 0
28 40 16 200 5 29 66 o} o}
29 120 60 300 9 34 57 0 0
30 88 44 250 4 40 55 o 1
Median 70 35.0 250 1.0 30 68 0 0
[IQR] [60-90] | [30.0-45.0] | [200-300] [1.0—3.0] [24 — 44] [56 — 751
maEAS
31 155 51.7 118 1.7 40 54 0.7 3.6
32 160 53.3 145 2.7 45.3 47 o 5
33 150 50 300 3 59.3 33 o 4.7
34 160 53.3 283 5.7 62 26.6 0.7 5
35 200 66.7 313 1 50 45 0 4
36 110 36.7 788 9 57 25 2 7
37 220 73-3 370 [ 16 79 9 5
38 160 53.3 243 2 16 76 0 6
Median 160 53.3 291.5 2.35 47.65 46 0.0 5.0
[IQR] [151.3 — [50.4 — 63.4] [169.5 — [1.18 - [22 — [28.2 — [0.0 - [4.18 —
190] 355.8] 5.03] 58.731 70.5] 0.7] 5.75]
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*SEAS= Severe Asthma, mEAS= Mild/Moderate Asthma, maEAS= Mastocytic Asthma,
Ctr= Healthy; TNCC= Total Nucleated Cell Count (Average recorded); N= neutrophil,

L= lymphocyte, M= macrophage, E= eosinophil, MC= mast cell.
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Table 3.5. Relative gene expression in BALF cell pellets.

Relative gene expression level of CD117, tryptase, chymase, BMP7, Tgfp1, and
Tgf1/BMP7. Data is represented at the median [IQR] for each group.

Group | CDi117 | Tryptase | Chymase | BMP7 | Tgfp1 Tgf1/BMP7; BMP4 | ACVR1 | BMPr2
Ctr 1.09 0.94 1.88 1.12 1.06 1.12 0.99 0.94 0.97
[o.70 [0.60 - [0.33 - [0.42 | [0.81— [0.61—-2.07] [0.8- | [0.81— | [0.85—
-1.73] 2.01] 2.46] -1.93] | 122] 1.37] 1.09] 1.16]
mEAS 1.03 1.38 0.48 1.12 1.43 1.57 0.82 0.91 1.01
[0.41 - [0.30 — [0.13 - [0.38 [1.2 - [0.40 — 3.82] [o.57—- | [0.78 — [0.87 —
2.90] 2.50] 1.44] - 1.83] 1.21] 1.06] 1.29]
3.99]
SEAS 0.38 0.30 0.92 6.07 1.08 0.21 0.73 0.84 1.48
[0.27 — [0.20 — [0.65 — [0.52 [0.97 — [0.12 — 2.33] [0.6 — [0.43 — [0.72 —
1.50] 1.36] 1.97] - 1.57] 1.58] 1.18] 1.99]
9.23]
maEAS 2.32 1.82 0.18 0.74 1.42 1.92 0.98 1.13 1.51
[1.31 - [1.21 - [0.08 — [0.27 [1.27 - [1.73 — 5.65] [o.52 - | [0.87— [1.08 —
3.85] 2.14] 0.54] - 1.5] 1.06] 1.42] 1.76]
0.82]

*sSEAS= Severe Asthma, mEAS= Mild/Moderate Asthma, maEAS= Mastocytic Asthma,

Ctr= Healthy
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Table 3.6. Normalized cytokine concentrations in BALF supernatant.
Median normalized cytokine concentrations of IFNy, CXCL8, and TNFa measured via
multiplex bead immunoassay in healthy (n=11), mild/moderate asthma (n = 5), and
severe asthma (n = 14). SEAS= Severe Asthma, mEAS= Mild/Moderate Asthma, Ctr=
Healthy. Raw concentrations (pg/ml) are normalized to BALF volume recovered (ml)
and multiplied by 100. Data are expressed as median [IQR].

Group IFNy CXCLS8 TNFa
Normalized | Normalized | Normalized
sEAS 84.92" 34.44" 17.37
[41.07 — [26.7 —70.12] | [5.88 — 87.54]
230.1]
mEAS 54.67 13.19 8.23
[29.4 —195.3] | [9.21-52.0] | [4.71—10.51]
Ctr 30.117 5.16" 2.22"
[23.42 — [2.29 — [1.14 — 3.8]
42.16] 10.62]

Note: Medians in the same column with the same superscript symbol differ significantly

from each other.
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Table 3.7. Individual horse’s normalized cytokine concentrations.

Cytokine concentrations normalized to BALF volume returned of IFNy, CXCLS8, and
TNFa measured via multiplex bead immunoassay in healthy (n=11), mild/moderate
asthma (n = 5), and severe asthma (n = 14). Data is represented at the median [IQR] for
each group. sEAS= Severe Asthma, mEAS= Mild/Moderate Asthma, Ctr= Healthy.

