
ABSTRACT 

HEDGESPETH, BARRY ALAN . Manipulating the IgE and KIT Receptors in Mast Cells using 

Splice-Switching Oligonucleotides. (Under the direction of Drs. Glenn Cruse and Jeffrey Yoder). 

 

Splice-switching oligonucleotides (SSOs) are powerful scientific tools with countless 

research and biotherapeutic applications. Currently there are two FDA-approved SSOs utilized 

for the treatment of patients with the debilitating disease Duchenne muscular dystrophy. These 

treatments are proving to be simple to administer, effective for long-term therapy, and induce 

minimal side effects. With this in mind, our group sought to explore the potential use of SSOs to 

treat various conditions that are mediated by mast cells (MCs). MC-mediated diseases such as 

atopy, anaphylaxis, mastocytosis, and mast cell neoplasia collectively cause serious debilitation 

in patients experiencing them, and few targeted therapies currently exist to address these 

conditions. For example, anybody living in the United States has a 5% lifetime prevalence of 

experiencing an anaphylactic event wherein there is a concerted, system-wide degranulation of 

mast cells in response to an allergen. Anaphylactic reactions can range from mild symptoms such 

as hives, itchiness, or trouble breathing; 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 sought after. Short-term 

treatments for anaphylaxis include epinephrine and supportive care, while long-term treatments 

comprise desensitization and immunotherapy. However, these treatments in general are non-

specific and carry a multitude of their own side effects, making an unbearable experience all the 

more unpleasant. Additionally, some people with mutations in their mast cell receptors or ligands 

experience mastocytosis and mast cell activation syndrome, resulting in chronic mast cell 

degranulation and anaphylactic episodes even without encountering a triggering allergen. 

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



mast cells while avoiding off-target effects, and SSOs have been shown to be a powerful tool to 

achieve this goal.  

In particular, our group has focused on targeting MS4A2ðthe ɓ subunit of the high-

affinity IgE receptor FcʁRIðas well as the KIT receptor of mast cells. By targeting FcRʁIɓ, 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 production and mast cell homeostasis during inflammatory conditions, but it 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 experienced both a local and 

systemic reduction in mast cell populations and displayed a significantly diminished systemic 

anaphylactic response following SSO administration. These findings highlight the important 

contribution that SSOs can have on both in vitro and in vivo research, as well as serving as 

potentially marketable therapeutics that would alleviate the burden experienced by people with 

mast cell-mediated conditions.  
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CHAPTER 1 

Insights into the Functions of the Tetraspanin-like MS4A Protein Family,  

the KIT Receptor, and Splice-Switching Oligonucleotides 

1 Introduction  

The MS4A protein family contains numerous molecules that are vital to immunological, 

neurological, and reproductive function; however, the full functional profile of each protein 

remains elusive. While not intrinsically part of the tetraspanin family, the proteins of the MS4A 

family share many similarities to the true tetraspanins, allowing researchers to draw on 

comparisons between the two groups to aid in the investigation into their specific functional 

attributes. This review will serve as a brief overview of the tetraspanin family in addition to a 

scoping review of the MS4A protein family as a whole and of each individual member. Although 

this dissertation is concerned primarily with the MS4A2 and MS4A6 proteins as they relate to 

mast cell function in humans and mice, other eminent topics such as the KIT receptor, the Fcʁ RI 

complex, and splice-switching oligonucleotides will also be reviewed.  

1.1 Overview of the Structure and Functions of Tetraspanins 

 The tetraspanins are a group of cellular membrane-bound proteins that are expressed in all 

animals, with phylogenetic analyses revealing the presence of 33 unique human tetraspanins.1 As 

their name implies, tetraspanins contain four transmembrane domains which organize to form two 

extracellular loops that protrude 3-5 nm into the extracellular space in addition to three short 

intracellular regions.2ï5 One feature that differentiates true tetraspanins from other four-

transmembrane-domain proteins is the presence of a conserved CCG motif and two conserved 

cysteine residues located in the second extracellular domain.6 The extracellular regions interact 

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



   

 

2 

 

 

domain-containing factors, cytokine receptors, growth factor receptors, and ectoenzymes.2ï5 

