ABSTRACT

HEDGESPETH, BARRYALAN . Manipulating the Igeand KIT Receptors in Mast Cells using
Splice Switching OligonucleotideglUnder the directiof Drs. Glenn Cruse and Jeffrey Yoder

Splice-switching oligonucleotides (SSOs) arewerful scientific todd with countless
research and biotherapeutic applications. Currently there are tweabprdved SSOs utilized
for the treatment of patients withedebilitating disease Duchenne muscular dystrophgse
treatments are proving telsimple to administer, effective for lotgrm therapy, anthduce
minimal side effects. With this in mind, our group sought to explore the poterdiaf 850s to
treat various conditions that are mediated by mast cells (MCsnlfiated diseases suah
atopy, anaphylaxis, mastocytosis, and mast cell neoptafiectively cause seriowdebilitation
in patients experiencing them, and few targeted therapies currently exist to adekess th
conditions. For example, anybody living in the United States % lifetime prevalence of
experiencingananaphyactic event wherein there iscancertedsystemwide degranulation of
mast cells in response to an allergen. Anaphylactic reactions can range from mild symptoms such
as hives, itchiness, or trouble bi@ag; however, more advanced cases may experience
vomiting, diarrhea, hypotensive shock, and cardiovascular collapse. In these severe cases, it is
easy to see that death may occur rapidly if swift intervention is not soughSdubetterm
treatments foanaphylaxis include epinephrine and supportive eende longterm treatments
comprisedesensitization and immunotherapy. However, these treatments in general-are non
specific and carry a multitude of their own side effects, making an unbearable eepalighe
more unpleasant. Additionally, some peopith mutations in their mast cell receptansligands
experiencanastocytosis and mast cell activation syndrorasulting inchronic mast cell
degranulation and anaphylactic episoeesnwithout enountering a triggering allergen.

Conditions such as these necessitate the development of treatments that can specifically target



mast cells while avoiding offarget effects, and SSOs have been shown to be a powerful tool to
achieve this goal.

In particulr, our group has focused on targeting MSdA2he b subunit of
affinity IgE receptor F€RI0 as well as the KIT receptor of mast cells. By targetindRHc b, we
have been able to demonstrate that another closely related protein, MS4A6A, shares the
important role of receptor trafficking, signaling, and cytokine release in humans. This is not the
case in murine models of allergic disease, however. The murine ortholog Ms4a6d is involved in
cytokine productiorand mast cell homeostasis during inflammatmnditions butit does not
contribute as effectively as MS4A6A does to overall mast cell function. By targeting the mast
cell KIT receptor with SSOs, we have been able to show that mice expdrmiben local and
systemic reduction in mast celbpuhtions andlisplayeda significantly diminished systemic
anaphylactic response following SSO administration. These findings highlight the important
contribution that SSOs can have on biothitro andin vivoresearch, as well as serving as
potentially maketable therapeutics that would alleviate the burden experienced by people with

mast cellmediated conditions.
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CHAPTER 1
Insights into the Functions of the Tetraspaninlike MS4A Protein Family,
the KIT Receptor, and SpliceSwitching Oligonucleotides

1 Introduction

The MS4A protein family containsumerousnolecules thaarevital to immunological,
neurological, and reproductive function; however, the full functional profile of each protein
remains elusiveWhile notintrinsically part of the tetraspanin family, the proteins of the MS4A
family share many similarities to theietetraspanins, allowing researchers to draw on
comparisondetween the two groupe aid in the investigation into their specific functional
attributes.This review will serve aa brief overview of the tetraspanin family in addition to a
scoping reviewnf the MS4A protein family as a whole aafieachindividual member Although
this dissertatioris concernegbrimarily with the MS4A2 and MS4A6 proteins as they relate to
mast cell functionn humans and mi¢cether eminent topics such as the KIT recept@FcRI
complex and spliceswitching oligonucleotides will also be reviewed.
1.1 Overview of the Structure and Functions of Tetraspanins

The etraspanins are a group of cellular memb#amend proteins that are expressed in all
animals, withphylogenetic analyses revealing the presence of 33 unique human tetraspanins.
their name implies, tetraspanins contain four transmembrane domains which organize to form two
extracellular loopshat protrude & nm into the extracellular space in addition to three short
intracellular regiong'® One feature that differentiates true tetraspanins from other four
transmembrandomain proteins is the presence of a conserved CCG motif and two conserved
cysteine residues located in the second extracellular dérihm extracellular regions interact

with the cellular environment through a variety of molecules such as integrins, immunoglobulin



domaincontaining factors, cytokine receptors, growth factor receptorss@ndnzymes$.®
Extensive postranslational modifications such as palmitoylation, glycaisyh, and

ubiquitination also contribute theregulation of tetraspanin structure and functi§iThrough

these interactions and modifications, along with lipid regulators such as palmitate moieties,
memlyane cholesterol, and gangliosides, tetraspanins form complex secondary structures that
have been termed tetraspanin wels'! These webs of homand heterodimerized tetraspanins,
along with their associated proteins, clustereigions comparable to lipid rafts, resulting in
tetraspanirenriched microdomains (TEM$}2While the exact function of TEMs remains
speculative, they may serve as a mechanism for cellular adhesion, intracellular signaling, and
cytoskeletal augmentatidil*

The functions of tetraspanins are exceedingly diverse to include trafficking of proteins,
regulation of protein function, and signal modification. They have additionally been associated
with the development of hereditary disordersoplasia, and infectious disease susceptibility.
Protein trafficking is an essential functionradarly allcells in the body; it is therefore
unsurprising that an important group of protesnshas the tetraspanins are intimately involved
in this pro@ss. One example of this is the tetraspanin CD63 whaidssn the internalization of
partner proteins and posslthrgeting to late endocytic vesickesAnother example is the
tetraspanin subgroup TspanC8, comprising 6 tetraspaninstitain8 cysteine residues, which
aids in trafficking of the metalloproteinase ADAM10 to either late endosomes or the plasma
membrané®!’In addition to protein trafficking, tetraspanins also regulate the function of
membraneanchored proteins. Membrabeund proteases such as ADAM10 and MMP14, as
wellasmembranb ound growth factor precur saeabk | i ke

regulated by various tetraspantig® Tetraspanins alsmodulatethe cownstream signaling of



integrins. CD151 has been shown to regulate numerous signaling molecules including Akt, Src,
focal adhesion kinase (FAK), and Rho family GTP&3$€3 This important role is highlighted by

the development of kidney failure secondary to glomerular basement membrane defects, as well
as skin angbossibleinner ear defects, ipeoplewith defective CD15%#

In addition to its role in basement membrane integrity, CD151 and other tetraspanins have
been associated with the development of nea@ptagh as skin and breast cancer, and are thereby
being investigated as targets for cancer treatnf@itsTheyhavealsobeen found to contribute to
theinfectivity of some bacteria, viruses, and protoZbahe early stages of influenza virus and
Alphavirusinfection may be regulated, in part, by tetraspafii®while CD151 has beeshown
to play a role in the endocytosis of human papillomavirus 16, a cause of cervical’éancer.
Furthermore, the tetraspanin CD8L1 is critical foreh&ry of Plasmodiuminto hepatocytes in the
first stage of malaria infection; CD81 also acts as a receptor for the hepatitis € ¥irus.
Tetraspanin involvement has been implicated in HIV infectionhesdlsobeen explored as a
potential therapeutic avenue to modulate HIV infectbiiGiven their widespread involvement
in the pathogenesis of many diseases, tetraspanins serve asumhfaogets for treating many
infectious, hereditary, and neoplastic conditions.

1.2Introduction to the MS4A Family

1.2.1Brief History of Discovery and Study

In the late 1980s, a protein expressed on the surface of B cells was first described and
given the name CD20; it would later come to be known as MS4A1. CD2bekasedto be
instrumental to Bcell proliferation and differentiation, and it was found to sltare any
significant homology with other known proteins of the tithé few months later, th cDNA of

t he b s u b u-affinity gk feceptdr BeRIwasgUtcessfully cloned; this protein would
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eventually become known as MS4AF-ive years after these discoveries, a third protein, HTm4,
or MS4A3, was discovered on the surface of hematopoietic cells; interestingly, HTm4 was found
to be 20% homologous with CD20 andRd b , theagends for all three proteins were
determined to be located on human chromosome 1§12and murine chromosome *at was
then hypothesized that all three proteins had evolved from the same ancestral gene, and it was
therefore suggested that they belong to a new group of proteins which eaudehied the
membranespanning 4domain subfamily A (MS4A) family of proteins. Since then, a total of 18
MS4A family members have been discoveiretiumans, while 23 members have been described
in mice2® All but 2 of the human MS4A genes are located on human chromosome-13;gth2
exceptions ar&d MEM176AandTMEM176B which arensteadocated on chromosome 7q36.
Similarly, all but these two genes in the mouse are located on chromosome 19, while the two
aforementioned genes are found on chromosoffi@Bough the newest MS4A family member
wasonly just described in 2010, a considerable amount of research remains to be conducted into
the true function of each of these proteins, as well as their role propagation of various
pathological conditions.
1.2.2 Structural Similarities to the Tetraspanin Family

Like the tetraspanins, the main feature of the MS4A proteins is the presence of four
transmembrane domains; two notable exceptions are MS4A4E ahdBESWhich are truncated
proteins having only 2 transmembrane dométide N- and G termini of tetraspanins and
MSA4A proteinsaregenarl | 'y qui te short; however the tetra
8-21 amino acids whereas those of the MS4A protein2@&8® amino acids lonff. There are
three exceptions to tlisMS4A13, MS4A14, and MS4A15. The-tdrminal cytoplasmic domain

of MS4A13 isextremelyshortened ancessentiallynonexistent, while both the-Mind G termini



of MS4A15 are slightly more elongated than the oflteteins MS4A14 is the longest protein in
the family, with arconsiderablyelongated @erminus that extends ov@60amino acids in
length 3°43Like tetraspanins, nearly all MS4A proteins have cysteysteine residues in their
second extracellular loop that promote the formation of disulfide bridgéswever, tetraspanins
frequently cordin polar residues within their transmembrane domains, a feature that is lacking in
the MS4A proteiné?
1.2.3 Tissue Distribution

The MS4A proteins are distributed widely throughout the body, indicating their diverse
and significant role in countless biological processes. There are instances of numerous different
MS4A protein members sharing the same tissue localization, and eeeodm@erizing with one
another to form signaling complexes. One prominent locatiavhich these proteins are
frequently expressed is the surface of leukocyiasteins such as MS4A1, MS4A2, MS4A3,
MS4A4A, and MS4A14 are all expressed on various whitedktells. MS4A5, MS4A8B,
MS4A13, MS4A14, and MS4Alarecommonlyexpressedn tissuef the reproductive tract,
while the colon represents another common site of MS4A expression, notably by MS4A6A,
MS4A10, and MS4A123
1.2.4 Common Functional Characteristics
1.2.4.1 Signal Transduction

Several MS4A proteins are important signal transducers, aiding in the propagation of an
extracelular signal downstream into the cell. MS4ALl is associated with various other cell surface
receptors, including tetraspanins, and transduces signals through Src family kinases ifP# cells.

Similarly, MS4 A2 associ at esRlcomplexandomansd) and 9

cytoplasmic ITAMin its Gterminal tailthat signals through Lyn and other Src family king<es.



Conversely, MS4A8Eand TMEM176Bcontain a cytoplasmic ITIM, indicatinte persistent
involvement in signal transduction, albeit inhibitory rather than activati@glcium flux
regulation is another common feature among MS4A proteins, with proteins such as,#MS4A1
MS4A4A* MS4A12%° and MS4A18° having been linked to the regulation of calcium
homeostasis in the cell.
1.2.4.2 Cell Cycle Regulation

Reguation of the cell cycle is another common function among various MS4A family
proteins MS4A3 expression has been linked to cell cycle arrest at ghe; Ghase via
dephosphorylation of cyclidependent kinase> Similarly, Ms4a4bin the mouse is involved in
the regulation of Tcell proliferation and even dimerizes with Ms4a6b to achieve this furt&ion.
MS4A12, a colorspecific MS4A protein, regulates the proliferation of coloriesyy interacting
with the epidermal growth factor recepfdiGiven their involvement in the regulation of the cell
cycle in a myriad of cells, it is foreseeable that the aberrantssipreof MS4A genes has been
implicated in the development of many types of cancer.
1.2.4.3 Association with Disease

Numerous pathological conditions have been associated with either increased or decreased
expression of MS4A genes; these diseases incladeust y pes of cancer, Al zhe
and atopy. Because of their involvement with the regulation of the cell cycle, it is predictable that
mutations andrregularexpression of certain MS4A genes can result in the development of
severakypes of lymphoid 1IS4A2 and myeloid MMS4A3 leukemias. Additionally, these proteins
are frequently correlated with increased incidence, disease progression, and overall suesval t
in numerous types of gastrointestinal cancers. For example, one study evaluated 9,736 gastric

tumors and 8,587 normal gasthiopsiesfor the expression profile of MS4A gerngd.ow



expression oMS4A2, MS4A7, MS4A14, TMEM17&6AdTMEM176Bwassignificantly
associated with better overall survival, while high expressiom®ftA6andMS4A8was
significantly associated with better outcome.

Mutations in MS4A genes were determined to be twice as common in patients with
Al zhei mer 6s di s e as & Othensiudieshdve doreoboratedhtyesedimdimgs,r o | s .
especially withregard tdIS4A6A, suggesting that many of these proteins aa@ihyeinvolved in
neurobiological homeostatic mechanisthig Aimost all of the MS4A proteins are located on
chromosome 11912, a region that has joesty been linked to the development of atopy and
asthma.-%8 As suchmutations inMS4Az2, the protein involved in trafficking of the higiffinity
IgE receptor, have been associated with the development of allergic conditions such as atopy and
asthma2° Additional studies suggest that other MS4A family proteins such as MS4Ad
MS4AGBA are also involved in the regulation of the normal function of mast cells, implicating

their furtherpotential role ilmast celmediateddisease§?52



Figure 1. Protein structure of the 18 described human MS4A proteing:or each non
truncated protein, the four transmembrane (TM) domains are depicted in addition tatite G
terminal tails, one intracellular loop, and two extracellular loops. ITAMshandITAMs are
depicted as green ovals on thégdminal tail,while ITIMs are depicted as red ovalail and

loop lengths arbased upothe amino acid sequences of each protein.
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1.3 Individual MS4A Family Members
1.3.1MS4A1 (CD20)

Perhaps one of the most studied members of the MS4A family, MS4A1, also known as
CD20, is a 3387 kDa norglycosylated protein found on the surface of the majority of B cells
starting from late pr® lymphocytesand also includingnalignant B lymphocyte® As with
most other members of this family, it consists of four hydrophobic transmembrane ddmains
extracellularloops and one intracelluldoop.*® Differential phosphorylation of MS4A1 by
variousSrc family kinasesuch as Lyn, Fyn, and Lalesults ina variety ofdownstreansignaling
effects; additionallyincreased phosphorylatiami MS4A1has been found to be a feature of B
cell malignancie$§* MS4A1 interacts closely with tetraspanin molecules, including CD53, CD81,
and CD82% it also interacts with major histocompatibility complex class II, CRHE€B-cell
receptor, and the-@rminalSrc kinasebinding protein (CBP¥%:6°¢6

The exact function and potential ligand of MS4AL1 is currently unknown. A case report
describé a patient with a homozygous mutation of MS4A1 and itsltast truncatior?’