Horse IFNy CXCLS8 TNFa
(Ipg/mL / mlL] * 100) ([pg/mL / mL] * 100) ([pg/mL / mL] * 100)
sEAS
1 353.22 202.87 397.13
2 51.11 27.19 7.94
3 817.73 70.58 92.96
4 40.54 40.37 2.75
5 87.83 31.21 5.96
6 33.47 25.23 5.65
7 811.53 204.79 107.63
8 189.07 69.97 85.73
9 126.76 34.43 30.91
10 41.24 34.46 21.49
11 97.18 42.15 13.25
12 82 32.57 23.38
13 45.83 21.52 1.74
14 26.02 23.02 10.60
Median 84.92 34.44 17.37
[IQR] [41.07 — 230.1] [26.7 — 70.12] [5.88 — 87.54]
mEAS
15 41.24 35.06 10.21
16 17.57 12.01 4.52
17 54.67 13.19 4.9
18 285.55 68.94 10.82
19 106.07 6.42 8.23
Median 54.67 13.19 8.23
[IQR] [29.4 —195.3] [9.21 —52.0] [4.71—10.51]
Ctr
20 30.11 2.29 1.14
21 17.57 1.33 0.67
22 42.16 2.52 1.6
23 48.12 20.05 3.8
24 35.13 10.7 7-35
25 23.42 10.62 2.22
26 26.35 1.58 1
27 31.49 9.69 5.93
28 52.7 3.15 2
29 17.57 7-4 3.03
30 23.95 5.16 3.52
Median 30.11 5.16 2.22
[IQR] [23.42 — 42.16] [2.29 —10.62] [1.14 — 3.8]

187




Table 3.8. Raw cytokine concentrations for each horse.

Cytokine concentrations of IL-5, IL-17A, IL-2, IL-4, IFNy, CXCL8, and TNFa measured
via multiplex bead immunoassay in healthy (n=11), mild/moderate asthma (n = 5), and
severe asthma (n = 14). Numbers in italics indicate this value was the software assigned
lowest detectable concentration for the individual analyte. Data is represented at the
median [IQR] for each group. sEAS= Severe Asthma, mEAS= Mild/Moderate Asthma,
Ctr= Healthy.

Horse IL-5 IL-17A IL-2 IL-4 IFNy CXCLS8 TNFa
pg/mL | pg/mL | pg/mL pg/mL pg/mL pg/mL pg/mL
sEAS
1 0.5 0.49 0.44 16.35 81.24 46.66 91.34
2 0.92 0.49 0.46 16.35 31.69 16.86 4.92
3 28.38 0.49 20.66 120.22 981.27 84.69 111.55
4 0.5 0.49 0.44 16.35 21.08 20.99 1.43
5 0.5 0.49 0.55 16.35 21.08 7.49 1.43
6 2.2 0.49 0.46 16.35 26.11 19.68 4.41
7 0.5 0.49 0.46 16.35 154.19 38.91 20.45
8 1.6 0.49 0.46 16.35 56.72 20.99 25.72
9 1.46 0.49 2.48 16.35 73.52 19.97 17.93
10 1.05 0.49 0.44 16.35 28.87 24.12 15.04
11 0.5 0.49 0.44 16.35 38.87 16.86 5.3
12 3.02 0.49 0.86 19.98 49.2 19.54 14.03
13 0.5 0.49 0.44 16.35 21.08 9.9 0.8
14 1.9 0.49 0.44 16.35 21.08 18.65 8.59
mEAS
15 0.8 0.49 0.44 16.35 28.87 24.54 7.15
16 0.63 0.49 0.44 16.35 21.08 14.41 5.42
17 6.44 0.49 0.91 31.96 49.2 11.87 4.41
18 11.24 0.49 2.54 105.48 184.96 44.81 7.03
19 0.5 0.49 0.44 16.35 106.07 6.42 8.23
Ctr
20 0.5 0.49 0.44 16.35 21.08 1.6 0.8
21 0.5 0.49 0.44 16.35 21.08 1.6 0.8
22 0.99 0.49 0.44 16.35 21.08 1.26 0.8
23 3.02 0.49 0.44 16.35 28.87 12.03 2.28
24 0.5 0.49 0.44 16.35 21.08 6.42 4.41
25 0.8 0.49 0.44 16.35 21.08 9.56 2
26 0.5 0.49 0.44 16.35 21.08 1.26 0.8
27 0.5 0.49 0.44 16.35 22.04 6.78 4.15
28 0.5 0.49 0.44 16.35 21.08 1.26 0.8
29 0.5 0.49 0.44 16.35 21.08 8.88 3.63
30 3.02 0.49 0.44 28.99 21.08 4.54 3.1

188



Table 3.9. Cytokine percent recovery of spiked samples.