Extensive post-translational modifications such as palmitoylation, glycosylation, and 

ubiquitination also contribute to the regulation of tetraspanin structure and function.7ï9 Through 

these interactions and modifications, along with lipid regulators such as palmitate moieties, 

membrane cholesterol, and gangliosides, tetraspanins form complex secondary structures that 

have been termed tetraspanin webs.2,10,11 These webs of homo- and heterodimerized tetraspanins, 

along with their associated proteins, cluster in regions comparable to lipid rafts, resulting in 

tetraspanin-enriched microdomains (TEMs).7,12 While the exact function of TEMs remains 

speculative, they may serve as a mechanism for cellular adhesion, intracellular signaling, and 

cytoskeletal augmentation.13,14  

 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 disorders, neoplasia, and infectious disease susceptibility. 

Protein trafficking is an essential function of nearly all cells in the body; it is therefore 

unsurprising that an important group of proteins such as the tetraspanins are intimately involved 

in this process. One example of this is the tetraspanin CD63 which is aids in the internalization of 

partner proteins and possible targeting to late endocytic vesicles.15 Another example is the 

tetraspanin subgroup TspanC8, comprising 6 tetraspanins that contain 8 cysteine residues, which 

aids in trafficking of the metalloproteinase ADAM10 to either late endosomes or the plasma 

membrane.16,17 In addition to protein trafficking, tetraspanins also regulate the function of 

membrane-anchored proteins. Membrane-bound proteases such as ADAM10 and MMP14, as 

well as membrane-bound growth factor precursors like transforming growth factor Ŭ, are all 

regulated by various tetraspanins.18ï20 Tetraspanins also modulate the downstream signaling of 



   

 

3 

 

 

integrins. CD151 has been shown to regulate numerous signaling molecules including Akt, Src, 

focal adhesion kinase (FAK), and Rho family GTPases.21ï23 This important role is highlighted by 

the development of kidney failure secondary to glomerular basement membrane defects, as well 

as skin and possible inner ear defects, in people with defective CD151.24  

 In addition to its role in basement membrane integrity, CD151 and other tetraspanins have 

been associated with the development of neoplasia such as skin and breast cancer, and are thereby 

being investigated as targets for cancer treatments.25ï27 They have also been found to contribute to 

the infectivity of some bacteria, viruses, and protozoa.28 The early stages of influenza virus and 

Alphavirus infection may be regulated, in part, by tetraspanins,29,30 while CD151 has been shown 

to play a role in the endocytosis of human papillomavirus 16, a cause of cervical cancer.31 

Furthermore, the tetraspanin CD81 is critical for the entry of Plasmodium into hepatocytes in the 

first stage of malaria infection; CD81 also acts as a receptor for the hepatitis C virus.32,33 

Tetraspanin involvement has been implicated in HIV infection and has also been explored as a 

potential therapeutic avenue to modulate HIV infection.34,35 Given their widespread involvement 

in the pathogenesis of many diseases, tetraspanins serve as important targets for treating many 

infectious, hereditary, and neoplastic conditions.  

1.2 Introduction to the MS4A Family 

1.2.1 Brief 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. CD20 was believed to be 

instrumental to B-cell proliferation and differentiation, and it was found to not share any 

significant homology with other known proteins of the time.36 A few months later, the cDNA of 

the ɓ subunit of the high-affinity IgE receptor FcʁRI was successfully cloned; this protein would 
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eventually become known as MS4A2.37 Five 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 and FcRʁIɓ, and the genes for all three proteins were 

determined to be located on human chromosome 11q12-13.1 and murine chromosome 19.38 It 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 would be named the 

membrane-spanning 4-domain subfamily A (MS4A) family of proteins. Since then, a total of 18 

MS4A family members have been discovered in humans, while 23 members have been described 

in mice.39 All but 2 of the human MS4A genes are located on human chromosome 11q12-13; the 

exceptions are TMEM176A and TMEM176B, which are instead located 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 chromosome 6.40 Though the newest MS4A family member 

was only 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 in the 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 and MS4A6E, which are truncated 

proteins having only 2 transmembrane domains.41 The N- and C- termini of tetraspanins and 

MS4A proteins are generally quite short; however the tetraspaninsô are shorter, consisting of only 