Although cell surface expression of CD20 was completely absesdll Bifferentiation continued
normally and the patient exhibited normal numbers of B cells. However, circulating memory B
cells, immunoglobulin isotype switching, and IgG levelswered uced, i ndi cating
involvement in these processes. Repeated vaccination caused the patient to demonstrate a
decreased response tandependent antigens such as pneumococcal vaccinhtomver,T-

dependent antigens such as-#stanus toxoidriduced a normal response. Murine knockout

model s fail ed t o aeyfudhern tdeaetmice dplayddhdrmal B cell e
differentiation and proliferation, isotype switching, and tissue localiz&fi¢tAntithetic to the

aforementioned case report of the human patient with the homozygous mutatependent
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immunity was compromised in MS4Adeficient mice in one study These finding®bfuscag¢
the roleof MS4A1further and perhaps suggest varying functioesveemmice and humans
MS4AL1 is colocalized in lipid rafts with the B cell receptor, and has been found to be heavily
phosphorylated after mitogen stimulation; this has led to the theory that MS4A1 cauld be
calcium channel that is involved in@:ll activatior¢:54

Given its relative specificity to B cells, MS4A1 has proven to be an effective target fo
monoclonal antibodies in the treatment of B cell malignancies. One such drug, rituximab, is an
ant-CD20 monoclonal antibody that is often combined with other chemotherapeutics to treat
chronic lymphocytic leukemia and various types of lymphéhiNewer generation ar€D20
monoclonal antibodies such as ofatumumab and obinutuzumab have been develdpedevhic
superior to rituximalandare being used in combination with novel therapeutics such as ibrutinib,
idelalisib, and venetocla® ™

In addition to B cell maginancies, MS4Als associated witkarious other forms of
neoplasia. A population of CD8D20" T cellswasfound in normal colonic tissue that was
adjoined to colorectal carcinomaln this study MS4Alexpression in colorectal carcinoma was
positively correlated with patient survival. A separate study found that MS4A1 may not only be a
prognostic indicator for breast cancer, but it may also be used to determine the state of lipid
metabolism in these patients;ting as anetabolicgauge fothe tumor milieu’® Other conditions
linked toMS4A1 include commu variable immunodeficiency,asbestoselated lung squamous
cell carcinomd®A |l z h e i me r®arsd brdin reetastatielyng adenocarcindfwmnong

others.
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1.32MS4 A2 (FcURI b)

The MS4A2 protein is expressed primarily in mast cells and basophils and is also referred
to asF ¢ U & thébeta subunit of the high affinity IgEe c e p t S'ThishoteiRis
responsible for binding to the alphad gammaubunis of theF ¢ Ud@rhplex and trafficking the
entire receptor complex to the cell surface; it algs as a signal amplifier through the ITAM
locatedin its C-terminaltail.®2 After IgE bindstoF ¢ ORI a si gnal i s transduc
receptor complexandc BbRIbi nds to Lyn kinase, fAading to
naturally occurring truncated splice variant of MS4éx@sts which lackexon 3 this truncated
proteinpromotes calciumdepenént microtubule formation, which helps to facilitate mast cell
degranulation as well as cytokine rele¥s8plice switching antisense oligonucleotides (SSOs)
have been utilizetb force the translation of this truncated splice vaniatiter than the full
length protein. The truncated variatttes not associate withc UbRdause it lacks the first two
transmembrane domaiha he domai ns responsi bl e .Thisin bi ndi n
turn hasresulted in significantly less ¢ UtRfficking to the cell surface and therefore less mast
cell degranulation, thus highlighting its potential as a treatment for mashediated
disease§384

It was recently discovered that another MS4A family protein, MS4A6A, plays a similar
role to MS4A2 in the trafficking and signaling of the IgEaetor compleX! Given its
localizaton to mast cells and basophils, it is predictable that MS4A2 has been implicated in a
variety of allergic conditions such as atopic dermatitasthm&® allergic rhinitis® and chronic
allergic keratoconjunctiviti€® In addition to allergic diseases, MS4A2 has been associated with

other condions such as preeclamp$faA | z h e i me r"Gasd filmomgatgidaswell as
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various types of cancers such as lung adenocarciffbgaatric cancet colon cancef? and
breast cance¥
1.3.3MS4A3 (HTm4)

MS4A3, also known as HTm4 (hematopoietic celfahsmembrane), is expressed by
granulocytemonocyte progenitors but not hematopoietic stem cells, making it a useful marker for
early myeloid differentiatiofi! In these cells, MS4A3 forms a complex with cyali@pendent
kinaseassociated phosphatase (KAP) and CDK2, wherein it promotes cell cyclarathest
Go/G1 phase Given this crucial role in cell ©fe regulation, MS4A3 has unsurprisingly been
found tobe associated witthe development of acdfeand chroni®* myeloid leukemias. Other
conditions that have beeorrelatedvith aberrant expression MS4A3include adverse
pregnancy outcoméstype 1 diabete® serum cyanocobalamin lev&land sepsis severit§.
1.3.4MS4A4A & MS4A4E

MS4A4 has two known variants in humansS4A4A andMS4A4E. Bothareexpressed
in myeloid cells an@éxpression cahe induced following glucocorticoid administratjgtboth
have also been implicated in'%e pathogenesi s

MS4A4A expression increases during monocyte to macrophage differentfiotis
critical for the activation of Syddependent signaling in macrophages following ligand bintfihg.
In mast cells, MS4A4As multifunction&d it regulategrafficking, signaling, and recycling of the
KIT receptormediatess i g n al i n gnd prédmotEscstdi@erated calcium entf-2
Varioustypes of neoplasihave been associated wtB4A4Aexpression, such as esophadéil,
gastric'®* ovarian!® and neurological cancet® With regard to MS4A4E, little research has

been conducted regarding its functmther than its association with the development of
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Alzheimer's disease and gliortf&:1%It is a truncated splice variant of MS4A4A, comprising only
the first two transmembrane domaits.

At leastfive known variant©f Ms4a4 have been describe in the moukih include
MsdadaMs4adb, Msdasc, Ms4add, and Ms4a2x1%®Ms4adais expressed highly in murine
tumorassociated macrophages; however, no association with its expression and tumorigenesis
was ascertainet!® Ms4a4b has been reported to heteligomerize with Ms4a6b, allowing it to
modulatethe activation of T cell$? Another study found that knockdown of Ms4aébulted in
accelerated T cell proliferation, and that this protein regulates T cell proliferation by inhibiting
entry of cells into the 2/M phaset®® Ms4a4db, Ms4a4c, and Ms4a4d are expressed highly in
murine lymphoid tissues including the thymus, spleen, peripheral lymph nodes, and bone marrow,
with variable expression in other tissdésls4a4x is expressed in osteoclattde elseis
currentlyknown about this variarit.
1.3.5MS4A5 (TETM4)

MS4Ab, also known as testes expressed transmemBran@ETM4, is a priwin that is
roughly 200 amino acids long and has a molecular weight of 22.2'RBa.with other MS4A
proteins, ittompriseour hydrophobic transmembrane regions, two extracellular loops, and a
short intracellular loop. A putative splice variant was identified that is missing the third
transmembrane and second extracellular dont&figssue distribution appears to be restricted to
the testes, with no mRNA having befenind in any other tissue including the spleen, thymus,
prostate, ovary, small intestine, colon, peripheral blood leukocytes, heart, brain, placenta, liver,
lung, skeletal muscle, kidney, or pancr&ds\s such, MS4A5 was the first MS4A family

member discovered that was not associated with hematopoietic tissue.
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1.3.6MS4A6A & MS4AGE

In humans, MS4AGs expresseds two varian® MS4A6A and MS4AG6E, whildour
variants (Ms4a6b, Ms4a6@riant 1, Ms4a6c¢ variant Bs4a6d) have been discovered in mice. In
mast cells, MS4A6A has recently been showslttarethe role of MS4A2 with regard to the
trafficking and signaling aotheF ¢ Ud@rhplex it is believed that MS4ABA accomplishes this via
a hemilTAM located on its Geminal tail%* In addition to mast cks, MS4A6Ais expressed in
myeloid cells’® as well as B, myelomonocytic, and erythroleukemic cell IfA&4S4A6A has
beencompellinglyimplicated in the development of various neurological conditions including
cortical and hippocampal atropPygliomal!* Alzheimer's diseast® and multiple sclerosi?
Neoplasa associated witlViS4A6Aexpression include siiocytic neoplasm&® ovarian
cancert4glioblastomal'® and esophageal candét.

Unlike MS4A6Aand other MS4A family proteind1S4A6Eis a truncated varianhat
comprisenly the lastwo transmembrane domaifi§.Despite thisstructural alterationit too
has been implicated in theé&’ progression of Al z

The functional capacity of tfeur murine variants oM s4a6has yet to be fully explored,
leaving a large gapf knowledgen this areaMs4a6bexpression was determined to be highest in
themurine thymus, spleen, and peripheral lymph nodes, Wiska6cexpression was highest in
the bone marrowMs4a6dexpresion was very high in all tissues assayed, including thymus,
spleen, lymph nodes, bone marrow, liver, kidney, heart, colon, lung, brain, and testes, indicating
animportant physiological rol& As mentionedMs4a6bassociatesith Ms4a4b to modulate
regulatory T cell functiofi? Both Ms4a6b and Ms4a6c wengghly expressed in monocytes that
had been transplanted irttee brain parenchymaf whole bodyirradiated micé'8 As with the

othervariants, Ms4a6d thought tobe involved in neurobiological homeostatic mechanisms.
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One study found tha#is4a6dinteracts with anothesrotein VSIG4, to form a surface signaling
complex in macrophages of mice with experimental autoimmune encephalomyelitis; this
signaling comp#x promotegheactivation of the JAKZSTAT3-A20 signaling cascade and NF
8 B s u p p**le ansodebarf psoriasike diseaseMs4a6dexpression was upregulated in

NK/T cells surrounding thekin lesionst?

while another study showed upregulatiorMs4a6d
in a model of middle cerebral artery occlustéhThese findings would suggest that Ms4a6d
plays a regulatory role in inflammatory conditions, possibly acting to suppress excessive
inflammation.
1.3.7MS4A7 (CFFM4)

The MS4A7 protein was first descri B%litd as
is highly homologous with other family members, litias slight structural differences such as a
longersecond extracellular lodg? It is highly expressed in myeloid cells, and can be strongly
induced following glucocorticoid administratiéhAt least two splice variants exis€ and tissue
expression in health has been found to be localized to the spleen,azml@mall intesting??
MS4A7 is a marker for a distinct subset of turassociated macrophag@$and high expression
has been identified in various types of neoplasia such asmal cell lung cancef® ovarian
cancert?® glioblastomal?” and triplenegative breast cancef
1.3.8MS4A8B (L985P)

MS4A8B, which is also referred to as L985P, is a protein that is highly expressed on
ciliated epithelium in human lungs in addition to the gastrointestinal tract, epididymis, and
fallopian tubeg? It shares roughly 31% identity with MS4A2, but contains an ITIM rather than an

ITAM in its C-terminaltail.*® Its function is believed to be associated with the regulation of

ciliary motility and chemosensory signal modification in the lutf§#n the gut, MS4A8B has
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been shown to be a marker of differentiation of intedtepithelium that modulates the
transcriptome and promotes resistance to reactive oxygen species, twgnebstingthe
physiological barrier function of the epithelitif. The murineorthologMs4a8ais alsohighly
expressed in the gastrointestinal trd¢€3In humans with diffuse gastric cancer, higRNA
expression oMS4A8Bwas correlated with better overall surviviilyhereas increased expression
was associated with more cellular proliferation and carcinogengsaiants withprostate
cancert* Small cell lung carcinoma cells were also found to overexpi&ssA8B'>2
1.3.9Ms4a9

Ms4a9 has only been described in murine tissues, with RNA expression fatedlimg,
brain, thymus, testis, and ovar?.The highest expression was found in the lung and brain. It
shares ~30% sequence identity with memMs4a4.
1.3.10MS4A10

MS4A10 is a 244amino acid protein that has a predicted molecular weight of 26.9RDa.
Its amino acid sequence is 52% identical to mukisdal( with the highest homologies found in
the transmembranedhains and the second extracellular |é8yLittle is known regardingts
expression in humans; however, one study foundMistA10gene expression was
downregul ated i n h u-dike disegsed thespaucPéMssailOexpres§Sloninh n 6 s
mice is localized primarily to the small intestitféalthough another study found RNA transcripts
of Ms4al0expressed in murine thymus, kidney, colon, brain, and testis fissue.
1.3.11Ms4al1l

Ms4all has only been described in murine tissues and issfds@d toas Ms4a633* It
is thoughtto be involved in signal transduction due to the presence of transmembrane domains,

and appears to be dependent on GRELOBF-1/Bob1l) gened genes that are B cedbecific
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coactivators of the octambinding transcription factors OGT and OCT2.13ts tissue

distribution includes thymus, spleen, intestine, colon, lung, testis, and heart, with highest mRNA
expression found in the thymtS.Mice experimentally infected witBrucella abortus

experienced a 3.2#ld increase irMs4allexpressiort¥®

1.3.12MS4A12

MS4A12 is a protein specific to colondegand isinvolved in storeoperated calcium
entry®® In the colonjt modulates epidermal growth factor receptor signaling. In addition to its
presence in normal colonic tissue, MS4At&s found in 63% of colon cancers testedow
expression oMS4Al12was associated with significantly worse survival outcomes in people with
primary colorectal cancé?®which may be due to its role in colonic cellular differentiafiéfin
addition to itsassociation witlihe development of colorectal cancer, MS4A12 may also
contribute to the development of inflammattowel diseas&®
1.3.13MS4A13 (TETM4.2)

MS4A13 is highly specific to the testes in both the humahtae mousé3® Potentially
deleterious mutations in the gene encoding this protein have been discovered in patients with
Al z hei me rts unisua ® atlseeMS4A proteins in that it hasatremely shortened
N-terminal cytoplasmitail.°
1.3.14MS4A14 (NYD-SP21/Sp3111)

The structure of MS4A14 soteworthyin that it is over twice as long a8l other MS4A
proteins due to aextremelyextended sequence at thég@minaltail of over360amino acids?®
Its second extracellular loop is also over 6 times longer than that of other MS4A ptoTdiiss.
proteinis expressed by myeloid cells as well as circulating monocgtests expression

decreases during monocyte to macrophage differenti&tiomas included in a sigene
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signature that was significantly correlated with advanced stage and grade, as well as worse
prognosis, of cleazell renal cell carcinom#? Low expressin of MS4Al4was correlated with
better overall survival in people with gastric cantavhile anothe study revealed thaiS4A14
was upregulated in people with bipolar disorder during manic epistidesis proteinmay also
be involved in reproduction, as one studgicatedthatMS4Al4expression might be a useful
biomarker for the diagnosis, prevention, and prognosis of recurrent pregnanty liogke rat, it
has been shown to loczdi to the tess 4> and shRNA knockdown resulted in a markedly
reduced fertility rate in mic&*

1.3.15MS4A15 (MGC35295)

MS4A15 is similar in structure to the other MS4A proteins except for slightly longer
cytoplasmic ta#.3 In health, the MS4A15 protein is localized to the endoplasmic reticulum,
where it interactsvith resident calcium regulators to block ferroptd$ighis is achieved by
alteration of the lipid profildy depleting luminal calcium stores, which favors the accumulation
of monounsaturated fatty aetbntaining phospholipids and plasmalogen ether lifitdpression
of MS4A15 has been found in the testis, lung epithelium, and in hematopoietit éallaith
other MS4A members, MS4A15 has also been associated with the progression of certain cancers
such as ovaridf® and gastric cancé?.It wasfound to be usefuh a $x-gene signature used for
the prognostication of colonic adenocarcinofita.
1.3.16MS4A18

Very little is currently known regarding MS4A18 as it has only been described relatively
recentlyin 201Q It has an elongated-drminal cytoplasmic tail, andsitissue distribution

appears to be restricted to testes:®4
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1.3.17TMEM176A (HCA112) & TMEM1 76B (TORID/LR8/Clastl)

While all of the aforementioned MS4A genes are located on human chromosome 11912
(murine chromosome 9), two distantly related genes are located on chromosome 7g36.1 (murine
chromosome 63 Given that these proteins share up to 16% amino acid identity, length, and
topology, TMEM176A and TMEM176B have been suggested as belonging to the MS4A
family.'#” Both of these proteins interact with one another and appear to beagssodgih
immature dendritic cell¥*® On its own, TMEM176A, also known as HCA112, has been
implicated in the pathogenesiswafrious types ofieoplasiancluding pancreatic cancét®
glioblastoma:* lung cancet?! hepatocellular carcinoma? and various gastrointestinal
cancers$31511% A common function of TMEM176A in these cancers is modulation of ERK
signaling'*®*Like its counterpart, TMEM176B is also involved in tevelopmenbf cancer;
however, this proteiactsthrough AKT/mTOR insteaéP® Other types of cancer associated with
TMEM176B includebreast cancéf? colorectal cancer® cutaneous melanont&, and prostate
cancert®® among others. One common mechanism of TMEM176B involvement in these cancers
in via inflammasome activatiori®!>°Like MS4A8B, TMEM176B contains an ITINh its G
terminal tail®®
1.4 The KIT Receptor and its Relevance to MS4A Proteins

The KIT receptor, also known as CD117, was first discovered in 1988 following a series
of investigations into the-Kit gene found in the Harvexuckerman4 strain of feline sarcoma
virus 1 Like its viral counterpart;-Kit (named for itsellular localization rather thaviral) was
found to share a tyrosine kinase region wikit in addition to major structural &ures of other
receptor tyrosine kinases. During its first discovery, KIT was classified a-pnoctmgene,

highlightingthe important recognition of the oncogenic potential of this recéfttis. ligand was
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initially unknown, but in 1990 it was reged that stem cell factor (SCF), also known as Steel
factor and Kit ligand, was indeed the ligand for the KIT recelStdEnsuing research has since
identified that KIT is expressed by a variety of cells, including hematopoietic progenitors, mast
cells, melanocytes, and germ céf$63

KIT is a type lll cell surface receptor tyrosine kinase that has five immunogldikdin
extracellular domains, a sharansmembrane region, and an intracellular cytoplasmic tail; this
tail contains multiple tyrosine phosphorylation sites as well as a split tyrosine kinase domain
separated by a kinase ins®ftlt comprises 976 amino acids with a final protein size of roughly
110 kDa; howevem\-linked glycosylatiorcan increase its size to 2450 kDa®° Upon binding
to SCF, KIT homodimerizes with anoth€IT receptor; the first three diijke regionsof each
receptorbind tightly to SCF while the last two interact tightly with their counterparts on the
oppositereceptort®® Dimerization allows for transphosphaayion of the bound receptor; to date,
at least ten tyrosine phosphorylation sites have been iderdfifi€tle phosphorylated regions are
then able to serve as docking sites for signaling molecules and allow for downstream stéhaling.
Signaling occurs through a myriad of proteins whichinclud@ ®Rlj ki nases, Src f ami
and MAP kinases, as well as phospholipase C and D, among $thers.