Analyte Expected (pg/mL) Observed (pg/mL) % Recovered
IL-5 3.66 4.49 122.68
14.65 15.06 102.80
58.59 62.36 106.43
234.38 238.25 101.65
937.5 866.24 92.40
3750 3336.18 88.96
IL-17A 3.66 2.37 64.75
14.65 5.65 59.04
58.59 3758 64.14
234.38 143.81 61.36
9375 543.24 57.95
3750 2023 53.95
IL-2 3.66 3.84 104.92
14.65 16.67 113.79
58.59 67.74 115.62
234.38 254.92 108.76
937.5 1058.77 112.94
3750 3955.77 105.49
IL-4 73.24 130.78 178.56
292.97 435.57 148.67
1172 1469 125.34
4688 5494 117.19
18750 17736 94.59
75000 71106 94.81
IFNy 122.07 133.4 109.28
488.28 513.67 105.2
1953 1942.76 99.48
7812 7485.76 95.82
31250 27647.76 88.47
125000 103586.76 82.87
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Table 3.9. continued

Analyte Expected (pg/mL) Observed (pg/mL) % Recovered
CXCLS8 14.65 18.78 128.19
(IL-8)
58.89 54.56 93.12
234.38 201.51 85.98
937.5 844.48 90.08
3750 3449 91.97
15000 8979 59.86
TNFa 0.98 2.82 287.75
3.01 4.99 127.62
15.62 18.54 118.69
62.5 66.74 106.78
250 270.67 108.27
1000 1056 105.6
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Table 3.10. Tagman Gene Expression Assay IDs.

Gene Target Assay ID

B-actin Eco4176172_gH

CD117 Ec03469720_mi

Tryptase Ec03468172_m1

Chymase ARMFXWU (custom)
Carboxypeptidase A3 APU629N, ARH6ATU (custom)

Transforming growth factor-f1

Ec03468030_m1

Bone morphogenetic protein-7

Ec04320876_m1

Bone morphogenetic protein-4

Eco03470252_s1

ACVR1

Ec07023073_s1

BMPr2

Ec06959500_m1
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Figure 3.1. Equine airway mast cells decrease chymase expression in
mastocytic asthma. Relative gene expression level of (a) tryptase (tpsb2), (b)
chymase (cmazi), and (c) CD117 (ckit) in BALF cell pellets in healthy (n = 11),
mild/moderate asthma (n = 5), severe asthma (n = 10), and mastocytic asthma (n = 8).
All target genes were normalized to the house keeping gene [-actin (actb). Displayed
figures represent the median and IQR. sEAS= Severe Asthma, mEAS= Mild/Moderate

Asthma, Ctr= Healthy, maEAS= Mastocytic Asthma.
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Figure 3.2. Protease expression in BALF cell pellets, excluding those horses
on corticosteroids. Relative gene expression level of (a) tryptase (tpsb2), and (b)
chymase (cmazi), and (c) CD117 (ckit) in BALF cell pellets in healthy (n = 11),
mild/moderate asthma (n = 4), severe asthma (n = 8), and mastocytic asthma (n = 8).
One horse in the mEAS group, and 2 in the sEAS group had been on corticosteroids with
continued clinical signs. Excluding these horses did not change overall results. All target
genes were normalized to the house keeping gene B-actin (actb). Displayed figures
represent the median and IQR. sEAS= Severe Asthma, mEAS= Mild/Moderate Asthma,

Ctr= Healthy, maEAS= Mastocytic Asthma.
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Figure 3.3. TgfpP1 is elevated in mild/moderate asthma and BMP?7 is variably
expressed in severe asthma. Relative gene expression level of (a) tgfp1, (b) bmp7,
(c) tgfP1/ bmpz, (d) bmp4, (e) acvri, (f) bmprz in BALF cell pellets. Sample size was
reduced as targets were analyzed due to remaining sample input available. BMP7
sample size was healthy, n = 11; mEAS, n = 5; sEAS, n = 10; and maEAS, n = 7. Further
analytes had reduced sample size for healthy, n= 10; and sEAS, n = 7. Displayed figures

represent the median and IQR. sEAS= Severe Asthma, mEAS= Mild/Moderate Asthma,

maEAS= Mastocytic Asthma.
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Figure 3.4. Asthmatic horses have elevated pro-inflammatory cytokines.
Normalized cytokine concentrations of (a) TNFa, (b) CXCL8/IL-8, and (c) IFNy
measured via multiplex bead immunoassay in healthy (n=11), mild/moderate asthma (n
= 5), and severe asthma (n = 14). Displayed figures represent the median and IQR.