8-21 amino acids whereas those of the MS4A proteins are 20-90 amino acids long.42 There are 

three exceptions to thisðMS4A13, MS4A14, and MS4A15. The N-terminal cytoplasmic domain 

of MS4A13 is extremely shortened and essentially nonexistent, while both the N- and C- termini 
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of MS4A15 are slightly more elongated than the other proteins. MS4A14 is the longest protein in 

the family, with an considerably elongated C-terminus that extends over 360 amino acids in 

length.39,43 Like tetraspanins, nearly all MS4A proteins have cysteine-cysteine residues in their 

second extracellular loop that promote the formation of disulfide bridges.42 However, tetraspanins 

frequently contain polar residues within their transmembrane domains, a feature that is lacking in 

the MS4A proteins.44 

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 even heterodimerizing with one 

another to form signaling complexes. One prominent location in which these proteins are 

frequently expressed is the surface of leukocytes: proteins such as MS4A1, MS4A2, MS4A3, 

MS4A4A, and MS4A14 are all expressed on various white blood cells. MS4A5, MS4A8B, 

MS4A13, MS4A14, and MS4A15 are commonly expressed in tissues of the reproductive tract, 

while the colon represents another common site of MS4A expression, notably by MS4A6A, 

MS4A10, and MS4A12.43 

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 

extracellular signal downstream into the cell. MS4A1 is associated with various other cell surface 

receptors, including tetraspanins, and transduces signals through Src family kinases in B cells.45,46 

Similarly, MS4A2 associates with the Ŭ and ɔ subunits of the FcRʁI complex and contains a 

cytoplasmic ITAM in its C-terminal tail that signals through Lyn and other Src family kinases.47 
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Conversely, MS4A8B and TMEM176B contain a cytoplasmic ITIM, indicating the persistent 

involvement in signal transduction, albeit inhibitory rather than activating.43 Calcium flux 

regulation is another common feature among MS4A proteins, with proteins such as MS4A1,46 

MS4A4A,48 MS4A12,49 and MS4A1550 having been linked to the regulation of calcium 

homeostasis in the cell. 

1.2.4.2 Cell Cycle Regulation 

 Regulation of the cell cycle is another common function among various MS4A family 

proteins. MS4A3 expression has been linked to cell cycle arrest at the G0/G1 phase via 

dephosphorylation of cyclin-dependent kinase 2.51 Similarly, Ms4a4b in the mouse is involved in 

the regulation of T-cell proliferation and even dimerizes with Ms4a6b to achieve this function.52 

MS4A12, a colon-specific MS4A protein, regulates the proliferation of colonocytes by interacting 

with the epidermal growth factor receptor.49 Given their involvement in the regulation of the cell 

cycle in a myriad of cells, it is foreseeable that the aberrant expression of 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 include various types of cancer, Alzheimerôs disease, 

and atopy. Because of their involvement with the regulation of the cell cycle, it is predictable that 

mutations and irregular expression of certain MS4A genes can result in the development of 

several types of lymphoid (MS4A1) and myeloid (MS4A3) leukemias. Additionally, these proteins 

are frequently correlated with increased incidence, disease progression, and overall survival times 

in numerous types of gastrointestinal cancers. For example, one study evaluated 9,736 gastric 

tumors and 8,587 normal gastric biopsies for the expression profile of MS4A genes.53 Low 
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expression of MS4A2, MS4A7, MS4A14, TMEM176A, and TMEM176B was significantly 

associated with better overall survival, while high expression of MS4A6 and MS4A8 was 

significantly associated with better outcome.  

 Mutations in MS4A genes were determined to be twice as common in patients with 

Alzheimerôs disease than of healthy controls.54 Other studies have corroborated these findings, 

especially with regard to MS4A6A, suggesting that many of these proteins are heavily involved in 

neurobiological homeostatic mechanisms.55,56 Almost all of the MS4A proteins are located on 

chromosome 11q12, a region that has previously been linked to the development of atopy and 

asthma.57,58 As such, mutations in MS4A2, the protein involved in trafficking of the high-affinity 

IgE receptor, have been associated with the development of allergic conditions such as atopy and 

asthma.59,60 Additional studies suggest that other MS4A family proteins such as MS4A4A and 