As immature hematopoietic stem cells exit the bone marray,rily on the KIT receptor
to promote migration, differentiation, and maturation As these cells mature, nearly all of them
cease to express KIT; however, mast cells, dendritic cells, melanocytes, and interstitial cells of
Cajal continue to express KIT mtnaturity®” KIT plays an important role in numerous
biological functions including hematopoiesis, skin pigmentation, reproduction, digestion,
cardiopulmonary functignrand neurological development. It is therefore predictable that

mutations in and abnormal expression of KIT are a common feature in various forms of cancer.
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Gastrointestinal stromal tumors (GISTs) arise from the interstitial cells of Cajal, and roughly 80
85% of these tumors possess mutations kit resulting in excessive and unchecked kinase
activity.*®* Other types of cancers that develop from activating mutatioogfinclude

melanoma® small cell lung carcinom#? testicular carcinoma<?and acute myeloid

leukemial’?

Because KIT is one of the most important receptors found on mast cells, it has also been
implicated in the development of various mast cell disorders. Mastocytosis occurs due to
excessive differentiation and maturation adsncells in an otherwise healthy person; in severe
cases, this can lead to overactive mast cells and subsequent frequent, unprovoked anaphylactic
response$’? The mast cells in nearly all adults with systemic mastocytosis carry the activating
mutaton D816V. About 40% of children with systemic mastocytosis have this mutation, while
another 40% of these children have mutationsiéit at othedocations!”®

Given its relative scarcity on most healthy, mature cells, as well as its role as-a proto
oncogene and involvement in the development of various neoplasms, KIT has become an alluring
target for the treatment of numerous diseases. Tyrosine kinase inhibitersn&ef the first
treatments developed that targeted KIT. Tyrosine kinase inhibitors such as imatinib (Gleevec),
mastinib, dasatinib (Sprycel), and nilotinib (Tasigna) have been used with varying degrees of
success to targ&tlT by reducing the overast kinase activity of mutated receptéféAside
from tyrosine kinase inhibitors, oligonucleotides have also been investigated in the ttedtmen
various mast celinediated diseases. These treatments target either SCF or the KIT receptor itself,

resulting in reduced expression or degradation of these proteins and subsequent reduction in signs

associated with asthm&, anaphylaxis,’® and mast cell neoplast&’
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While KIT plays an important role in tHanctions of numerous cells throughout the body
in addition tothe pathogenesis of various diseases, it does not accomplish thid-aloren and
murineKIT have bothbeenshownto associate with tetraspaninsludingCD9, CD63, and
CD811781®¥When associatedith CD63 in a human myeloid cell line, KIT expresses a higher
basal level of tyrosine phosphorylation, reduced phosphorylation and kinase activity in the
presence of its ligand SCF, and minimal internalization and degradation after SCF tré&tment.
This could suggest that some tetraspanins associate with KIT to stabilize it at the cell surface by
negatively modulating its response to SCF. Similar associations have been noted in human cord
blood and murine cardiac stem cells, suggesting a possdaddarregulatory function among
progenitor cell$/817°As with the tetraspanins, KIT also interacts with some MS4A proteins. One
study revealed that MS4A4A assists in the trafficking of KIT by means of endocytic recycling
through caveolifl-enriched microdomairf The same study found that, if MS4A4A is silenced,
KIT signaling is substantially altered, having implications for mast cell proliferation and
migration. Given their cruciablesin mast cells, KIT and the higdhiffinity IgE receptor PRI
(which contains MS4A2) might alsactin tandem to facilitate mast cell functions. Indeed, when
treated with KIT inhibitors, human mast cells displayed significantly reduceep8@hrtiated
degranulation mediated through#R#.12°
1.5The FcURI Complex as it Relates to MS4A Prot

In humans, the highffinity IgE receptor FERI can exist as either a tetrameric receptor
containing one U, osn ea bt,r iamedr it ovor ec ecflitamern sl, a cokri
2).181 Mice, however, generally only express the tetrameric form in h&3the receptor
complex is anchored t o t hitdalspknave asdMS4A2)mihichane by

acts to traffic the complefxom the endoplasmic reticuluto thecell surface as well as
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propagatesignals through it€-terminallTAM. 88T h e U is raspansibie for bindintp
soluble IgEwhilet h e t wo operassas thel maintsignal transducefshe receptor
complexvia their intracellular ITAMS

FcRI activation is one of the primary means of mast cell degranulation,scodiegthe
r e ¢ e mriticalrrddedn health and allergic disease,; it is therefore predictable that it also interacts
with MS4A proteins other than MS4A2 as well as tetraspanins. A recent study has shown that this
receptor complex associates with MS4ABA to facilitate trafficking and sign#ifgrthermore,
as with KIT, MS4A4A also interacts with BRI by recruiting it into lipid rafts and mediating
Orailcalcium entry to promote signal propagatf®iThe tetraspanin CD63 has been shown to be
essential for FaRI-mediated mast cell degranulatibfiBy creating a CD63 knockout mouse
model, researchers were able to show that bone maleawed mast cells from these mice
displayed a significant reduction in#RI-dependent, but not FRI-independent, degranulati.
Conversely, the tetraspanin CD151 inhibits Eemediated mast cell activation by regulating
ERK1/2 and PI3K kinases associated with cytokine produci®CD151is not, however,
associated with phospholipase Col1l, t,these ki nase
findings highlight the complex interplay of tetraspanins, MS4A proteins, KIT, afidlkath
respect tahe myriad oimast cell functioa These proteingherefore serve as alluring targets for
therapeutics aimed at treating mast-oedldiated diseases $uas allergy, anaphylaxis, and

neoplasia.

25



FceRl - \gE

Figure 2. The tetrameric F&¢RI complex comprises one alpha, one beta, and two gamma
chains.The alpha subunit is responsible for binding to IgE, while the beta subunit traffics the
complex to the plasmmembrane. The beta subunit also has signaling capabilities via its
intracellular ITAM. The two gamma subunits are bound by a disulfide bond and are the primary

signal propagators through their intracellular ITAMSs.
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1.6 The Utility of Splice-Switching Oligonucleotides

Before protein translation can occur, n&NA undergoes a transformation that results in
the removal of nortoding intronic sequences; this event, termeenpRNA splicing, yields an
mRNA template that comprises only coding exons to ultimdteltranslated into a protei#f.

Splicing is achieved via binding of a large protein complex, the spliceosome, to specific splicing
sites and the subsequent removal of introns. This mechanism is manipulated normally by splicing
inhibitors and splicing enhancers, allowing for alternative protein templates to be translated and
thus increasing the protein repertoire available from a given tran¥trifitese splice variants

often result in functional, truncated proteins that may serve alternative purposes to those of the
original, full-lengthprotein; however, some transcripts may undergo nonsesdiated decay

due to a frameshift that generates a premature stop ¢&ttnis natural splicing mechanism is

now being exploited through the use of synthetic sgigiiching oligonucleotides (SSOs).

SSOs are shbmolecules, roughly 30 nucleotides long, that are produced in a sequence
antisense to the targeted template region. The SSOs bind to their anticipated region en the pre
MRNA strand and sterically hinder the spliceosome from recognizing the tematengein
modified splicing of the template preRNA without degrading it altogeth@Figure 3).18°
Various modifications have been made to SSOs to allow for greater binding affinity, stability, and
overall therapeutic capability; these include modifications to the phosphate backbone as well as
the sugars within the nucleotides. Phosphate backboneicadidifis include the conversion to a
phosphorothiate or phosphorodiamidate backbone, which allow for improved stability and lower
protein binding, respectivelf° Sugar modifications are useful in conferring resistance to RNAse

H, thereby preventing premature preRNA decay. These include modi:
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posi ti on-O-me t b i |-@mathdxygzhij as well as locked nucleic acid chemistry
whichinvolves bridging of the furanose rifg}

SSOs are beingsed with increasing frequency to treat devastating conditions that result
from abnormal protein expression. For example, Duchenne muscular dystrophy (DMD) develops
due to a mutation in theMD gene which encodes the protein dystrophin. This mutation causes
nonfunctional dystrophin to be translated; because dystrophin is essential for cellular structural
support of myocytes, people affected with DMD develop progressive muscle weakness,
respiratory failure, and cardiomyopathi€Numerous SSOs have been developed to treat DMD
by skipping particular exons to allow for the puation of a truncated, but functional, dystrophin
protein. Eteplirsen and golodirsen are both F&pfroved SSOs that are used in the treatment of
DMD, with the former showing exceptional promise in significantly improving the lives of these
patientst®® Additional FDA-approved SSOs are being used to treat a variaithefconditions
including rethitis, familiar hypercholesterolemia, spinal muscular atrophy, and amylofdbsis.
vitro, these molades are a powerful tool in the modification of cellular proteins and receptors. In
the context of mast cells, SSOs have been used to alter the expression of vital receptors such as

Fc¢RI and KIT, offering a means to treat mastl mediated diseases suahasthma,

anaphylaxis, and mast cell neopla$i&’51"”
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Figure 3. Spliceswitching oligonucleotides bind to premRNA, sterically hindering the
spliceosome and causingkipping of exonsof interest. (A) Antisense exofskipping
oligonucleotides bind to the praRNA template strand, sterically hindering the spliceosome
from translating a particular exon. (B) Normal translation results in the generation elesdih
protein product. (CBSO treatment results in the skipping @iaticularexon, forming a

truncated splice variant that, in this casdackingexon 3.
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Abstract

Background: Allergic diseases are triggered by signaling through the high-affinity IgE
receptor, FceRl. In both mast cells (MCs) and basophils, FceRlI is a tetrameric receptor
complex comprising a ligand-binding « subunit (FceRla), a tetraspan p subunit (FceRIg,
MS4A2) responsible for trafficking and signal amplification, and a signal transduc-
ing dimer of single transmembrane y subunits (FceRly). However, FceRI also exists as
presumed trimeric complexes that lack FceRIp and are expressed on several cell types
outside the MC and basophil lineages. Despite known differences between humans
and mice in the presence of the trimeric FceRI complex, questions remain as to how it
traffics and whether it signals in the absence of FceRIB. We have previously reported
that targeting FceRIB with exon-skipping oligonucieotides eliminates IgE-mediated
degranulation in mouse MCs, but equivalent targeting in human MCs was not effec-
tive at reducing degranulation.

Results: Here, we report that the FceRIp-like protein MS4A6A exists in human MCs
and compensates for FceRIp in FceRI trafficking and signaling. Human MS4A6A pro-
motes surface expression of FceRl complexes and facilitates degranulation. MS4A6A
and FceRIp are encoded by highly related genes within the MS4A gene family that
cluster within the human gene loci 11q12-q13, a region linked to allergy and asthma
susceptibility.

Conclusions: Our data suggest the presence of either FceRIB or MS4AGA is sufficient
for degranulation, indicating that MS4A6A could be an elusive FceRIf-like protein in
human MCs that performs compensatory functions in allergic disease.
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ﬁ FceRIB and MS4ABA both promote FeeRI complex trafficking and signaling

GRAPHICAL ABSTRACT

We identify that MS4AGA is expressed in human mast cells and has high sequence homology to FceRIfl. We show that MS4AG6A contains
a putative hemi-ITAM that may function similarly to the FceRIff ITAM. We demonstrate that MS4A6A and FceRIf perform at least partially

redundant roles in FceRI complex trafficking and function.

1 | BACKGROUND

Allergic disorders including atopic dermatitis, allergic rhinitis, and
asthma affect a significant portion of the global population and have
been increasing in prevalence, particularly in industrialized countries
over recent decadeﬂ:..:l Worldwide, over 300 million patients suffer
from asthma with disease severity being associated with impaired
quality of life and morl:bidity.2 In the United States, the mean annual
healthcare costs for asthma are estimated to be $3100 per patient.a
yet the current treatments involving daily high-dose inhaled cortico-
steroids and long acting Bz-adrenoceptor agenists still do not control
symptoms for a subset of patients, who are hospitalized more fre-
quently and pose a substantial healthcare burden,‘

Mast cells (MCs) are myeloid lineage immune cells which reside
in all human tissues including the skin, nasal mucosa, and lungs, and
are critically involved in the process of allergic inflammation in these
organs.s"' Upon sensitization to an allergen, T;2 cells induce B cells
to produce IgE, which binds to FceRl, the high-affinity receptor for
IgE found on MCs and basophils.7 The FceRl receptor is a tetrameric
bunit which tains the IgE-binding
ded by the M54A2 gene) and two ¥ sub-
ptor tyrosine-based

P P d of an @
5 in, a p subunit {

units. The fand y

contain i

P ed

eicosanoids including prostaglandins and leukotrienes, and cyto-
kines such as IL-3, IL-5, and GM-CSF are generated de novo resulting
in the recruitment and activation of eosinophils, neutrophils, and
macrophages.m

FceRIp is encoded by the M54A2 gene, which is a member of the
membrane spanning 4A (MS4A) family of genes that encode 4-pass
transmembrane (TM) proteins expressed in immune cells with similar
12 rhere are atleast 16

MS4A genes in humans clustered around chromosome 11q12-q13,

topology, butlow h logy, to tetr

a region linked to allergy and asthma susceptihility.n"s We identi-
fied expression of a truncated isoform of FceRIf in MCs, that lacks
exon 3, which encodes the 1st and 2nd TM regions of Ft:el'(lﬁ.“"17
This 1st TM region is critical for trafficking the FceRl complex to
the plasma membrane.*® Therefore, we predicted that alternative
splicing of FceRIf would result in loss of association with the FceRI
complex, which was later confirmed by using a splice switching oli-
alternative splicing of FceRIf
precursor mRNAY FceRIf SSOs target protein-p in inter

gonucleotide (SSO) approach to ind

resulting in almost complete loss of surface FceRl expression in mice.
However, FceRIp SSOs are less effective in h MCs ed
with mouse MCs*’ suggesting that a more complex mechanism of
FceRl trafficking exists in human MCs. This lack of translation to

activation motif (ITAM) d.
Crosslinking of FceRl-bound IgE molecules by allergen promotes

in signal transduction.

aggregation of FceRl complexes, whereby Lyn kinase is recruited
by the P subunit, to potentiate Syk kinase activation and trans-

" h fati,
P P Y

naling cascade initiates the influx of extr

of the y to amplify signaling.B This sig-

Jular Ca2* culiminati

in degranulation9 with the release of preformed granules contain-
ing histamine, proteoglycans including heparin, proteases such as
tryptase and chymase, and cytokines TNF-a and IL-4. Additionally,

h MCs highlights the need to better understand FceRl complex
formation and how trafficking and
regulated in each species.

ling of the c ! are

In humans and mice, FceRl are expressed exclusively in MCs
and basophils as tetrameric complexes containing the FceRIf sub-
units.m'n However, in humans, FceRl also exists as trimeric com-
plexes lacking FceRIf which are expressed on several cell ty'pes,n‘n
whereas mice do not express the trimeric form, at least under

non-inflammatory conditions 2242 Therefore, FceRIf} may be less

0 VeESRSEL
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critical for FceRI trafficking in humans and trimeric FceRl could ac-
count for the lack of translation of FceRIff SSOs that we have ob-
served.*? However, data from studies using transgenic mice with
humanized FceRla, and targeted disruption of FceRIf that generates
mice expressing only trimeric FceRl, demonstrate that truly trimeric
FceRI does not elicit a strong degranulation response or substantial
ca** signaling,“ Therefore, our findings that human MCs still de-
granulate strongly and produce a robust ca*t response, even after
treatment with SSOs that eliminate full-length FceRIp expression“ is
incompatible with a P tory hanism for the trimeric FceRI

complex in this context. Thus, we propose that signaling must occur

through a different mechanism.
The suggestion that unidentified FceRIf-like proteins could exist
and function in human FceRl was proposed as a caveat of seminal

1.3 Given our

experiments characterizing human and mouse FceRl
findings described above with targeted disruption of FceRIfl, we
for an unidentified FceRIB-
like protein. We have previously reported that human MCs express
MS4A4A mRNA and protein, which functions to promote FceRl and
KIT signaling through recruitment of the receptors into lipid raft
domains.’** In theory, MS4A4A could provide
such an FceRIf-like protein. However, silencing MS4A4A had no

began to search for potential ¢

brane mic

significant effect on FceRl surface expression, and while MS4A4A
did promote FceRl signaling, the data suggest that any interaction
between MS4A4A and FceRl likely occurs at the cell surfat:e.g7 In
this study, we broadened our search to examine other MS4A genes
and establish that human MCs also express MS4A6A, which is highly
homologous with FceRIp. Further, we propose that similarly to the
known function of FceRIf in trafficking FceRl to the cell surface,
MS4AGA acts to regulate FceRl trafficking and signaling through an
IgE-mediated pathway. Our data suggest that MS4A6A can exhibit
redundancy and compensate for FceRIf, as it promotes surface ex-

pression of FceRl complexes and triggers signaling, which we predict
is mediated through a putative hemi-ITAM domain in the C terminus
of the protein (see Graphical Abstract).

2 | METHODS

For more detailed methods, see Appendix S1.

2.1 | Cell Cultures
LAD2 human MCs were cultured as described.>® HLMCs were ob-

tained and cultured as described.’®>*" Human umbilical cord blood
derived mast cells (CBMCs) were cultured as described.?’

2.2 | Transfection of cells

Transfections were performed as previously described.”’

Allergy ===~ 2 WILEY-->

2.3 | SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blot analysis

MC activation was performed with a dose-response of streptavidin

as for degranulation assays and immunoblotting was carried out as
described ¢

24 | Flow cytometry

Surface receptor expression was assessed using flow cytometry as

previously described.u

2.5 | Ca®" signaling assay

Changes in cytosolic Caz‘ levels were determined as previously
described. 737

2.6 | Confocal microscopy

Confocal mic P ging was performed as previously
described.*

2.7 | Statistical analysis

For comparison of multiple data sets, one- or two-way ANOVA with
Bonferroni's, Sidak's, or Tukey's posttest were used, as appropriate,
to determine statistical significance. For pairwise data, Student's t

test was used. p <0.05 was considered statistically significant.