sEAS= Severe Asthma, mEAS= Mild/Moderate Asthma, Ctr= Healthy.
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Figure 3.5. Normalized cytokine concentrations of horses, excluding those
on corticosteroids. Normalized cytokine concentrations of (a) TNFa, (b) CXCL8/IL-
8, and (c) IFNy measured via multiplex bead immunoassay in healthy (n=11),
mild/moderate asthma (n = 4), and severe asthma (n = 10). One horse in the mEAS
group, and 4 in the sEAS group had been on corticosteroids with continued clinical
signs. Excluding these horses did not change overall results. Displayed figures represent
the median and IQR. sEAS= Severe Asthma, mEAS= Mild/Moderate Asthma, Ctr=

Healthy.
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Figure 3.6. Dilutional linearity of individual cytokines. Dilutional linearity as
depicted by expected versus measured with linear regression analysis for all cytokines of
interest: (a) IL-5, (b) IL-17A, (c) IL-2, (d) IL-4, (e) IFNy, (f) TNFaq, (g) CXCLS8/ILS. All
cytokines show high linear dilution of spiked samples. The kit cytokine standard was
used to re-capitulate the standard curve by using the top standard, initially
reconstituted in water, to further dilute in BALF supernatant. The points depicted are

based on the kit’s standard reference range for each analyte.
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variable in driving the observed clustering pattern.
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CHAPTER 4

CONCLUSIONS AND FUTURE DIRECTIONS
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Mast cells are a more complicated innate immune cell than its generally accepted
role in IgE-mediated inflammatory responses. As our knowledge of immunology and the
involved cell types advances, there are more cell subtypes and roles being identified.
Chronic inflammatory conditions, such as colitis and asthma pose complicated
questions in understanding each of their pathology. Chronic inflammatory conditions
have many cell types involved, both immune and non-immune, with prolonged exposure
to inflammatory milieu that can lead to detrimental consequences, such as fibrosis. In
the first section of my dissertation I explain how mast cells and BMPs may be involved
in controlling chronic inflammation and fibrosis in disease of the intestine and lung. In
the further sections we set out to further investigate these possibilities.

Our focus on the mast cell - BMP axis in the second section was spurred from
several observations brought up in the first chapter, but in short was due to previous
laboratory findings that suggested a dysregulation of BMPs in a mast cell-deficient
colitis model and that BMPr2 is a marker that differentiates mast cells from basophils
and other immune cells, therefore BMP ligands, receptors, and signaling may be
important in mast cell functions. Conclusions from the second section suggest that
BMP7 reduces TNFa release without effecting degranulation. Additionally, the mast cell
may be a source of BMP7 in an inflammatory environment. Findings that slightly
complicated the results were that blockade of specific BMP receptors resulted in further
significant reduction in TNFa release. In mast cells it appears that engagement of
different BMP receptors may drive what BMP signaling pathway, canonical versus non-
canonical, is engaged. Future experiments in order to further investigate canonical

versus non-canonical BMP signaling in mast cells will include the use of mast cells
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either deficient or overexpress specific BMP receptors. TNFa release may be different
based on what BMP ligands are applied and/or what BMP receptors are engaged. Mast
cell specific BMP ligand and receptor knockouts are currently being derived in the
laboratory that will further the in vitro and in vivo experimentation. Additionally,
confirming in mast cells the BMP ligand-receptor binding affinity should be investigated
in order to better understand the interactions.

In the third section my objective was to use a novel technique in investigating
mast cell molecular phenotype in equine asthma and correlate with inflammatory
cytokines found in BALF. Thanks to collaborator samples we were able to identify
differences in mast cell molecular phenotype in mastocytic asthmatic horses.
Unfortunately, I was not able to correlate this groups mast cell molecular phenotype
with inflammatory cytokines due to differences in BALF collection that would
potentially bias cytokine concentrations. Cytokine evaluation showed a strong Th1
response in severely asthmatic horses with elevation in neutrophil recruiting and
activating chemokine, CXCLS8. I further evaluated Tgff3, BMP ligand and receptor
expression in BALF cells in the remaining RNA from the BALF cell pellets. An
interesting finding was the wide expression of BMP7 in the severely asthmatic group.
This finding could not be explained by comparing to Tgfp expression, but further
investigation would be interesting in correlating BMP7 expression with diagnosis,
response to treatment, and lung function evaluation. Additional evaluation of mast cell
molecular phenotype and lung function analysis would be interesting based on human

studies that see a correlation between mast cell phenotype and lung function. Horses
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with asthma may also be a human asthma translational model in which inflammation
and fibrosis could be evaluated.

In summary mast cells and BMP7 each pose interesting targets for immune
modulation alone and in combination. Continued evaluation of BMP actions in specific
immune cell types and in disease is an exciting area of continued investigation especially

in light of BMP7’s anti-fibrotic effects.
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