MS4A6A are also involved in the regulation of the normal function of mast cells, implicating 

their further potential role in mast cell-mediated diseases.61,62 
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Figure 1. Protein structure of the 18 described human MS4A proteins. For each non-

truncated protein, the four transmembrane (TM) domains are depicted in addition to the N- and C-

terminal tails, one intracellular loop, and two extracellular loops. ITAMs and hemi-ITAMs are 

depicted as green ovals on the C-terminal tail, while ITIMs are depicted as red ovals. Tail and 

loop lengths are based upon the amino acid sequences of each protein. 
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1.3 Individual MS4A Family Members 

1.3.1 MS4A1 (CD20) 

 Perhaps one of the most studied members of the MS4A family, MS4A1, also known as 

CD20, is a 33-37 kDa non-glycosylated protein found on the surface of the majority of B cells 

starting from late pre-B lymphocytes and also including malignant B lymphocytes.63 As with 

most other members of this family, it consists of four hydrophobic transmembrane domains, two 

extracellular loops, and one intracellular loop.43 Differential phosphorylation of MS4A1 by 

various Src family kinases such as Lyn, Fyn, and Lck results in a variety of downstream signaling 

effects; additionally, increased phosphorylation of MS4A1 has been found to be a feature of B 

cell malignancies.64 MS4A1 interacts closely with tetraspanin molecules, including CD53, CD81, 

and CD82;45 it also interacts with major histocompatibility complex class II, CD40, the B-cell 

receptor, and the C-terminal Src kinase-binding protein (CBP).46,65,66  

 The exact function and potential ligand of MS4A1 is currently unknown. A case report 

described a patient with a homozygous mutation of MS4A1 and its resultant truncation.67 

Although cell surface expression of CD20 was completely absent, B-cell differentiation continued 

normally and the patient exhibited normal numbers of B cells. However, circulating memory B 

cells, immunoglobulin isotype switching, and IgG levels were reduced, indicating MS4A1ôs 

involvement in these processes. Repeated vaccination caused the patient to demonstrate a 

decreased response to T-independent antigens such as pneumococcal vaccination; however, T-

dependent antigens such as anti-tetanus toxoid induced a normal response. Murine knockout 

models failed to elucidate MS4A1ôs role any further; these mice displayed normal B cell 

differentiation and proliferation, isotype switching, and tissue localization.68,69 Antithetic to the 

aforementioned case report of the human patient with the homozygous mutation, T-dependent 
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immunity was compromised in MS4A1-deficient mice in one study.70 These findings obfuscate 

the role of MS4A1 further and perhaps suggest varying functions between mice and humans. 

MS4A1 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 could be a 

calcium channel that is involved in B-cell activation.46,64  

 Given its relative specificity to B cells, MS4A1 has proven to be an effective target for 

monoclonal antibodies in the treatment of B cell malignancies. One such drug, rituximab, is an 

anti-CD20 monoclonal antibody that is often combined with other chemotherapeutics to treat 

chronic lymphocytic leukemia and various types of lymphoma.71 Newer generation anti-CD20 

monoclonal antibodies such as ofatumumab and obinutuzumab have been developed which are 

superior to rituximab and are being used in combination with novel therapeutics such as ibrutinib, 

idelalisib, and venetoclax.72ï74  

 In addition to B cell malignancies, MS4A1 is associated with various other forms of 

neoplasia. A population of CD8+CD20+ T cells was found in normal colonic tissue that was 

adjoined to colorectal carcinoma.75 In this study, MS4A1 expression 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, acting as a metabolic gauge for the tumor milieu.76 Other conditions 

linked to MS4A1 include common variable immunodeficiency,77 asbestos-related lung squamous 

cell carcinoma,78 Alzheimerôs disease,79 and brain metastatic lung adenocarcinoma,80 among 

others. 

 

 



   

 

13 

 

 

1.3.2 MS4A2 (FcŮRIɓ) 

 The MS4A2 protein is expressed primarily in mast cells and basophils and is also referred 

to as FcŮRIɓðthe beta subunit of the high affinity IgE receptor FcŮRI.81 This protein is 

responsible for binding to the alpha and gamma subunits of the FcŮRI complex and trafficking the 

entire receptor complex to the cell surface; it also acts as a signal amplifier through the ITAM 

located in its C-terminal tail.82 After IgE binds to FcŮRIŬ, a signal is transduced through the 

receptor complex and FcŮRIɓ binds to Lyn kinase, leading to phosphorylation of Syk.47 A 