3 | RESULTS

3.1 | Alternative splicing of FceRIg exhibits less
profound effects on surface Fce Rl complexes in
human MCs compared with mouse MCs

We have identified the expression of a truncated isoform of FceRIff
in MCs, encoded by mRNA with exon 3 spliced out.**"
MS4A2 encodes the 1st and 2nd transmembrane regions of FceRIf.

Exon 3 of

Singleton et al. demonstrated that the 1st transmembrane region
of FceRIP is critical for trafficking the FceRl complex to the plasma
membvane.n Our prediction was that alternative splicing of FceRIf
by skipping exon 3 would result in loss of association with the FceRI
complex. Our published studies confirmed this pre«'.lict:icm,!""17 and
we devised SSOs to force alternative FceRIp splicing with a view
to eliminate FceRl trafficking to the cell surface. Targeting murine
FceRIP resulted in efficient exon skipping in mouse bone marrow-
derived cultured MCs (BMMCs) (Figure 1A) and a corresponding
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(A) FeeRIB B-actin ® W Standard control FIGURE 1 Surface expression of
B MoFceRIp SSO FceRla and degranulation of human MCs
= is not dependent upon the presence of
600 bp {=—m s - 9 had FceRIfl in the FceRI receptor complex.
- 4 100 A-D Mouse BMMCs were treated with
% MoFceRIp splice-switching oligonucleotide
5 B O 2 2 g 75 (550). (A) Qualitative RT-PCR of FceRIB
§ £ 8 § % 3 50 and f-Actin. (B) Flow cytometric analysis
s 8 =% s % 3 25 of surface expression of Kit and FceRla
g' g % g 3 g‘ upon treatment with standard control
§ 2 ' € % & 0 FceRl KIT oligonucleotide {black) and FceRIf SSO
‘% = h = (purple). (C) BMMC degranulation upon
(C) - Standard control (D) DNP stimulation with DNP following treatment
— + moFceRIp SSO s 3 with a standard control oligonucleotide
& 60 . 2 and FceRIP SSO. (D) Ratiometric calcium
5 e S 2 ignaling following stimulant addition at
£ 40 : 3
o o the arrowhead. (E-H) LAD2 MCs were
2 24 treated with FceRIf SSO, termed FceRIf
%, 20 o e ] L) 550, at 10 pM to induce skipping of
a R FceRIf at exon 3. (E) Qualitative RT-PCR
0 3 01 1 10 1001000 0 300 600 900 of FceRIf showing expression of the full
] B Time (s) length FceRIf variant when treated with
g/m < a standard control oligenucleotide and
(E) FceRIp B-actin (F) = 2""‘:";;8"‘”' the shorter truncated FceRIf variant
cep after successful exon skipping; (F) Flow
600bp+ i< a == it cytometric analysis of surface expression
-— , — £ 100 of KIT and FceRla upon treatment with
§ standard control oligonucleotide (blue)
5 5 O o g and FceRIP SSO (red); (G) LAD2 cell
et = 8 g % & 50 degranulation upon stimulation with
o 8 a 8 = § treptavidin (antigen) following tr
- - % § % g with a standard control oligi leotid
@ & R
§ § fred g s 0 FoRl o an.d 'FceR.lﬁ Ser: (H) Ratfomet'nc ‘
5 s ] S
@) 50 H) addition at the arrowhead. Data are the
= ~=- Standard control SA mean- SEM from three experiments.
&£ 404 = FesRIp SSO 15
4 g . *p<0.05, **p<0.01, ***p<0.0001, n.s.
= 30 s = not significant, paired t-test (B & F), or
‘g 20 10 ANOVA with post-test (C, D, G & H).
,§' 10 '-% dns.
14
0.5
0
0 01 1 10 100 1000 200 0 200 400 600
Antigen (ng/mi) Time (sec)

elimination of surface FceRl expression (Figure 1B).19 FceRIp SSO
treated BMMCs also b [ ponsive to
dence of IgE-dependent degranulation (Figure 1C) or Ca

1 with no evi-
2+

influx
(Figure 1D), but degranulation and Caz"’influx in response to thapsi-
gargin was unaffected.’

We have reported that an equivalent SSO that targets the cor-
responding human exon of FceRIf was less effective at reducing
degranulation and surface FceRla expression, but the reason for
the difference in efficacy between species was not clear.” To rule
out a lack efficacy of the human S50 to cause exon skipping, we
tested several S50s that targeted different regions of the exon and
identified the most effective exon skipping constructs to study
further (Figure S1). Comparable with murine BMMCs (Figure 1A),
FceRIP 550s resulted in efficient exon skipping and formation of

the alternatively spliced open reading frame of FceRIp that lacked
the 135bp exon 3 (Figure 1E). However, unlike murine MCs where
surface FceRla was reduced by >98% with FceRIf 550, efficient
targeting of human FceRIf was only partially effective at reducing
surface FceRla expression with a maximum achievable decrease of
58% in surface receptors with SSO treatment (Figure 1F). In stark
contrast to murine BMMCs, FceRIf SSOs gave only a minor attenua-
tion of degranulation in response to IgE crosslinking (Figure 1G), and
the limited inhibitory effect on Ca”* influx did not reach significance
{Figure 1H). Taken together, these data corroborate our previous
studies’® and rule out the potential mechanism of inefficiency of
human FceRIff S50s to account for the lack of effect on degranu-
lation and intracellular free Ca”* when FceRIP is targeted in human
MCs. These observations suggest a species difference between the
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dependency for FceRIf in FceRl trafficking and signaling in MCs
where even efficient alternative splicing of FceRIf is insufficient to
fully perturb FceRlI trafficking and has little effect on FceRI function.

3.2 | Human MCs express MS4A proteins with
high sequence homology to FceRIf

Our data with FceRIf} S50s suggest that FceRIf is dispensable for
FceRlI signaling, and to a lesser degree, trafficking in human MCs.
This observation indicates that in human MCs, other compensatory
mechanisms may exist. B the pr of as-yet-unidentified
FceRIfi-like proteins has not been ruled out in prior studies,35 we
hypothesized that an FceRIfi-like protein compensates for FceRIfl in
h MCs and p
that includes FceRIf were candidates.

We therefore designed primers to amplify known MS4A family
gene bers (see Appendix 51) and ined expressionin h
MCs. We utilized the human MC line LAD2, because these cells best
represent mature human MCs and have high expression of FeeRI*0
We determined that human LAD2 MCs express MS4A2 (FceRIf))
and MS4A6A under standard culture conditions (Figure 2). We also
identified weak, but consistent expression of M5S4A3 and MS4A7
(Figure 2). We have reported previously that human LAD2 MCs also
express M54A4A3°'37 and we confirm that data in the current study
(Figure 2). RT-PCR for the other known MS4A genes were nega-
tive under normal culture conditions and while M54A3 and M54A7
were expressed, the expression was weak suggesting these genes

dicted that other members of the gene family

are unlikely to be the primary candidates for FceRIfi-like proteins.
Examining protein expression for MS54A3 and MS4A7 confirmed the
lack of robust expression in LAD2 cells (Figure 52).

In order to confirm expression profiles for MS4A gene proteins
in primary h MCs, we
MCs (HLMCs). The expression of the comparable MS4A proteins
was identified in HLMCs (Figure 2). However, in contrast to LAD2
cells, the expression of M54A3 and MS4A7 was strong in some

d the expression in human lung

donors and not detected in others (Figure 2). There was also some
variability in expression of MS4A4A in HLMCs (Figure 2). HLMCs
consistently expressed FceRIf with 11/11 donors expressing FceRIfl.
MS4AGA expression was expressed by 10/11 donors. MS4A4A was
expressed in 8/11 donors. MS4A3 was expressed in 2/3 donors and
MS4A7 was expressed in 9/11 donors. Protein for full length MS4A3
was confirmed in HLMCs, but full-length MS4A7 protein was not
confirmed (Figure 52). These data suggest that MS4A2 (FceRIp),
MS54A4A, and MS4AGA are expressed at similar levels and that
MS4A4A and MS4AGA proteins are the most likely candidates for
an FceRIf-like proteinin h MCs, b while HLMCs express
other MS4A gene variants, LAD2 cells that signal robustly through
the receptor do not express these variants.

We reported previously that MS4A4A protein functions to po-
tentiate FceRl signaling, likely through recruitment of the FceRI
complex into lipid rafts following IgE crosslinl(ing.37 This observa-
tion demonstrates that MS4A gene family members, other than

Allergy ====- 2| WiLEy-L>
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FIGURE 2 Expression of MS4A gene family members in human
mast cells. RT-PCR of genes in the MS4A family shows human
LAD2 MCs express MS4A2, MS4A4A, MS4AGA, and MS4AT with
apparent splice variants of MS4A4A and MS4A6A. Three HLMC
examples are shown with varying expression of MS4A family

bers. HLMC tly expressed MS4A2, and MS4AG6A,
with variable expression of MS4A3, MS4A4A MS4A7, and
MS4A14.

FceRIB, can interact with FceRI complexes. However, in that study,
we did not identify a role for MS4A4A in trafficking of FceRI to the
plasma membrane, or stabilizing the receptor complex, and FceRI
surface expression was not affected by MS4A4A expression.:'7
Therefore, while MS4A4A protein may interact and regulate FceRI
expression, it is unlikely to perform compensatory roles for FceRIf
evident in Figure 1. We therefore progressed to examine MS4A6A.
When performing RT-PCR, a double band was evident for MS4A6A
(Figure 3A), which was reminiscent of the bands we have previously
reported, that identified the alternative truncation of MS4A2 result-
ing in truncated FceRIf that is incapable of interacting with FeeRr1 2V
We therefore amplified the full open reading frame of MS4AG6A
(Figure 3A) extracted both bands, sequenced them and cloned
them into pEGFP-N1 expression vectors (Figure 3A). Sequencing
data identified that the two bands of MS4AG6A aligned exactly to
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(A) Extract bands Clone into Protein prediction EGFP:MS4A6A
and sequence reporter plasmids transfection
RT-PCR
Full ORF
| MS4ABA
! Isoform 1
A {Full length)
»‘mif!h Il
N
MS4A6A
’ unannotated
0 | |[‘;" Ml isoform
§ (il Iil missing
RV exon 4
)
=
(B) ©)
ITAM FeeRIp Ms4A6
FL-MS4A2 - -
t-MS4A2 o
FL-MS4A3 -
t-MS4A3
FL-MS4A4 -
+-MSAAS -
Hemi-ITAM?
FL-MS4AG '
+-MS4AG A 1 Hemi-ITAM
FL-MS4A7
-MSAAT7
TM1 TM2 TM3  TM4
Lyn binding
Phosphorylated Tyrosine
©) '
FceRIP ITAM KGNKVPEDRVYER!NIYSATYSELED
MS4ABA putative hemi-ITAM GNSGMSSKMTHDCGYEELLTS

Tyrosine kinase phospharyation site consensus sequence [RK]-X-X-X-[DE}-X-X-¥
The red ¥ is phospharylated in sequence

FIGURE 3 MS4A6A is expressed in human MCs and exhibits a similar truncation and putative signaling domain as FceRIf. Amplification
of the full open reading frame of the MS4AG6A gene for cloning into expression plasmids confirms the presence of a truncated variant; (A)
Sequencing and cloning of the two MS4AG6A variants into pEGFP-N1 expression vectors provided alignment with the known isoform 1, a
4 pass transmembrane protein evident on the surface within the plasma membrane and an unannotated truncation without the first two
transmembrane domains lacking surface expression; (B) Structural comparison of the full length (FL) and truncated (t) variants of the MS4A

-1 lin-1 bindi

gene family expressed in human mast cells. P

g site depicted as green rectangle; (C) Graphical representation of the

ITAM signaling domain of FceRIf indicating the tyrosine phosphorylation site where Lyn binds and the putative hemi-ITAM of MS4AG6A both
located on the Carboxyl-termini; (D) Peptide sequence comparison of the FceRIp ITAM and the putative hemi-ITAM of MS4A6A showing
consensus sequences for a tyrosine kinase phosphorylation site preceding the Lyn binding site in FceRIfi and a comparable motif in the

putative MS4A6A hemi-ITAM.

the FceRIp transcripts and the predicted proteins we reported previ-
ously (Figure 38)."6‘17 Multiple sequence alignments for M54A6A and
MS54A2 mRNA variants demonstrated that MS4A6A exon 4 directly
aligns with M54A2 exon 3 and translation analysis predicts that the
respective exons will encode the 1stand 2nd transmembrane regions
for each protein (Figure 3B, and Figure $3). EGFP fusion constructs
for full length FceRIff and MS4ASA were generated and transfected
into LAD2 MCs to examine subcellular distribution of the proteins.
We have identified that full-length FceRIf and truncated FceRIfi traf-
fic to distinct compartments of the cell with full-length FceRIf evi-
dent in the plasma membrane and truncated FceRIf was dispersed

1617

in the cytoplasm and in juxtanuclear compartments. Given the

similarity between FceRIf variants and MS4AG6A variants, we ex-
pect a similar localization to FceRIp variants for the corresponding
MS4AGA variants. Indeed, confocal microscopy demonstrated that
full-length MS4A6A was evident in the plasma membrane, while
truncated MS4A6A was diffusely expressed throughout the cell
(Figure 3A), closely matching FceRIf variants.*47
quencing of the other MS54A genes expressed in MCs revealed that

Furthermore, se-

this truncated region excluding the first two transmembrane regions
was conserved among the expressed MS4A family members, with
the exception of MS4A4A that contained an exon truncation down-
stream, corresponding to the 3rd transmembrane region (Figure 3B;
Figure 54).
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Of the MS4A proteins expressed, we identified that MS4A2,
MS4A3, and MS4A4A contained a potential caveolin-1 binding site
(Figure 3B, green box), which may indicate their signaling potential
within lipid rafts as we predict for Msaasa FceRIB is the only
MS4A gene to contain an immunoreceptor tyrosine-based activa-
tion motif (ITAM) that is critical for FceRIf function.* However, we
identified that MS4AG6A contains a putative signaling motif similar
to the ITAM in FceRIf (Figure 3C,D). While this domain in MS4A6A
does not conform to an ITAM consensus sequence, it does conform

Allergy ===~ 2 WILEY-1

exposed to persistent allergens and where SCF is present at higher

concentrations ‘34

34 | MS4A6A promotes surface FceRI
expression and IgE-dependent degranulation

Due to the highly homologous sequence of MS4A6A and FceRIf and
the similar localization within the cell for the alternative isoforms, we

to a3 hemi-ITAM q (Y-x-x-L) i diately following
a tyrosine kinase phosphorylation site ¢ qQ & (R/Kx-

x-x-D/E-x-x-Y) that would phosphorylate the tyrosine residue within
both the FceRIf ITAM and MS4A6A hemi-ITAM (Figure 3D). This re-
gion in the C terminal tail of MS4A6A also has very high sequence
homology to the Lyn binding site within the C terminal FceRIfi ITAM
(Figure 3D). Hemi-ITAM signaling is less defined than ITAM signal-
ing. However, the C-type lectin-like receptor 2 (CLEC-2) expressed
in platelets contains a hemi-ITAM that recruits Src family kinases
and signals through Syk in a PI3K-depend 4242 Canonical
ITAM signaling through FceRly subunits is triggered by Src family

kinases that trans-phosphorylate FceRly ITAMs to recruit Syk kinase.
In FceRl signaling, this phosphorylation of FceRly occurs mainly by
Lyn kinase recruited to the non-canonical ITAM of Fcleﬁ.“ Ourpre-
diction lysis prop the
signal through MS4AG6A hemi-ITAM in a similar manner to FceRIf.

of a new pathway that could

3.3 | MS4AG6A expression is upregulated by IgE
crosslinking and SCF stimulation in human lung
mast cells

We also examined expression of the relevant MS4A genes in pri-
mary ex vivo human lung MCs (HLMCs) and found that they also
expressed MS4A2, MS4A4A, MS4AGA, and MS4A7 genes (Figure 2;
Figure S5A). All donors examined expressed the full-length mRNA
transcripts of each gene, but the expression of truncated variants
of the genes, which have the conserved truncation correspond-
ing to the exon encoding the 1st and 2nd transmembrane domains
(Figure 3B), was variable between donors, at least in unstimulated
cells. With the focus on MS4A6A and the potential for redundant
functions between FceRIfi and MS4AG6A proteins, we examined the
expression levels of MS4A2 and MS4A6A during MC stimulation
with FceRl loading, crosslinking, and activation, in the presence and
absence of the MC growth factor SCF, which is known to potenti-
ate FceRl signaling and MC activation. Interestingly, we found that
MS4A2 expression was not significantly altered in any of the con-
ditions, but M54A6A expression was upregulated when MCs were
co-stimulated with SCF and IgE crosslinking and there was a similar
trend with IgE loading when SCF was present, although the latter
did not reach significance (Figure 5B). Taken together, the expres-
sion studies with FceRI stimuli and SCF suggest that MS4AG6A is
regulated to a greater degree than FceRIf in HLMCs in response to

factors thatarer

t to allergici tion, where MCs may be

predicted that MS4A6A could traffic FceRl to the plasma membrane
and act as an FceRIp-like protein, exhibiting redundancy between
the two proteins. We began to test this hypothesis by validating an
antibody for MS4A6A and utilizing gene targeting using shRNA and
lentiviral delivery as we have performed for other MS4A proteins (2,
26). We performed transfections with the EGFP fusion constructs
for full length FceRIf and MS4A6A that we generated from clon-
ing in HLMCs (Figure 3), into LAD2 cells and assessed expression
with flow cytometry (Figure 4A.B). Transfection efficiency with
EGFP constructs was >90% with >85% of transfected cells remain-
ing viable (Figure 4A). EGFP expression for MS4A6A and FceRIf
was also comparable in terms of efficiency and level of expression
(Figure 4B). Following transfection, LAD2 cells were lysed and anti-
bodies for MS4A6A were tested ag. the transfected lysates. We
identified an antibody that recognized MS4A6A, and not the highly
homologous FceRIp (Figure 4C).