naturally occurring truncated splice variant of MS4A2 exists which lacks exon 3; this truncated 

protein promotes calcium-dependent microtubule formation, which helps to facilitate mast cell 

degranulation as well as cytokine release.82 Splice-switching antisense oligonucleotides (SSOs) 

have been utilized to force the translation of this truncated splice variant rather than the full-

length protein. The truncated variant does not associate with FcŮRI because it lacks the first two 

transmembrane domainsðthe domains responsible for binding to FcŮRIŬ and FcŮRIɔ. This in 

turn has resulted in significantly less FcŮRI trafficking to the cell surface and therefore less mast 

cell degranulation, thus highlighting its potential as a treatment for mast cell-mediated 

diseases.83,84  

 It was recently discovered that another MS4A family protein, MS4A6A, plays a similar 

role to MS4A2 in the trafficking and signaling of the IgE receptor complex.61 Given its 

localization to mast cells and basophils, it is predictable that MS4A2 has been implicated in a 

variety of allergic conditions such as atopic dermatitis,59 asthma,60 allergic rhinitis,85 and chronic 

allergic keratoconjunctivitis.86 In addition to allergic diseases, MS4A2 has been associated with 

other conditions such as preeclampsia,87 Alzheimerôs disease,79 and fibromyalgia,88 as well as 
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various types of cancers such as lung adenocarcinoma,80 gastric cancer,53 colon cancer,89 and 

breast cancer.90  

1.3.3 MS4A3 (HTm4) 

 MS4A3, also known as HTm4 (hematopoietic cell 4-transmembrane), is expressed by 

granulocyte-monocyte progenitors but not hematopoietic stem cells, making it a useful marker for 

early myeloid differentiation.91 In these cells, MS4A3 forms a complex with cyclin-dependent 

kinase-associated phosphatase (KAP) and CDK2, wherein it promotes cell cycle arrest in the 

G0/G1 phase.92 Given this crucial role in cell cycle regulation, MS4A3 has unsurprisingly been 

found to be associated with the development of acute93 and chronic94 myeloid leukemias. Other 

conditions that have been correlated with aberrant expression of MS4A3 include adverse 

pregnancy outcomes,95 type 1 diabetes,96 serum cyanocobalamin level,97 and sepsis severity.98 

1.3.4 MS4A4A & MS4A4E 

 MS4A4 has two known variants in humansðMS4A4A and MS4A4E. Both are expressed 

in myeloid cells and expression can be induced following glucocorticoid administration;99 both 

have also been implicated in the pathogenesis of Alzheimerôs disease.100,101 

 MS4A4A expression increases during monocyte to macrophage differentiation,99 and is 

critical for the activation of Syk-dependent signaling in macrophages following ligand binding.102 

In mast cells, MS4A4A is multifunctionalðit regulates trafficking, signaling, and recycling of the 

KIT receptor, mediates signaling of FcŮRI, and promotes store-operated calcium entry.48,62 

Various types of neoplasia have been associated with MS4A4A expression, such as esophageal,103 

gastric,104 ovarian,105 and neurological cancers.106 With regard to MS4A4E, little research has 

been conducted regarding its function other than its association with the development of 
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Alzheimer's disease and glioma.106,107 It is a truncated splice variant of MS4A4A, comprising only 

the first two transmembrane domains.43 

 At least five known variants of Ms4a4 have been describe in the mouse which include 

Ms4a4a, Ms4a4b, Ms4a4c, Ms4a4d, and Ms4a4x.39,41,108 Ms4a4a is expressed highly in murine 

tumor-associated macrophages; however, no association with its expression and tumorigenesis 

was ascertained.108 Ms4a4b has been reported to hetero-oligomerize with Ms4a6b, allowing it to 

modulate the activation of T cells.52 Another study found that knockdown of Ms4a4b resulted in 

accelerated T cell proliferation, and that this protein regulates T cell proliferation by inhibiting 

entry of cells into the S-G2/M phase.109 Ms4a4b, 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 tissues.41 Ms4a4x is expressed in osteoclasts; little else is 

currently known about this variant.39 

1.3.5 MS4A5 (TETM4) 

 MS4A5, also known as testes expressed transmembrane-4 or TETM4, is a protein that is 

roughly 200 amino acids long and has a molecular weight of 22.2 kDa.110 As with other MS4A 

proteins, it comprises four 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 domains.110 Tissue distribution appears to be restricted to 

the testes, with no mRNA having been found 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 pancreas.110 As such, MS4A5 was the first MS4A family 

member discovered that was not associated with hematopoietic tissue. 
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1.3.6 MS4A6A & MS4A6E 

 In humans, MS4A6 is expressed as two variantsðMS4A6A and MS4A6E, while four 

variants (Ms4a6b, Ms4a6c variant 1, Ms4a6c variant 2, Ms4a6d) have been discovered in mice. In 

mast cells, MS4A6A has recently been shown to share the role of MS4A2 with regard to the 

trafficking and signaling of the FcŮRI complex; it is believed that MS4A6A accomplishes this via 

a hemi-ITAM located on its C-terminal tail.61 In addition to mast cells, MS4A6A is expressed in 

myeloid cells,99 as well as B, myelomonocytic, and erythroleukemic cell lines.41 MS4A6A has 

been compellingly implicated in the development of various neurological conditions including 

cortical and hippocampal atrophy,55 glioma,111 Alzheimer's disease,100 and multiple sclerosis.112 

Neoplasia associated with MS4A6A expression include histiocytic neoplasms,113 ovarian 

cancer,114 glioblastoma,115 and esophageal cancer.103 

 Unlike MS4A6A and other MS4A family proteins, MS4A6E is a truncated variant that 

comprises only the last two transmembrane domains.116 Despite this structural alteration, it too 

has been implicated in the progression of Alzheimerôs disease.117  

 The functional capacity of the four murine variants of Ms4a6 has yet to be fully explored, 

leaving a large gap of knowledge in this area. Ms4a6b expression was determined to be highest in 

the murine thymus, spleen, and peripheral lymph nodes, while Ms4a6c expression was highest in 

the bone marrow. Ms4a6d expression was very high in all tissues assayed, including thymus, 

spleen, lymph nodes, bone marrow, liver, kidney, heart, colon, lung, brain, and testes, indicating 

an important physiological role.41 As mentioned, Ms4a6b associates with Ms4a4b to modulate 

regulatory T cell function.52 Both Ms4a6b and Ms4a6c were highly expressed in monocytes that 

had been transplanted into the brain parenchyma of whole body-irradiated mice.118 As with the 

other variants, Ms4a6d is thought to be involved in neurobiological homeostatic mechanisms. 
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One study found that Ms4a6d interacts with another protein, VSIG4, to form a surface signaling 

complex in macrophages of mice with experimental autoimmune encephalomyelitis; this 

signaling complex promotes the activation of the JAK2-STAT3-A20 signaling cascade and NF-

əB suppression.119 In a model of psoriasis-like disease, Ms4a6d expression was upregulated in 

NK/T cells surrounding the skin lesions,120 while another study showed upregulation of Ms4a6d 

in a model of middle cerebral artery occlusion.121 These findings would suggest that Ms4a6d 

plays a regulatory role in inflammatory conditions, possibly acting to suppress excessive 

inflammation. 

1.3.7 MS4A7 (CFFM4) 

 The MS4A7 protein was first described as CD20/FcŮRIɓ family member 4 (CFFM4).122 It 

is highly homologous with other family members, but it has slight structural differences such as a 

longer second extracellular loop.122 It is highly expressed in myeloid cells, and can be strongly 

induced following glucocorticoid administration.99 At least two splice variants exist,116 and tissue 

expression in health has been found to be localized to the spleen, colon, and small intestine.123 

MS4A7 is a marker for a distinct subset of tumor-associated macrophages,124 and high expression 

has been identified in various types of neoplasia such as non-small cell lung cancer,125 ovarian 

cancer,126 glioblastoma,127 and triple-negative breast cancer.128 

1.3.8 MS4A8B (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 tubes.43 It shares roughly 31% identity with MS4A2, but contains an ITIM rather than an 