We used this antibody to
lentivirus shRNA against MS4A6A and
of MS4AG6A at the protein level was >60% (Figure 4D,E) and >80%
at the mRNA level (Figure 4F). We confirmed that the knockdown
of MS4A6A does not result in reduced mRNA exp for FceRIf
(Figure 56). Having established knockdown, we then examined de-
granulation and found that MS4A6A knockdown modestly reduced
IgE-depend lation (Figure 4G) and Ca?* influx (Figure 4H)
in LAD2 MCs. We also assessed surface FceRlax as a measure of traf-
ficking and found that surface FceRla expression was reduced by
approximately 40% with knockdown of MS4AG6A (Figure 41). Taken
together, these data suggest that MS4AG6A functions, to some de-
gree, in FceRl trafficking and signaling and provides a potential can-
didate for an FceRIfi-like protein.

MS4A6A knockd
blished that knockd:

using

t degr.

3.5 | Full-length MS4A6A promotes FceRI
trafficking and exhibits redundancy with FceRIf

The highly conserved splicing of the 1st and 2nd transmembrane
regions of FceRIB, encoded by exon 3 of FceRIB, and the correspond-
ing exon 4 of MS4A6A, may be critical for the role of MS4A6A in
FceRI function and perhaps the first transmembrane region of both
proteins can bind to the FceRl complex. We therefore used the
5SSO method that we used for exon 3 of F\:szIB.u to specifically
remove exon 4 encoding the 1st and 2nd transmembrane regions
of MS4AG6A (Figure 5A). Despite the high sequence homology be-
tween FceRIP and MS4AGA, the splicing target site sequences were
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FIGURE 4 Knockdown of MS4AG6A partially reduces degranulation and surface expression of FceRla. A-D LAD2 cells were used to
validate an MS4AG6A antibody to determine transfection and knockdown efficiency. (A) LAD2 MCs transfected with an EGFP-MS4A6A
fusion construct confirms high viability of GFP-positive cells by flow cytometry; (B) Transfection of EGFP-FceRIf and EGFP-MS4AG6A into
LAD2 MCs shows high GFP expressicn and transfection efficiency, which was comparable between the two constructs when compared

to untransfected cells by flow cytometry; (C) Validation of an MS4A6A antibody using Western blots of cell lysates from transfected LAD2
MCs shows selectivity of the Ab for cells transfected with MS4A6A-GFP over FceRIB-GFP. The predicted weight of MS4AG6A is 26kDa,

and GFP is 25 kDa. (D) Western blotting with the validated antibody confirms lentivirus knockdown of natively expressed MS4A6A with
shRNA (predicted weight is 26 kDa}; (E) Lentivirus knockdown with shMS4AG6A significantly reduces protein expression by >60% compared
to scramble; (F) QRT-PCR shows mRNA expression of MS4AG6A is reduced by >80% after lentivirus knockdown with shMS4A6A compared
with scramble; (G) Streptavidin-induced degranulation of LAD2 MCs treated with biotinylated IgE is reduced upon knockdown of MS4A6A
(white) compared with scramble control (black); (H) Ratiometric calcium signaling after streptavidin stimulation at arrow shows a reduced
ca? response in MC with shMS4A6A knockdown (white) compared with scramble control (black). (1) Flow cytometric analysis shows surface
expression of FceRla is significantly reduced upon shMS4A6A knockdown {white) compared to scramble control (black). Data are the

mean +SEM from three independent experiments. *p<0.05, **p <0.01, "*"p< 0.001, paired t-test (E), (F) & (I), or ANOVA with post-test (G).

distinct and S50s could be designed to specifically target each other mRNA transcripts (Figure 5A). In addition, a combination of
precursor mRNA. Highly efficient and specific exon skipping for both FceRIp and MS4A6A constructs targeted both transcripts with
each transcript was achieved without any off-target effects on the equal efficacy (Figure 5A). We confirmed that the 550s targeting
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FIGURE 5 FceRIf and MS4A6A exhibit redundancy in FceRla surface expression. (A-F) Following the same approach as with FceRIf,

£

splice switching oligonucleotides (SSO) were succ

y employad to elimi

te the expression of the full-length variant of MS4A6A and

splicing was switched to the truncated form. Exon skipping was rapidly and selectively achieved in both LAD2 MCs and primary human

MCs derived from umbilical cord blood (CMBCs) and lung (HLMCs). (A) Selective and efficient exon skipping of both FceRIf and MS4A6A
shown by RT-PCR of LAD2 MCs; (B) Western blot data demonstrating that full length FceRIfl and MS4A6A proteins are reduced after exon
skipping (arrows) after 24 h (left panels), 48 h {middle panels), and 5days (right panels). B Actin was used as a loading control; (C) Total number
of viable LAD2 cells after treatment with a standard control, FceRIf and MS4A6A SSOs for exon skipping; (D) The percentage of viable

cells after SSO treatment shows little effect; (E) Flow cytometric analysis of surface expression of FceRla in LAD2 cells treated with S50s
for individual and combined exon skipping; (F) QRT-PCR of FceRl @ and y subunits expression in LAD2 cells treated with FceRIff or MS4A6
S50s. Black bars represent standard control oligonucleotide. Blue bars represent FceRIp SSO. Green bars represent MS4A6A 5S0O. Red bars

represent FceRIP + MS4A6A SSOs. Data are the mean +SEM from at least three independ

not significant, ANOVA with post-test.

the pre-mRNA resulted in loss of full-length variants of FceRIf and
MS4AGA at the protein level (Figure 5B). The resulting reduction in
protein for both FceRIf} and MS4ASA was evident by 24 hours, but
efficacy increased at 2days and no full-length protein was visible
after Sdays (Figure 5B). Neither FceRIp, nor MS4A6A SSOs alone,
or in combination significantly affected LAD2 cell proliferation
(Figure 5C) or survival (Figure 5D) over the course of the experi-
ments (5 days).

experi! **p<0.01, ****p<0.0001,ns. =

The analysis of surface FceRla expression with S50s targeting
either FceRIff or MS4AG6A individually, or in combination, reduced
surface FceRla expression. SSOs targeting FceRIp reduced FceRI
surface expression by ~60%, and MS4A6A S50s reduced surface
FceRl expression by ~40% (Figure 5E), which is in agreement with
the knockdown data for MS4AGA (Figure 41). Combined FceRIf and
MS4AG6A S50s had an additive effect reducing FceRl surface ex-
pression by >80% (Figure 5E). Quantitative RT-PCR for the FceRI
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subunits, FceRla and FceRly, revealed that mRNA for both subunits
were not reduced (Figure 5F) suggesting that the reduction in sur-
face expression of FceRla was due to altered trafficking rather than

downregulation of FceRI subunit gene expression.

3.6 | Both full-length MS4A6A and FceRIf
promote FceRI function and exhibit redundancy

We next assessed degranulation in response to IgE-crosslinking
with 550s for FceRIf or MS4AG6A alone and in combination. Exon
skipping FceRIf or MS4AGA alone had only a minor effect on LAD2
MC degranulation, which did not reach significance in these experi-
ments (Figure 6A). However, a combination of FceRIf and MS4A6A
550s markedly inhibited IgE-dependent degranulation (Figure 6A),

LAD2 cells
(a) - . . (8)
Z S
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i i
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o 100

85 8 8 8
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while no condition affected compound 48/80 induced degranula-
tion suggesting specificity to FceRl activation (Figure 6B). We next
confirmed the compensatory role for MS4A6A on FceRIff function
using primary HLMCs, where comparable results in IgE-dependent
degranulation were seen (Figure 6C,D). Finally, we also confirmed a
conserved function for MS4A6A in primary CBMCs. We have shown
previously that IL-4 stimulation of CBMCs is required to upregulate
We there-
fore examined MS4A6A and FceRla expression with and without

surface FceRla expression and enable t:legnanulation.37

IL-4 stimulation for 7 days and found that MS4A6A expression could
be induced in human CMBCs upon exposure to IL-4 and this was
associated with an upregulation of FceRla expression (Figure 6E). In
addition, the function of MS4A6A in degranulation was conserved in
CBMCs (Figure 6F) and across all MC types tested strongly suggest-
ing biological redundancy between FceRIf and MS4AG6A.

Compound 48/80

& L L L FIGURE 6 FceRIp and MS4A6A exhibit
dy \\ @ v@ redundancy in IgE-dependent human mast
& \{; . 3

\, cell degranulation. {A) Dose-responsive

dg-‘\ degranulation of LAD2 cells stimulated
< with streptavidin following treatment with

standard control oligonucleotide (black),
Thapsigargin

FceRIP SSO (blue), MS4AG6A SSO (green),
and combined FceRIf + MS4A6A 5505
ro- (red); (B) LAD2 cells treated with SSOs
degranulate in response to stimulation
with Compound 48/80 through an
IgE-independent mechanism; (C) Dose-
responsive degranulation of HLMCs
stimulated with a-IgE following treatment
with standard control olig tide
(black), FceRIp SSO (blue), MS4AS6A SSO
(green), and combined FceRIp + MS4ASA
5S0s (red); (D) HLMC cells treated

Q‘f with S50s degranulate in response to
shmulatlon with thapsrgargln through

an IgE-i dent mech (E)
Western blot analysis of MS4A6A and
FceRla expression with and without IL-4
treatment for 7 days. B-Actin was used
as a loading control. (F) Dose-responsive
degranulation of CBMCs stimulated with
«-IgE following treatment with standard
control oligonucleotide (black), FceRIp
550 (blue), MS4A6A SSO (green), and
combined FceRIf + MS4A6A SSOs (red).
Data are the mean+ SEM from at least
three independent experiments. “p<0.05,
“*p<0.01, ANOVA with post-test.
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3.7 | MS4A6A and FceRIB trigger distinct
downstream Syk signaling

We next assessed whether FceRIf and MS4A6A exhibited com-
plete red ad

Allerqy o &_Wl LEy_uf

contain a potential hemi-ITAM making it unique within the MS4A
family and we predict that the hemi-ITAM of MS4A6A confers signal-
ing potential. Therefore, altered ratios of FceRIff and MS4AG6A within
MC resp

FceRl complexes could act to fine-tu in aller-

dividual

yandr in parable signaling proxi Y

with FceRl. C linking FceRI pr t
trans-phosphorylation of the y subunits to amplify signaling.8 We,
therefore, examined the activating phosphorylation of Syk kinase
at Tyrosine 525 that drives downstream signaling. Interestingly, we

Syk kinase activation and

found that phosphorylation of this tyrosine residue required FceRIfl
and not MS4A6A (Figure 7A). However, despite a lack of phos-
phorylation at Tyrosine 525 when FceRIf was not expressed, the
downstream signal of the activating tyrosine residue 783 of PLCy1
remained intact (Figure 7B). These data suggest that while FceRIf
drives phosphorylation of Tyrosine 525 of Syk and MS4A6A does
not, both proteins are able to promote activation of PLCy1 and thus
drive downstream Caz“ flux and degranulation. Detailed study of the
signaling downstream of FceRIfi and MS4AG6A is required to establish
exactly how each protein participates in signaling and inati

gic i and may trigger differential downstream pathways.
Additionally, aberrant expression of one or both proteins might also
contribute to the widely varied allergic phenotypes seen in humans,
as well as explain discrepancies in the response to common treat-
ments. Further, while LADZ2 cells did not express high levels of other
MS4A proteins, enabling us to elucidate the role of MS4A6A in these
cells, other MS4A family proteins are expressed in HLMCs and we
have not ruled out roles for these proteins in FceRl function. it is
1 that the pr of different MS4A proteins
in FceRl complexes could contribute to heterogeneous FceRI com-

exciting to p

plexes that could regulate differential downstream effects of IgE
crosslinking. However, further studies are required to establish any
roles for other MS4A family proteins in FceRI trafficking and sign-
aling and these studies must be tightly controlled with expression

of other phosphorylation events in Syk kinase are needed. However,
these initial studies suggest that each protein promotes a distinct
downstream phosphorylation response and thus could drive differ-

ential functional outcomes downstream of IgE signals.

3.8 | Both MS4A6A and FceRIB proteins
contribute to IL-8 production in HLMCs

Given the differential effects of FceRIP and MS4AS6A on Syk phos-
phorylation, we next examined whether the proteins differentially
r lated cytokine rel in HLMCs. We challenged four HLMC
donors with or without anti-IgE (1000ng/ml) and measure release of

IL-8 into the supernatant. Each donor was paired across conditions
and color coded in the graphs (Figure 7C). With the standard con-
trol treatment, IL-8 release was significantly induced, but treatment
with either FceRIp or MS4AG6A SSOs reduced IL-8 release, which was
more evident with double SSO treatment {Figure 7C). Therefore,
these data suggest that IL-8 release follows a similar pattern to that

of degranulation.

4 | CONCLUSIONS

Taken together, our data suggest that FceRIff and MS4AGA exhibit at
least partial redundancy in both trafficking and signaling of FceRl in
human MCs. Positive evolutionary selective pressure could explain
this redundancy given FceRl is critical for the immunological protec-
tion against parasitic and other infections. However, because sur-
face FceRI expression is completely abolished in mouse MCs treated
with FceRIf SSOs, the presence and potential for redundancy of an
orthologous Ms4aé protein in the murine species remain to be in-
vestigated. Although further studies are needed to elucidate the IgE-
dependent signaling pathways triggered by MS4A6A, MS4A6A does

Ty in each donor to establish which proteins are expressed.

Of particular interest, with regard to MS4A6A and a potential
role in allergy and asthma, the MS4A gene family in humans are clus-
tered around chromosome 11q12-q13, a region previously linked to
allergy and asthma sus«:eg;lt'ibility.m"‘s This linkage gained interest
and, due to FceRIf} function in FceRl, M54A2 was considered as a
viable candidate gene for an association with asthma. However, the
clinical benefits of targeting FceRIf are not clear and the associa-
tion of M54A2 polymorphisms with allergy and asthma is not consis-
tent.‘7 In addition, attempts to associate polymorphisms in MS4A2
with functional consequences using transfection of cDNA failed to
alter FceRIf protein t‘unction.m‘"9 ‘While our current study does not
help to elucidate roles for the M54A2 polymorphisms in FceRI func-
tion, it does highlight that the linkage of 11q12-q13 gene loci with
asthma and allergy could involve polymorphisms in other highly re-
lated genes that could result in complex phenotypes, thus highlight-
ing the need for other candidate genes to be explored.

The identification of the MS4AG6A protein and its similar role
to FceRIP provides an additional, previously unexplored therapeu-
tic target for allergic diseases such as asthma and atopy. While
MS4A6A expression in highly allergic as compared with non-
allergic individuals remains to be investigated, aberrant expression
could serve as further proof of a compelling therapeutic target.

Anti lig: leotide therapy is an emerging treatment mo-

dality that has aiready been employed for a variety of ophthal-

52 diti

ative™ ¢ . As such,

mic.50 respiratory,” and neurodeg;
the success of our in vitro utilization of SSO technology to sig-
nificantly reduce surface FceRl expression and MC degranulation
indicates its potential for translation to in vivo treatment of aller-
gic diseases. However, it is also important to note that targeting
MS4AGA therapeutically poses a more difficult target than FceRIf,
because very little is known about MS54A6A function and link-

age of MS4A6A with Alzhei 's di indicates that MS4AG6A
53-56

may be involved in pathways that affect cognitive function.
Therefore, further detziled study of MS4A6A and the pathways
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FIGURE 7 FceRIp and M54A6A promote differential phosphorylation of Syk, but not PLCy1. (A} Western blot analysis and quantification
of phosphorylated Syk (Y525) corrected for total Syk using dual colour analysis with Licor Odyssey imaging. (B) Western blot analysis and
quantification of phosphorylated PLCy1 (Y783) corrected for total PLCy1. (A, B) Black bars represent standard control oligonucleotide. Blue
bars represent FceRIP 550. Green bars represent MS4A6A SSO. Red bars represent FceRIf + MS4ASA 550s. (C) IL-8 ELISA data from HLMC
challenged with anti-IgE {1000 ng/ml). Each colour represents a different HLMC donor. The same donors were used for each SSO condition.
Data are the mean +SEM from at least three independent experiments. "p <0.05, **p<0.01, ***p<0.001, ANOVA with post-test (A, B) or

paired two tailed t-test (C).

that are regulated by the protein are critical to further understand
the biology of MS4A6A and how that biology relates to immunol-
ogy and neurobiology.