ITAM in its C-terminal tail.43 Its function is believed to be associated with the regulation of 

ciliary motility and chemosensory signal modification in the lungs.129 In the gut, MS4A8B has 
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been shown to be a marker of differentiation of intestinal epithelium that modulates the 

transcriptome and promotes resistance to reactive oxygen species, thereby supporting the 

physiological barrier function of the epithelium.130 The murine ortholog Ms4a8a is also highly 

expressed in the gastrointestinal tract.41,123 In humans with diffuse gastric cancer, high mRNA 

expression of MS4A8B was correlated with better overall survival,53 whereas increased expression 

was associated with more cellular proliferation and carcinogenesis in patients with prostate 

cancer.131 Small cell lung carcinoma cells were also found to overexpress MS4A8B.132 

1.3.9 Ms4a9 

 Ms4a9 has only been described in murine tissues, with RNA expression found in the lung, 

brain, thymus, testis, and ovary.123 The highest expression was found in the lung and brain. It 

shares ~30% sequence identity with murine Ms4a4. 

1.3.10 MS4A10 

 MS4A10 is a 241-amino acid protein that has a predicted molecular weight of 26.9 kDa.116 

Its amino acid sequence is 52% identical to murine Ms4a10, with the highest homologies found in 

the transmembrane domains and the second extracellular loop.116 Little is known regarding its 

expression in humans; however, one study found that MS4A10 gene expression was 

downregulated in human patients with Crohnôs-like disease of the pouch.133 Ms4a10 expression in 

mice is localized primarily to the small intestine,123 although another study found RNA transcripts 

of Ms4a10 expressed in murine thymus, kidney, colon, brain, and testis tissue.41  

1.3.11 Ms4a11 

 Ms4a11 has only been described in murine tissues and is also referred to as Ms4a6b.134 It 

is thought to be involved in signal transduction due to the presence of transmembrane domains, 

and appears to be dependent on OCA-B (OBF-1/Bob1) genesðgenes that are B cell-specific 
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coactivators of the octamer-binding transcription factors OCT-1 and OCT-2.134 Its tissue 

distribution includes thymus, spleen, intestine, colon, lung, testis, and heart, with highest mRNA 

expression found in the thymus.123 Mice experimentally infected with Brucella abortus 

experienced a 3.24-fold increase in Ms4a11 expression.135 

1.3.12 MS4A12 

 MS4A12 is a protein specific to colonocytes and is involved in store-operated calcium 

entry.49 In the colon, it modulates epidermal growth factor receptor signaling. In addition to its 

presence in normal colonic tissue, MS4A12 was found in 63% of colon cancers tested.49 Low 

expression of MS4A12 was associated with significantly worse survival outcomes in people with 

primary colorectal cancer,136 which may be due to its role in colonic cellular differentiation.137 In 

addition to its association with the development of colorectal cancer, MS4A12 may also 

contribute to the development of inflammatory bowel disease.138 

1.3.13 MS4A13 (TETM4.2) 

 MS4A13 is highly specific to the testes in both the human and the mouse.139 Potentially 

deleterious mutations in the gene encoding this protein have been discovered in patients with 

Alzheimerôs disease.54 It is unusual to other MS4A proteins in that it has an extremely shortened 

N-terminal cytoplasmic tail.39 

1.3.14 MS4A14 (NYD-SP21/Sp3111) 

 The structure of MS4A14 is noteworthy in that it is over twice as long as all other MS4A 

proteins due to an extremely extended sequence at the C-terminal tail of over 360 amino acids.39 

Its second extracellular loop is also over 6 times longer than that of other MS4A proteins.43 This 

protein is expressed by myeloid cells as well as circulating monocytes, and its expression 

decreases during monocyte to macrophage differentiation.99 It was included in a six-gene 
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signature that was significantly correlated with advanced stage and grade, as well as worse 

prognosis, of clear cell renal cell carcinoma.140 Low expression of MS4A14 was correlated with 

better overall survival in people with gastric cancer,53 while another study revealed that MS4A14 

was upregulated in people with bipolar disorder during manic episodes.141 This protein may also 

be involved in reproduction, as one study indicated that MS4A14 expression might be a useful 

biomarker for the diagnosis, prevention, and prognosis of recurrent pregnancy loss.142 In the rat, it 

has been shown to localize to the testes,143 and shRNA knockdown resulted in a markedly 

reduced fertility rate in mice.144 

1.3.15 MS4A15 (MGC35295) 

 MS4A15 is similar in structure to the other MS4A proteins except for slightly longer 

cytoplasmic tails.39 In health, the MS4A15 protein is localized to the endoplasmic reticulum, 