In conclusion, we have identified a previously uncharacterized
member of the MS4A family, MS4AG6A that plays an analogous role
to FceRIf in the overall function of human MCs. The gene encoding
MS4AGA is within the same gene family cluster as that of FceRIf, and
both are located in a region previously linked to allergy and asthma
susceptibility.m
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CHAPTER 3
Murine Ms4a6d Contributes to the Mast CellMediated Inflammatory
Response in Allergic AirwayDisease
Barry A. Hedgespeth, Jonathan R. Nagel, and Glenn Cruse
3.1lIntroduction
Mast cells are critical mediators of the innate and adaptive immune responses, and also
serve numerous physiological functions such as angiogenesis, wound healing, and tisstie repair.
Although they play many roles in the protection of their host organism, mast cells also contribute
to the pathogenesis of several diseases such
various types ofance.?’® These conditionsftenarise as a result of the myriad of cytokines,
chemokines, growth factors, and inflammatory mediators normally contained witmratteell
thatarereleased following mast cedktivation. This frequently occurs via the higffinity IgE
receptor FcURI , elibitsncakt cell degrahslatidho | g E and
I n humans,stBc @RI eédx her a tetrameric recept
O chains, or as a trimeric complex that only
tetrameric form is expressed by mast cells and basophils, whereas the trimeric fqyresseaxk
on antigerpresenting cells, dendritic cells, Langerhans cells, monocytes, macrophages, platelets,
eosinophils, neutrophils, as well as a variety of pulmonary and intestinal epithelidi®dglis is
normally bound to the U subunit;signggon antigen
transductioroccurst h r o u g h subbniésbytway®f their immunoreceptor tyrosibased
activation motifs (ITAMsE T h esubfunitalso contains an ITAM through which it propagates

activating signals, but thjgroteinisalsoc uc i a l for trafficking the t
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from the endoplasmic reticuluto the cell surfac®F ¢ UR 1 b i by theMBS4A8gere ca
member of the membrarspanning 4domain subfamily AMS4A) protein family.

The MS4A family is a group of proteins localized to human chromosome 11§12
Interestingly, this region of the genome has beéketirto asthma and allergy susceptibitiy.

Indeed, alterations and truncations in MS4A2 have been showadolatethe proliferative and

survival capacity in mast cells, suggesting that this protein is heavily involved in the regulation of

the allergic responsé:'*We have recently shown that, in human mabscéhe MS4A2 protein

shares its role with another member of the MS4A fanWS4A6A.2° In the event of MS4A2
truncation or complete knockdown, MS4A6A take
downstream signaling, and cytokine production.

During our investigation of MS4AGA, it was noted that the functional redundancy of the
orthologous mrine Ms4a6 might not be as stark as its human counterpart, and in fact murine
Ms4a6 may serve a completely different role altogethiiis important to note that mice usually
|l ack the trimeric form of FcURI; as such, Ms#4
healthy cells which codlcontribute tathe lack of redundancy between these two protéins.

Murine Ms4a6 is located in the Ms4a gene cluster on chromosome 19, and is joined by at least 22
other familymembers’ There are at least 4 variants of murine Ms4a6, including Ms4a6b,

Ms4a6c variant 1, Ms4a6c variant 2, and Ms4a6d; however, little is known regarding each
variant!’ Ms4a6bandMs4a6cwere upregulated in monocytes transplanted into the brain
parenchyma of whole body irradiatetce 2 while Ms4a6cwas upregulated in mice with
experimentally induced autoimmune encephalomyeliis were then treated with an aktiER2
monoclonal antibody® Ms4a6dis the most investigated Ms4a6 isoform. One steghaledan

interaction beween Ms4a6d and-get and immunoglobulin domagontaining 4 (VSIG4) in
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resting macrophages to form a surface signaling complex; this in turn activatesSTAR2A20
cascades which inhibit N& B a c t %P Gtheertexperiments have shown tMa4a6dwas
upregulated in NK/T cells collected from psoriatic mit# the brains of mice with
experimentally induced middle rebral arterial occlusioff,and in the brains of mice with
experimental autoimmune encephalomyethtiat were fed diets with varying fat contéht.

To date, no studies exist that investigate the function of Misda@irine mastells or in
modek of allergic disease despite the clear functional importance of this protein in humans. As
such, we sought to verify which murine Ms4aiant is the most likely ortholog to human
MS4A6BA in mast cellsand to establish whether it playsyacomparable, redundant role to Ms4a2
as it does in humans. Our data suggest that Ms4a6d is the closest murine ortholog to MS4AB6A,
and in the mouse, this protein is involved in the regulation of Ms4a2 expression. While it may not
share aredundantrolefbs 4 a2 wi th respect to the trafficki
involved with mast cell survival and proliferation, especially in the face of an inflammatory
microenvironmerd features also observedth human MS4AG6A. In addition, inducing the
formation of a splice variant of Ms4a6d in a model of allergic airway disease results in
upregulation of several cytokines involved in the inflammatory prdoeksling eotaxin, Ik1 b ,
IL-4, and IL-13.
3.2Materials and Methods

Mice and bonenarrowderived mast cell cultures

Bone marrowderived mast cells (BMMCs) were cultured from bone marrow obtained
from both femurs of sevemto twelveweekold C57BL/6J mice (JAX:000664) from the Jackson
Laboratory (Bar Harbor, ME), as descrilféells were cultured in complete BMMKIC/9

medium containing 30 ng/mL of B for 4 weeks before experimental use. The phenotypic
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characteristics of the BMMCs (expression of
confirmed prior to use. For theflammatoryairway model, seveweekold fenmale BALB/cJ

mice (JAX:000651) from the Jackson Laboratory were used. All mice were maintained at the
North Carolina State University laboratory animal facility. Animal care and experimental
protocols were conducted within the guidelines of the Nationatutes of Health and with the
approval of the Institutional Animal Care and Use Committee of North Carolina State University
laboratory animal care protocol-223-B.

Vivo-Morpholino exonrskipping oligonucleotides

Exon-skipping oligonucleotides (ESOs) were utilized to induce skipping of exon 3 of

murineMs4a2(GenBankNM_013516.2 andexon 4 ofMs4a6d(GenBankNM_0268353).

Specificity of the ESO sequences were confirmed with BLAST search and were purchased from
Gene Tools (Philomath, OR). To facilitatevivo delivery (Vivo-Morpholino), an

octaguani dini um de n d\tarnmmesof each sf the follovking ESOs:0 t h e
Ms4a2e x 0 n -GIGTTGOYTGTGGAAAACATGAATT-3 N;j

Ms4a6dexon4: -AINFCCCACAGAAGTCCTACTTACA3 Nj

St andar d-CCICATACOICAGTRANAATTTATA-3 N;j

Revease transcriptasgolymerase chain reaction

Total RNA was extracted using the RNeasy Plus Mini Kit (QIAGEN, Germantown, MD)
according to the manuf aadvarse ganstriptaf®OR{gRFPCR)t | on s .
for the four variants of muringls4a6was carried out using the Quantitect SYBR® Green RT
PCR Kit (QIAGEN)in the gTOWER machine (Analytik Jena, Tewksbury, MAroducts were
developed on a 2% agarose gel at 80V for 1 hour to confirm product aeupdifi and size;

images were acquired using an Odyssey Fc imaging syste@R)], Lincoln, NE). Primers were
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designed for the four variants lis4a6and the housekeeping geBAPDH, their sequences are
as follows:
Ms4a6bi expected product length: 471 basers

Forward: CGCCAAATGGAATGAGTCTT

Reverse: AGCACTCGTTCCTGTCCAAG
Ms4a6cvariant 1i expected product length: 430 base pairs

Forward: AAGGCAAGACAGCCTGAAGAA

Reverse: GGCACATTCACTCCTGTCTG
Ms4a6cvariant 2i expected product length: 331 base pairs

Forward: CAATGAGACCATCACAACG

Reverse: AAATGCAGCTGGGTGAAAAC
Ms4a6di expected product length: 350 base pairs

Forward: GTGTTGGCTCTGGGAATCAT

Reverse: AAGCAGCTGTTTAATGGCTCA
GAPDHi expected product length: 401 base pairs

Forward: GGACGCATTGGTCGTCTGG

Reverse: TTTGCACTGGTACGTGTTGAT

Additional primers were designed to tarit4a2andMs4a6dto evaluate the formation
of truncated variants in RNA samples from E8&ated BMMCs. BMMCs were treated with 10
eM ESO f o befoz&NAertraatisand RFPCR was performed using the Quantitect
SYBR® Green RTPCR Kit (QIAGEN) in the gTOWERmachine (Analytik Jena, Tewksbury,

MA). Products were developed on a 2% agarose gel at 80V for 1 hassdes truncation
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images were acquired using an Odysseyntraging system (LCOR, Lincoln, NE). Primer
sequences are as follows:
Ms4a2
Forward: AAGAATCCTCCAGTGCACCT
Reverse: CAACACAGCACTGCAAAAGG
Ms4a6d
Forward: CCCAAACAGACAAACCCCAG
Reverse: GCTCCAACACACTGCTGATT

b-hexosaminidase degranulation assay

BMMCs thathad been in culture for at least 4 weeks were utilized for degranulation
assays; 24 hours prior to performing the assay8,Was washed out of the growth medium. To
assess the effect of the ESOs on degranulation, 0.5x &0 | s wer e trtheat ed wi t |
designated oligonucleotide for 24 hours. The cells were concurrently sensitized with 100 ng/mL
anttDNP I gE (SPE7 c¢cl one; Sigma). After 24-hour s,
hexosaminidase releag®lowing stimulation with dinitropheridDNP) and thapsigargias
previously describetf.

Surface Receptor Expression

BMMCs t r e at efdhe designated bligandleotide for 24 hours were analyzed
via flow cytometry for surface expression of
receptors, the cells were stained with LIVE/DEALCFixable Far Red Dead Cell Stain Kit
(Invitrogen, Waltham, MA) as indicated by the manufacturer. Cells were fixed in 2%
paraformaldehyde for 30 minutes thereafter, and then stained with the following antibodies on ice

for 60 minutes before imaging: fluorescein isothiocyanate (Fdd@)ugated rat antnouse
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CD117 (clone 2B8; BD Pharmingen) and phycoerythrin {fdfjugated amimous e Fc URI U
(cloneMAR1; eBioscience, San Diego, CA). The PE
(clone MOPG21; BioLegend, San Diego, CA). Data were acquired using a CydFBEckman
Coulter, Brea, CA) flow cytometer and analyzed with FlowJo software (Version 10; Ashland,

OR).

Proliferation and Survival

BMMC proliferation and survival were evaluated via flow cytometry. On day 0, cells were
stained with the CellTrac¥ Far Red Cell Proliferation Ki{Invitrogen)as instructed by the
manufacturer; the cells were then placed in culture medium containing 30 ng/Bnanidl
divided into the following cytokine treatments:-4L(20 ng/mL), SCF (100 ng/mL), 183 (10
ng/mL), or no aditional cytokineR&D Systems, Minneapolis, MNYhe indicated
oligonucl eotide was added coneachSampesdithe at a
cells were taken at days 3, 5, and 7 for analysis via flow cytometry. The cells were stained with
LIVE/DEAD ™ Fixable Green Dead Cell Stain Kit (Invitrogen) and then fixed in 2%
paraformaldehyde for 30 minutes before flow cytometric analysis. Data were acquired using a
CytoFLEX (Beckman Coulter, Brea, CA) flow cytometer and analyzed with FlowJo seftwar
(Version 10; Ashland, OR). On day 1, a sample of cells that were cultured only in 30 ngBnL IL
was used to provide a baseline point for the proliferation dye; this sample would then be used to

calculate the Proliferation Index as follows:

Vi €4 PO VE Q& = ,

where gMFI is the geometric mean fluorescence intensity as measured by the flow cytometer in
the APC channel following the applicatiohammpensation. This index acts to normalize the

gMFI across multiple experiments to account for variability in cell number and staitemgity
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andis positively correlated with proliferatio€ell survival was calculated as the number of cells
negativefor the LIVE/DEAD™ stain (live cells) divided by the total number of cells.

Murine inflammatory airway disease model

A mouse model ahflammatoryairway diseasavas induced as previously descriléd;
two separate experiments weerformed 9 months apart and data in this manuscript reflect the
combination of the two experiments unless otherwise stated. Mice were assigned to the following
groups (total number of mice from both experiments in parentheses): baseline (7), vehiole contr
(9), control oligo (4), Ms4a2 oligo (8), Ms4a6d oligo (5), or Ms4a2 & Ms4a6d oligos (5). All
mi ce except the baseline mice wAldrieh, & eauis,i ti zed
MO) in 100 €L PBS intraper.i linemieavérd nptsdngitilPed, on d
receiving 100 €L PBS alone 1| P.

Beginning on day 8 and repeating every 3 days for a total of 8 doses (days 8, 11, 14, 17,
20, 23, 26, 29), the mice were sedated with ketamine (100 mg/kg) and xylazine (5 mg/kg) diluted
1:1 inPBS and administered IP. Each mouse was placed in a nebulization chamber with only their
nose exposed in a mist chamber. Nebulization was achieved using a mini mist generation kit (113
KHz, 60cc/ hr) attached to a pi(BTEMING)Eteimre& or ou s
Martins, | nc. , Davenport, FL). A mist of PBS
of liquid on the bottom of the atomizer and a baffle on top to concentrate the mist; the unit was
then turned on and allowed to atomize iaitl for 90 seconds. After this, the unit was powered
off and the mouse was left to breathe the mist for 3.5 additional minutes. The process was
repeated once more with another 25 €L aliquot
with PBS, whik the remaining mice were nebulized with either control, Ms4a2, Ms4a6d, or

Ms4a2 + Ms4a6d oligonucleotides. The oligonucleotide dose was ~5 mg/kg, which was achieved
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by mixing 40 €L of oligonucleotide (500 nmol/
delivery system was previously validated and has been shown to efficiently deliver small droplets
of aerosolized liquid into the deeper pulmonary parenchyma.
Concurrent with nebulization, the mice were challenged intranasally with ovalbumin to
induce airway iflammation; this began on day 19 and continued every 2 days for a total of 6

doses (days 19, 21, 23, 25, 27, 29). Intranasal challenge was achieved by lightly sedating the mice

with isoflurane gas and t hen pienarestaltaingting our a
sides with each aliquot, for a total of 30 €L
received 20 e©€g of ovalbumin mixed in 30 L of

On day 30, the mice wesaithanizedand samples were collected fartheranalyss.
These included bronchoalveolar lavage fluid (BALF) which was collected as previously
described?® In brief, a solution consisting of 2.5g bovine serum albumin (BSA) mixed with 312.5
eL of 0.5 mM (14%) EDTA and 50 mL PBSthwas mi X
fluid was instilled into the airways through a 24G IV catheter inserted into the proximal trachea,
and the fluid was aspirated back before being stored on ice. This was repeated twice more;
thereafter, the BALF was centrifuged at 36@ for 7 minutes at 4°C and the supernatant was
stored at80°C. The cell pellets were washed twice with 2% fetal bovine serum in PBS and
resuspended in 1% bovine sereeloadallintbasmgla i n PBS
cytology funnel (Fisher Scieniif) and centrifuged in a Shand@ytospin3 Centrifuge (Thermo
Shandon, Pittsburgh, PA) at 100@ for 5 minutes. Slides were allowed to dry befst@ning
with methylene blue and eosin and subsegaeatoscopic enumeration of cells. The lungs of the
mice were extracted as follows. The left caudal lobe was stor8@°@ for RNA and protein

extraction. The right cranial lobe was stored in 10% neutral buffered formalin and heated to 45°C
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for 24 hours before submerging in 70% ethanol; the tissue wasnhiggdded in paraffin and
sectioned onto slides. The left cranial and right caudal lobes were subjected to a sucrose gradient
before fixation in Tissu®lus™ O.C.T. compound (Fisher Healthc8f® The sucrose gradient
protocol consisted of 10% sucrose 28 minutes to 1 hour followed by 20% sucrose for 30

minutes to 2 hours, and finally 30% sucrose for 24 hours. The lungs were rinsed in water before
embedment in O.C.T. compound and atmmat-80°C.

Histopathology

Formalinfixed paraffirembedded sectiortd the right cranial lung lobe were analyzed by
a blinded boardcertified veterinary pathologist (JRN) at the University of Chapel Hill
Department of Pathology and Laboratory Medicine.

Protein and RNA Extraction

The left caudal lobe of the lungs thaichbeen stored é80°C was used for protein and
RNA extraction using the AllPrep RNA/Protein Kit (QIAGEN). The lungs were first submerged
in a small volume of liquid nitrogen and pulverized witkterilemortar and pestle before
proceeding withthe manafc t ur er 6 s i nstructions. Al l RNA anc
stored at80°C until further analysis.

Cytokine/chemokine multiplex analysis

The Mouse Cytokine 3Plex Discovery Assay® Array (MD44) from Eve Technologies
(Calgary, AB) was utilized tquantify the cytokine concentrations in the protein extracted from
homogenized mouse lung samples. Cytokines evaluated were as follows: eot@8k, GM
CSF, | B NN9-1 B J-2, IL-B, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12p40, 1L-12p70, IL-

13,IL-15, IL-17, IR-10, KC, LIF, LIX, MCP1, M-CSF, MIG, MIR1 U, -IMd ,P-2MI P
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RANTES, TNFU, and VEGF. Samples were submitte

in duplicate.

Statistical analysis

Statistical analysis was performed using Graph®aim 9.4.0 software (GraphPad, San
Diego, CA). For comparison of multiple datasets, a onéwo-way ANOVA with Tukey
multiple comparison was used. The farametrically distributed data from the cytokine
multiplex were analyzed with a Kruskéfallistest and Dunndés correction.
statistically significantipO 0. 05 .
3.3Results
3.3.1Ms4aé6d is the primary variant expressed in murine cells cultured-81 IL

The predominant variant of murine Ms4a6 expressed in mast cells is cummekriywn.
Therefore, RNA extracted from cultured BMM@&sem 3 micewas utilized to amplifjMs4a6éh
Msda6cvariant 1 Ms4a6cevl), Ms4a6cevariant 2 Ms4a6ev2), andMs4a6dvia quantitative RT
PCR Figure 1). Gel electrophoresis revealed minimal amplificatioiVis#a6h with adequate
amplification observed in only 1 dondtiure 1A). Ms4a6c.viandMs4a6c.vavere more highly
expressed, although expression was variable among the three degors (B, C), while
Ms4da6dwas expressed strongly by all three donéigyre 1D). Amplification of GAPDH was
comparable among all donofEigure 1E). As Ms4a6dwas the most strongly expressed variant,
guantitation was performed relative to this variant. Consequéntsfatb, Ms4a6¢.viand

Ms4a6c.vavere expressed31.2, and 16fold less tharMs4a6d respectively igure 1F).

79



A Ms4a6b B Ms4a6c.v1 C Ms4a6c.v2

331 bp

1 2 3 NTC

Sample

100bp Ladder
100bp Ladder
w
Q
3
=2
)

T

Relative Ms4a6 mRNA Expression
o

E GAPDH

»
o

o

350 bp

o4
o

e
o

Ty
\*‘? \*’w

100bp Ladder
n
Q
3
=2
)
100bp Ladde
n
Q
3
=2
)
%,

Figure 1. Ms4a6d is the mosprominently expressed variant in BMMCs.qRT-PCR of the
four Ms4a6 variants was performed on RNA extracted from BMMCs harvested from three
separate C57BL/6 mouse donors. (A) Minimal amplificatioMefia6bwas observed. (B)
Ms4a6c.viwas expressed variabdynong donorswith only the third donor showing strong

amplification (C) Variable and weak expressionMg4a6c.vavas observedmong the donors

(D) Ms4da6dwas strongly expressed in all three donors at an expected product size of 350 bp. (E)

GAPDHwas eyressed comparably among all samplesM§4da6dwas expresses, 1.2, and

16-fold more tharMs4a6b, Ms4a6¢c.vRndMs4a6c.v2respectivelyData represents 3 biological

replicates.
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An important consideration in determining which Ms4a6 variant is lmgjoois tohuman
MS4AG6A is the presence of an ITAM or heffiAM. The following amino acid sequences
represent the intracellulart&rminaltails of human MS4A2 and MS4A6BA:

MS4A2 KGNKVPEDRVYEELNIYSATYSELED

MS4AGA GNSGMSSKMTHDCG/EELLTS

The undéined region of the MS4A2 protein sequence highlights the ITAM with a
consensus sequence of YxXx[L(gx¥Yxx[L/1]; the bold Y represents the phosphorylated tyrosine
residue that binds to Lyn kinaseAlthough MS4AG6A does not contain the entire ITAM
consensus sequence, it does contain a sequence for a putatil@ARml xx[L/1]. It also
shares the upstream consensus sequence for a tyrosine kinase phosphorylation site
[R/K]xxX[D/E]xXY. This indicatesthat the MS4A6A hemiTAM might function similarly to the
MS4A2 ITAM. A similar finding is present when evaluating the murine Ms4a6 variants; the
following sequences represent the intracellulde@ninaltails of murine Ms4a2, Ms4a6b, and
Ms4a6d:

Ms4a2 DRLYEELNVYSPTYSELEDKGETSSPVDS

Ms4a6b LPHSSNNDSNMESKVLCNPSYEEQLVC
Ms4a6l IFLSQNSKNKSSVSSESLCNPYENILTS

The ITAM consensus sequence can be observed in the underlined portion of the Ms4a2
sequence; howeveanp murine Ms4a6 variants express this entire sequence. Instead, Ms4a6d
contains the putative heffifAM sequence of Yxx[L/I]. Ms4a6b only contains one tyrosine in its
C-terminal tail, making it an unlikely candidate for the MS4AG6A ortholog with respedjnals
propagation. Variant 1 of Ms4a6c¢c has an extremely shortesteth@inal region with no tyrosine

residues, and variant 2 is a truncated form containing only two transmendbraagsand no C
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terminal tai these variants are therefore also unlikelpemorthologous to MS4A6A. Given its
high expression in mast cells, along with the presence of alfidkl sequence in its @erminal
domain, Ms4a6d is the most likely murine ortholog to human MS4AGA.
3.3.2Ms4a6d does not overtly inhibit murine mast celyjichnulation unlike its human ortholog

We have recently shown that the human MS4AG6A protein plays a redundant role in mast
cell function as that of MS4AP. Treatment of various types of human mast cells with MS4A2
and MS4AG6A ESOs resulted in a synergistic reduction in overall degranuiaitmming
stimulation. Given the presence of a potential REAM as with MS4ABA, it is possible that
murine Ms4a6d plays a similar redundant role in mast cell degranulation. To investigate this, an
Ms4a6d exorskipping oligonucleotide (ESO) was usedrtduce the skipping of exahof
Ms4a6d This results in either the formation of a truncated splice variant or degradation of the
protein altogether. To determine an appropriate starting ESO dose and duration of treatment,
BMMCs were treated with an Ms4&50 at varying concentrations and evaluated for surface
expression of FcURI U vi &igufel2)oAldoseyg teducee sunfage o v e r
FcURIU at 24 hours, with the |l owest dose of 1
highestdoseof 18 M r educi ng e X prigwe24)i Further beglucti®ond oclutted (
with all doses at 48, 72, and 96 hours; however, these reductions were minimal and were
accompanied by increasing cell toxiciiqgure2B) . Not ably, a 10 edM dose
in 26% cell death. To maximize efficiency and ookile reducingtoxicty a dose of 5 ¢
hours was chosen for future experi mentwih as th

minimal cell death
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Figure2.Tr eat ment of BMMCs at a dose of 5 gM
skipping while reducing cell mortality. (A) BMMCs were treated with increasing doses of
Ms4a2 ESO and evaluated via flow cytometry for surfad®Rgexpression to monitor efficgc
over 24, 4872, and 96 hours. (B) Cell survival at varying doses of ESO and at different time
points was evaluated flow cytometrically using a Live/Dead stain, showing minimal toxicity

except at a 16M dose.
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BMMCs were then treated with either a control, Ms4a2, Ms4a6d, or Ms4a2 + Ms4a6d
ESO at 5 &M f o+PCRwas gerdotmedinvestigataltheR &ffect on mRNA
truncation or degradatiofrigure 3). BMMCs treated with the control or Ms4a6d oligonucldeti
expressed the fulengthMs4a2as well as its natural truncated form; however, treatment with the
Ms4a2 ESO alone or in combination with Ms4a6d ESO resulted in complete reduction in
expression of the fulengthproteinand increased in expression bé ttruncated varianE{gure
3A). With respect ttMs4a6dexpression, the cells treated with control or Ms4a2 oligonucleotide
expressed fullengthMs4a6din addition to a smaller variant, while Ms4a6d ESO treatment
resulted ina reduction in fullengthMs4a6dexpressiorand the generation of an intermediately
sized variantKigure 3B). Combined Ms4a2 and Ms4a6d ESO treatment resulted inlg near
complete reduction in fulength Ms4a6d expression. All samples expressed GAPDH equitably

(Figure 3C).
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100 base pair ladder
Control ESO
Ms4a2 ESO
Ms4a6d ESO
A2 + A6d ESO
NTC

Figure 3. Ms4a6d ESO treatment reduces expression bfs4a6dwhile increasing expression

of Ms4a2 (A-C) RT-PCR of (A)Ms4a2 (B) Ms4a6d and C) GAPDHfrom BMMCs that were
treated with 1@M of respective ESO for 24 hours before RNA was extracted. (A) Ms4a2 or

Ms4a2 + Ms4a6d ESO treatment resulted in complete reduction-térfigthMs4a2and
generation of the truncated splice varigB) Ms4a6d and g4a2 + Ms4a6d ESO treatment

resulted in reduction of fulength and shorter variant bfs4a6d Combined Ms4a2 + Ms4a6d

treatment resulted in nearly complete reduction oflarigthMs4a6d Expression of fulength
Ms4aZis increased following Ms4a6d ESt@atment(C) GAPDHwas consisteht amplified

among all samples.
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To investigate Ms 4 a6bdhéxesamimdase assay was pegarneed ul at
using BMMCs that had been treated with either a standard control oligonucleotide, Ms4a2 ESO,
Ms4a6d ESO, or a combination of Ms4a2 and Ms4a6d EBI@sré 4). Treatment with the
Ms4a2 ESO resulted in a significant retan in degranulation when stimulated with 100 and
1000 ng/mL of dinitrophenol (DNPJ{gure 4A). A potentially synergistic effect was noted when
BMMCs treated with combined Ms4a2 and Ms4a6d ESOs were stimulated wigtmdd®00
ng/mL of DNP; however, ik effect was not durable across other stimulant doses. No significant
difference between the standard control oligonucleotide and Ms4a6d ESO was oldSgrued (
4B), nor was there a significant difference in any group after treatment with the positixa co
stimulant thapsigargirFgure 4C). Overall, these data indicate that Ms4a6d does not play a
redundant role to Ms4a&ith regard tahe degranulation of murine mast cells, although there
may be a synergistic effect with simultaneous Ms4a2 and Md8&6dtreatment. Additionally,

Ms4a2 alone is sufficient for PAwddRhdMs4a6dnal i ng

perhaps regulate the expression of one another.
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Figure 4. Ms4a6d ESO treatment of BMMCs doesot result in a reduction in
degranulation. (A, B) BMMCs were treated witb  ¢ERIO for 24 hours anfothexosaminidase
release was measured following stimulation with DNP. No change in degranulation was observed
in the cells treated with Ms4a6d ESO. A condtion of Ms4a2 and Ms4a6d ESOs resulted in a
significant reduction in degranulatian 100and 100thg/mL. (C) No difference in degranulation
was observed between any group following stimulation with tharigdEpendent stimulant

thapsigargin. Data represents 5 biological and technical replicates. *p<0.05; ns: not significant
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Although all oligonucleotides&wr e admi ni st ered at a dose of
the combination of Ms4a2 and Ms4a6d ESOs were ultimately exposed to a cumulative dose of 10
e M. It is therefore possible that the synergi
from the exposure of a higher dose of oligonucleotide rather than true synergism. To investigate
this concern, BMMCs were treated with a range of standard control oligonucleotide from 0 to 10
€ M b enfeoarseu thexosgminidase releaiéigure 5). In all, nosignificant difference was
observed at any dose of control oligonucleotide; all were stimulated equally by DNP in a dose
responsive manner, and all exhibited comparable stimulation to thapsidéaggire(5A-C).
These data indicate that the reduction igrdaulation observed with stimulation of 183d 1000
ng/mL DNP in cells treated with a combination of Ms4a2 and Ms4a6d ESOs is not a result of
exposure to a higher concentration of total oligonucleotide, but rather a synergistic effect between

the two praeins.
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Figure 5. The significant reduction in degranulation seen with the combination of Ms4a2
and Ms4a6d ESO treatment is not due to cellular toxicity secondary to higher ESO
concentration. (A-B) BMMCs were treated with increasing doses of control ASO and
degranulationn response to DNP stimulatiovas measured viazhexosaminidase release assay.
No differences were observed with any dose. (C) No difference in degranulation was observed
following stimulation with thapsigargin. ns: not significant. Data represent 2 biological and

technical replicates.
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o -

333Surf ace expression of FcURI U and KIT are no
As with degranulation, we hayeeviously shown that MS4A2 and MS4A6A ESO

treatment in human cells results in a synergi

the cell surfacé® A similar investigation was conducted with BMMCs that were treated with a

standard control oligonucleotide, Ms4a2 ESO, Ms4a6d B8Ms4a2 and Ms4a6d ESO

combination Figure 6). Treatment with Ms4a2 ESO alone resulted in a 97.6% reduction in

FcURI U expression when compared with the cont

Ms4a2 and Ms4a6d ESOs yielded a 98.2% reduckiu(e 6A). No significant reduction was

observed with Ms4a6d ESO treatment alone. In addition, no significant decrease in surface

expression of the KIT receptor was obseriredny treatment grouff-igure 6B). Together, these

data indicate that Ms4a6disnonvol ved in the surface expressi

mast cells, unlike MS4A6A in human mast cells.
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Figure 6. Ms4a6d does notlter surface expression of RcRIUor KIT. (A-B) BMMCs were
treated with6 £ MSOs for 24 hours and then swdaexpression of ERIU(A) and KIT (B) were
measured via flow cytometry. Data represent 5 biological and technical replicates. *p<0.05;

*kn<0,0001.
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3.3.4Ms4a6d has a significant impact on cellular survival and proliferation, especially in
inflammatory conditions

Ms4a6dexpressiorwasfound to be upregulated in numerous cells during inflammatory
conditions such as experimental autoimmune encephalomifelitid a mouse model of
psoriasis’! To investigate the role that Ms4a6d miglay in mast cells in an inflammatory
milieu, we investigated the rate of cellular proliferation and survival of BMMCs that had been
incubated in a variety of cytokines over the course ofweerk. The cytokines evaluated included
IL-3 and SCF, the typical cytokines to which BMMCs are exposed; additional cytokines
investigated were H4 and IL-330 cytokines heavily involved in driving the allergic Th%e
immune response. Cells were culturedheir respective cytokines for one week, with samples
taken at days 3, 5, and 7 for flow cytometric analysis of survival and prolifer&iguré 7).

Cellular proliferation was calculated as a proliferation index, wherein the baseline signal of the
proliferation dye obtained on day 1 acted as the dividend and all remaining measurements
throughout the week were used as the divisors to normalize data across experiments. This index is
positively correlated with proliferation.

Under normal culture conditierwith IL-3 alone, there was no change in cellular
proliferation, but there was a significant decrease in cell survival at day 7 in the cells treated with
a combination of Ms4a2 and Ms4a6d ESBigire 7A-B). This was also the case for cells
treated with £F, wherein the double oligonucleotide treatment resulted in a significant reduction
in cellular survival at all timepoint$-{gure 7C-D). When the cells were cultured with-#, there
was a significant reduction in proliferation at days 3 and 7 in thbldaligonucleotide group; in
addition, this group had a significant reduction in cell survival at all timepdtigare 7E-F). A

similar effect was observed in the cells cultured wit#880 there was a significant reduction in
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cell survival at all timepiats in the cells treated with the combination of Ms4a2 and Ms4a6d

ESOs Figure 7G-H).
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Figure 7.When combined with Ms4a2 ESO, Ms4a6d ESO treatment of BMMCs results in a
significant reduction in cellular proliferation and survival, especially when cultured in

proinflammatory cytokines. Proliferation (A, C, E, G) and survival (B, D, F, H) of BMMCs was

measured by flow cytometry over 7 days during which cells were cultured3r{A:B), I1L-3 +
SCF (GD), IL-3 + IL-4 (E-F), or IL-3 + IL-33 (G H). Proliferation data are displayed as a
normalized index, which was derived by dividing the day 1 MFI by the MFI obtained on the

specified day. Data represent 4 biological and technical replicates. *p<0.05; **p<0.01
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To ensure that the decrease in cell viability in the Ms4a2 and Ms4a6d ESO combination
group was not due to toxicity from tkeubledose of oligonucleotide, BMMCs were treated with
10 eM of standard control ol i g8 bahdédfgure de and
8). No significant difference was observed in either the percenfager¢ 8A) or the total
number Figure 8B) of live cells. This supports the notion that the significant reduction in cellular
proliferation and survival is not due bligonucleotide toxicity, but rather a true synergistic effect

between Ms4a2 and Ms4a6d in cells cultured with proinflammatory cytokines.
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Figure 8. The synergistic effect of Ms4azand Ms4a6d ESO treatment is not due to increased

toxicity from increased ESO concentration(A-B) BMMCs were cultured in 16M of control

ASO and monitored over 7 days to assess cell survival. There was no change iagef&gor
number(B) of live cells over the course of 7 days. Data represent 2 biological and technical

replicates. ns: not significant
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3.3.5Murine model of inflammatory airway disease

Given that Ms4a6d contributes to cellular function during inflammatory states, we sought
to investigate how Ms4a6d ESO treatment affects mice in a moddlashmatoryairway
diseasdFigure 9). Mice were initially sensitized with ovalbumin intraperitoneally, and thereafter
challenged with ovalbumin intranasally to induce airway inflammation. Befod during
ovalbumin challenge, the mice received nebulization treatments with standard control, Ms4az2,

Ms4a6d, or Ms4a2 + Ms4a6d oligonucleotides.

’ ’
Ay B OFRt B thY Re

1 4 7 8 11 14 17 19 20 21 23 25 26 27 29 30

/ég Intraperitoneal ovalbumin sensitization

Airway nebulization

, Intranasal ovalbumin challenge

Figure 9. Model of inflammatory airway disease BALB/c mice were sensitized with
ovalbumin every 3 days for 3 doses, followed by nebulization with the specified ESO every 3
days for 8 doses. Airway inflammation was induced by challenging the mice with intranasal
ovalbumin starting on day 19 and continuingrg\&days for 6 doses. Mice were euthanized on

day 30. Bronchoalveolar lavage fluid and lungs were collected for further analysis.
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Blinded histopathological evaluation of the lungs of the mice is currently pending. The
bronchoalveolar lavage fluid wasaluated to enumerate the total number of cells, as well as the
number and percentage of polymorphonuclear (PMN) cells and macrophages from each group in
one experimentHigure 10). Although not significant, treatment with a combination of Ms4a2
and Ms4af ESOs resulted in a total cell count comparable with the vehicle control group,
indicating apronouncednflux of cells into the airways of these midadure 10A). The
combination group exhibited a significant increase in PMN cells, both in number raedtage
(Figure 10B, D). While no difference in total number of macrophages was observed, the
combined Ms4a2 + Ms4a6d ESO treatment group demonstrated a significantly lower percentage
of macrophages in the BALFFigure 10C, B). These findings would suggdblat Ms4a2 and
Ms4a6d act in tandem tegulateinflammation within the lungs duringflammatoryairway

disease, anthrgeting thesgenedogethemwith ESOsresultsin theinflux of inflammatory cells.

96



A B . C
Total Cell Count # Macrophages
k%
25x106 X %1064 [—] | 4x10%
 2x1064 =
€ g 1:5x105 g 3x105
g 1.5%100+ 5 ‘ by
@ 2 1x10° & 2x105
T 1x1064 2 <
o = . 5
* 5x105- e 5H10% 8 1x10°
=
0- 0- #* 0
O 0 ¢ & O 0
& & P P S R e &
A T\ I\ N & & oY 5 5 & Q/c"o Q/e’o Q?O
P O o & P LU @ F & 6°0°'»bb
& w,‘?' IR \Q,V & I @a@ &
C) v ) R &' x
X B\ 4@ ~
D % PMN E % Macrophages
*
1009 150
—_— *
s
—_— 7] -
§ ‘%100
=z
2 B
= § 501 7
- I}
0-
FELLLS
#F L &L P
< AN
& & x
3 o
@ ¥

Figure 10. Combined Ms4a2 and Ms4a6d ESO treatment results in a significant influx of
polymorphonuclear cells into bronchoalveolar lavage fluid in a murine model of

inflammatory airway disease(A) Total number of cells in the BALF varied among the groups
and was hipgest in the vehicle control and double ESO treatment groups. (B,D) The total number

and percentage of PMN cells was significantly higher in the combined Ms4a2 + Ms4a6d ESO

treatment group when compared to baseline mice. (C, E) No differences were olrsdrged

number of macrophages in the BALF, although the percenfagacrophages significantly
decreased in the combined Ms4a2 + Ms4a6d ESO treatment group. Data are representative of one
experiment with the following number of mice in each group: Basé@iye/ehicle Control (4),
Ms4a2 ESO (4), Ms4a6d ESO (4), Ms4a2 + Ms4a6d ESO (5). *p<0.05; **p<0.01
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To further investigatdls 4 a6 d6s ef f ect o n,atytokine mutiplexa mmat o
assay was performed on protextractedrom the left caudal lunfpbe Figure 11). Although
statistical significance was not achieved, treatment with Ms4a6d ESO resulted in a trend towards
increased expression of eotaxin;1Lb , -4, IL-L3, and monokine induced by gamma interferon
(MIG, CXCL9). This supports the notichat Ms4a6d may function to reduce the inflammatory

response in allergiairwayinflammation.
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Figure 11 Ms4a6d ESO treatment resuls in higher expression of proinflammatory
cytokines such as eotaxin, IE1b, IL -4, IL-13. A cytokine multiplex assay was performed on
homogenized lung protein extract from mice in an inflammatory airway disease model treated
with various ESOs. The numbermice represented in each group are as follows: baseline (6),

vehicle control (8), control oligo (4), Ms4a2 oligo (8), Ms4a6d oligo (5), Ms4a2 + Ms4a6d oligo

(5). *p<0.05
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3.4 Discussion

Taken together, the data presented in this manuscript indicate that the most likely murine
ortholog to MS4AG6A is Ms4a6d as it is the most expressed variant in murine bone marrow
derived mast cells, and it is the onlgriant to contain a putative hefifiAM sequence within its
Cterminal domai n. However, despite MS4A6A6s p
mast cells, Ms4a6d does not appear to share a comparable function in the mouse. This is an
important pointo consider for future studies, as the mouse is therefore unlikely to be a suitable
model for the study of human MS4AG6A in allergic inflammation or-tigpendent mechanisms.
As mice only expr ess {itispossindethatahineedundancyisosar m of F
product of human speciation. Much of the dat a
association with iwestih&ibnof Ms¢abdaegading c Lifdeperdent
functions such amast cell gynaling and cytokine production, bathvitro andin vivo, are
certainly warrantedAlthough we demonstrate seemingly specific amplification oMkéa6
genes via RIPCR, it is possible that nespecific amplification occurred. Genotyping of the PCR
products should be considered to ensure correct identification of the specified gene. The use of
lentiviruses to create knoakut cell lines would be a suitable means for further assetfgng
function ofMs4a6d(and the other Ms4a6 variante)the mast cellFurthermore, ESOs targeting
otherexons could be considered to indaternativesplice variant formation or complete
product degradation. Additional investigation of all four Ms4a6 variants is warranted in other
subtypes of mast cells, as well as nwadls in various tissue types.

Ms4a6d is not involved in degranulation or
mast cells, although it does act synergistically with Ms4a2 to promote cellular proliferation and

survival.We have previously noteddtthe expression d¥ls4a2increases following Ms4a6d
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ESO treatment and vice versa, suggesting that Ms4a2 and Msdigitigblay regulatory roles for
one anothefunpublished data). It is plausible that these two proteins are interacting with one
another, a other murine Ms4a proteins such as Ms4a4b and Ms4a6b are known to interact with
one another to modulate T cell functjdar example?®

While no cytokines or chemokines reached statistical significance in the homogenized
lung samples from the mice in the allergic airway model, this is likely due to underpowering of
the experirents; additional studies are required to truly determine significance. It is of interest to
note that the mice in the vehicle control group expressed much higher levels of some
inflammatory cytokines when compared to the control oligonucleotide groupyaurd expect
that both groups should be comparable, as both have had allergic airway disease induced and both
were nebulized with saline. The only difference is that the control oligonucleotide group was also
nebulized with standard control oligonucleotrdéher than pure saline. Despite previous
validation?’ this drug delivery system is still in its infancy and so one cannot rule out a
mechanical issue as the cause for this difference. Nevertheless, if these findings are true, this
would seem to indicate that tleecould be some dampening effect of control oligonucleotide
nebulization resulting in a cytokine expression profile like that of the baselinesémaitized,
nontchallenged) mice. Given this, it is also noteworthy that, during Ms4a6d ESO nebulization,
this same pattern of inflammatory cytokine expression as the vehicle control group is induced. If
true, then Ms4a6d might act to dampen the inflammatory process within the lungs following
ovalbumin challenge. It has been shown to be expressed by cellghath@nast cells, such as
NK and T cell as well as macrophadgésg!therefore perhaps it is expressed by many leukocytes
within the lung during times of inflammation to mediate the mast cell and overall inflammatory

response. This is supported by our findings that Ms4a6d, along with Ms4a2, are vital to mast
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cellular survival and proliferation, especially in the presenceftafmmatory cytokines such as
IL-4 and IL-33.

Although the definitive function of Ms4a6d remains elusive, numerous future directions
exist to further clarify its role in allergic disease. In this study, cytokines in the bronchoalveolar
lavage fluid were ot measured due to their potential for degradatfome therefore first sought
to interrogate the cytokine milieu via the cytokine/chemokine multiplex assay using lung protein
homog@ate. However, during the performance of this assay, several samples experienced bead
aggregation, potentially skewing some of the reported values. As such, cytokines of interest such
as eotaxin, IE1 b , -4, &nd 11-13 should be quantified via ELISA in ltothe BALF as well as
the homogenized lung protein extract to confirm these preliminary findings. Forfiratin
paraffirembedded sections of lung should be analyaechast cells via toluidine blue staining,
esoinophils via eosinophil peroxidase immuistdchemistry, and goblet cell metaplasia via PAS
staining These sections could also be analyzed using RNAS¢dpeletermine differences in
F ¢ U RVIs442,andMs4a6dexpression in the nebulized mice. Finally, the homogenized lung
protein and/or RNA codl be used to profile the expression of a myriad of genes using the
nCounter® Analysis System (NanoString Technologies, Seattle, WA).

In conclusion, Ms4a6d appears to be the murine ortholog to human MS4AG6A in mast
cells. While itdoesiotc ont r i but e to the redundant rol e i
humans'® Ms4a6d is critical for cellular proliferation and survival. It may also play a regulatory
role in the expression dls4a2,as well as regulate the production of inflammatory cytokines
during inflammatory away diseaseThoughMs4a6d may not be a suitable model for studying
human MS4AG6A in allergic inflammation and Iglfiven pathways, its important role in mast cell

proliferation, cytokine release, and function in other leukocytes certainly warrants further
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exploration. In addition, examination of the expression of all Ms4a6 variants during inflammatory
conditions olin vivowithin various tissues would serve as an important next step in uncovering

the functions of the Ms4a6 proteins.
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CHAPTER 4
The exonskipping oligonucleotide, KitStop, depletes tissueesident mast cells in vivo to

ameliorate anaphylaxis

Barry A. HedgespethDouglas B. Snidéy Katie J. Bitting, Glenn Crusédp-first authors)

The exonskipping oligonucleotide, KitStop, depletes tissasident mast cells in vivo to

ameliorate anaphylaxi§ront. Immunol2023;14:1006741. DOI: 10.3389/fimmu.2023.1006741.
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The exon-skipping
oligonucleotide, KitStop, depletes
tissue-resident mast cells in vivo
to ameliorate anaphylaxis
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and Glenn Cruse***
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Ralesgh, NC, United States, “Department of Clinical Sciences, College of Veterinary Madicine, NC State
Universty, Raleigh, NC, United States, *Comparatve Medicing institute, North Caroling State University,
Raleigh, NC, United States, ‘Comparative Medicine and Trangiationsl Research Training Program, North
Carolina State University, Raleigh, NC, Unted States

Introduction: Anaphylaxis represents the most extreme and life-threatening form
of allergic disease and is considered a medical emergency requiring immediate
intervention. Additionally, some people with mastocytosis experience recurrent
episodes of anaphylaxis during normal dally activities without exposure to known
triggers. While acute therapy consists primarily of epinephrine and supportive care,
chronic therapy relies mostly on desensitization and immunotherapy against the
offending allergen, which is a time-consuming and sometimes unsuccessful
process. These treatments also necessitate identification of the triggering
allergen which is not always possible, and thus highlighting a need for alternative
treatments for mast cell-mediated diseases.

Methods: The exon-skipping oligonucleotide KitStop was administered to mice
intradermally, intraperitoneally, or systemically at a dose of 12.5 mg/kg. Local mast
cell numbers were enumerated via peritoneal lavage or skin histology, and passive
systemic anaphylaxis was induced to evaluate KitStop’s global systemic effect. A
complete blood count and biochemistry panel were performed to assess the riskof
acute toxicity following KitStop administration.

Results: Here, we report the use of an exon-skipping oligonuclectide, which we
have previously termed KitStop, to safely reduce the severity and duration of the
anaphylactic response via mast cell depopulation in tissues. KitStop administration
results in the integration of a premature stop codon within the mRNA transcript of
the KIT receptor—a receptor tyrosine kinase found primarity on mast cells and
whose gain-of-function mutation can lead to systemic mastocytosis. Following
either local or systemic KitStop treatment, mice had significantly reduced mast cell
numbers inthe skin and peritoneum. In addition, KitStop-treated mice experienced
a significantly diminished anaphylactic response using a model of passive systemic
anaphylaxis when compared with control mice.

Discussion: KitStop treatment results in a significant reduction in systemic mast
cell responses, thus offering the potential to serve as a powerful additional
treatment modality for patients that suffer from anaphylaxis.

KEYWORDS
mast cell (MC), anaphylaxis, KIT, exon skipping, mast cell depletion
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Introduction

Anaphylaxis is a rapid and potentially fatal systemic allergic
reaction that occurs following exposure to an allergen (1). The
American College of Allergy, Asthma, and Immunology (ACAAI
anaphylaxis working group estimated the lifetime prevalence of
anaphylaxis for a person living in the USA to be up to 5% (2);
however, more recent reports indicate that anaphylaxis
may be experienced much more frequently than previously
reported (3, 4). The most common triggers of anaphylaxis
include medications (antibiotics, NSAIDs, antineoplastic/cytotoxic
drugs, i dul c dyes), bee and wasp venom, and
foods such as peanuts, wheat, milk, and soy (5). Following prior
immune sensitization by the allergen, future exposures can result in
activation of mast cells (MCs) through IgE- or non-IgE-dependent
pathways. Activated MCs release a myriad of inflammatory mediators
such as histamine, proteases, cytokines, and growth factors, all of which
culmi in the develop of dinical signs typically associated with
anaphylaxis (6). These include skin flushing, pruritus, angioed
dyspnea, vomiting, diarrhea, hypotension, hypovalemic shock, and
cardiovascular collapse; death may also rapidly occur if the patient is
not promptly addressed (7). Treatment relies on the acute mitigation of
clinical signs with epinephrine and supportive care followed by chronic
strategies such as desensitization and immunotherapy to prevent severe
future reactions from occurring (7). These chronic therapies rely on the
identification of the allergic trigger which is not always possible; in
addition, patients must be willing to attend frequent visits to the clinic
and are prone to developing side effects associated with these
treatments Absolute contraindications for some chronic therapies
indude uncontrolled asthma, atopic dermatitis/eczema, and chronic
urticaria, leaving these patients with few other options to address their
recurrent anaphylaxis (8). As such, additional therapies for treating
anaphylaxis and its sequelae are urgently required for patients who are
unable to find recourse in currently available treatments.

While countless triggers can result in varying degrees of
anaphylaxis, almost all cases are caused in part by the
degranulation of MCs. After exiting the bone marrow,
hematopaietic progenitor cells migrate throughout the body and,
upon reaching their destination within tissues, develop into mature
MCs after receiving the appropriate i imulatary sig
Primary destinations for these cells indude around blood vessels
and nerves, within the skin, and at the mucosal surfaces of the
respiratory and gastrointestinal tracts (9). The two primary
receptors involved in MC function are the high-affinity
immunoglobulin E (IgE) receptor, FeeRI, and KIT, a receptor
tyrosine kinase also known as CD117 (10). While FceRI is the
primary receptor involved in MC degranulation, KIT is responsibl
for growth, differentiation, and maturation of MCs via binding of its
ligand, stem cel factor (SCF) (11). Additionally, the interaction
between SCF and KIT are critical for MC proliferation and
suppression of apoptosis (12). KIT is initially expressed by most
hematopaietic cells but is lost by maost during the differentiation
process; MCs are one of the few exceptions that retain this receptor
for their lifespan (13). Indeed, the gene encoding the KIT protein, c-
Kit, is considered a proto-oncogene and activating mutations are
known to induce the development of cutaneous or systemic
mastocytosis—the abnormal accumulation of MCs within tissues
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(13, 14). Patients suffering from mastocytosis are susceptible to MC
activation syndrome (MCAS), a condition characterized by
spontaneous, recurrent episodes of sy i phylaxis that often
do not have a known trigger (15). In addition to antihistamines,
treatments aimed at reducing the severity of symptoms experienced
by patients suffering from MCAS include glucocorticoids,
cytoreductive medications such as interferon-¢t and dadribine, or
tyrosine kinase inhibitors such as masitinib; these are, however,
fraught with numerous side effects including cytopenias and
increased risk of infections, thereby worsening these patients’
already diminished quality of life (15).

Given its relative scarcity among cell types other than MCs as well
as its invol in yus debilitating MC-related disorders,
KIT provides an alluring therapeutic target for anaphylaxis and
MCAS. We have previously shown that MC tumors comprising
MCs with gain-of-function KIT mutations can successfully be
targeted and significantly reduced by the exon-skipping
oligonucleotide (ESO) KitStop (16). ESOs belong to a group of
antisense oligonucleotides (ASOs) that block binding of the
spliccosome to an intron-exon or exon-intron boundary, thus
resulting in the skipping of a particular exon of interest. If the
skipped exon maintains the reading frame of the mature mRNA
transcript, an alternatively spliced product will be generated. KitStop
is a 25-mer morphalino ESO that targets the donor splice site of exon
4 of ¢-Kit pre-mRNA; upon its introduction, KitStop induces a
frameshift into the mature mRNA open reading frame, resulting in
a premature stop codon. This triggers either the nonsense-mediated
decay of the KIT mRNA template or the production of a severely
truncated peptide and nonfunctional receptor (16). To determine
whether a KIT-specific ESO has any effect on the development and
severity of anaphylaxis, here we assessed the impact that KitStop has
using a well-established mouse model of passive systemic anaphylaxis,
as well as compared its efficacy following varying routes
of administration.

Materials and methods
Mice

Four to six-week-old female BALB/c mice were purchased from
Jackson Laboratories (Bar Harbor, ME) and were maintained at the
North Carolina State University laboratory animal facility. Animal
care and experimental protocols were conducted with the guidelines
of the National Institutes of Health and with the approval of the
Institutional Animal Care and Use Committee of North Carolina

State University lab Y | care protocols (17-108-B and 20-
223-B).
ESO design

The KitStop ESO was designed to target exon 4 of murine ¢-Kit
(GenBank: NM_001329070.1). A region within the splicing donor site
was targeted with the following sequence: 5'-AGGACTTA
AACAGCACTCACCTGAG-3". Specificity of the aligonudeotide
sequence was confirmed with BLAST search and was purchased
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