where it interacts with resident calcium regulators to block ferroptosis.50 This is achieved by 

alteration of the lipid profile by depleting luminal calcium stores, which favors the accumulation 

of monounsaturated fatty acid-containing phospholipids and plasmalogen ether lipids. Expression 

of MS4A15 has been found in the testis, lung epithelium, and in hematopoietic cells.43 As with 

other MS4A members, MS4A15 has also been associated with the progression of certain cancers 

such as ovarian145 and gastric cancer.53 It was found to be useful in a six-gene signature used for 

the prognostication of colonic adenocarcinoma.146 

1.3.16 MS4A18 

 Very little is currently known regarding MS4A18 as it has only been described relatively 

recently in 2010. It has an elongated N-terminal cytoplasmic tail, and its tissue distribution 

appears to be restricted to the testes.39,43 
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1.3.17 TMEM176A (HCA112) & TMEM1 76B (TORID/LR8/Clast1) 

  While all of the aforementioned MS4A genes are located on human chromosome 11q12 

(murine chromosome 9), two distantly related genes are located on chromosome 7q36.1 (murine 

chromosome 6).39 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.147 Both of these proteins interact with one another and appear to be associated with 

immature dendritic cells.148 On its own, TMEM176A, also known as HCA112, has been 

implicated in the pathogenesis of various types of neoplasia including pancreatic cancer,149 

glioblastoma,150 lung cancer,151 hepatocellular carcinoma,152 and various gastrointestinal 

cancers.53,152ï154 A common function of TMEM176A in these cancers is modulation of ERK 

signaling.149,152 Like its counterpart, TMEM176B is also involved in the development of cancer; 

however, this protein acts through AKT/mTOR instead.155 Other types of cancer associated with 

TMEM176B include breast cancer,155 colorectal cancer,156 cutaneous melanoma,157 and prostate 

cancer,158 among others. One common mechanism of TMEM176B involvement in these cancers 

in via inflammasome activation.156,159 Like MS4A8B, TMEM176B contains an ITIM in its C-

terminal tail.43 

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 v-Kit gene found in the Harvey-Zuckerman-4 strain of feline sarcoma 

virus.160 Like its viral counterpart, c-Kit (named for its cellular localization rather than viral) was 

found to share a tyrosine kinase region with v-kit in addition to major structural features of other 

receptor tyrosine kinases. During its first discovery, KIT was classified a proto-oncogene, 

highlighting the important recognition of the oncogenic potential of this receptor.160 Its ligand was 
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initially unknown, but in 1990 it was reported that stem cell factor (SCF), also known as Steel 

factor and Kit ligand, was indeed the ligand for the KIT receptor.161 Ensuing research has since 

identified that KIT is expressed by a variety of cells, including hematopoietic progenitors, mast 

cells, melanocytes, and germ cells.162,163 

 KIT is a type III cell surface receptor tyrosine kinase that has five immunoglobulin-like 

extracellular domains, a short transmembrane 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 insert.164 It comprises 976 amino acids with a final protein size of roughly 

110 kDa; however, N-linked glycosylation can increase its size to 145-160 kDa.160 Upon binding 

to SCF, KIT homodimerizes with another KIT receptor; the first three Ig-like regions of each 

receptor bind tightly to SCF while the last two interact tightly with their counterparts on the 

opposite receptor.165 Dimerization allows for transphosphorylation of the bound receptor; to date, 

at least ten tyrosine phosphorylation sites have been identified.164 The phosphorylated regions are 

then able to serve as docking sites for signaling molecules and allow for downstream signaling.166 

Signaling occurs through a myriad of proteins which include PI-3ǋ kinases, Src family kinases, 

and MAP kinases, as well as phospholipase C and D, among others.164  

 As immature hematopoietic stem cells exit the bone marrow, they rely 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 into maturity.167 KIT plays an important role in numerous 

biological functions including hematopoiesis, skin pigmentation, reproduction, digestion, 

cardiopulmonary function, and 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 of c-Kit resulting in excessive and unchecked kinase 

activity.164 Other types of cancers that develop from activating mutations of c-Kit include 

melanoma,168 small cell lung carcinoma,169 testicular carcinomas,170 and acute myeloid 

leukemia.171  

 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 of mast cells in an otherwise healthy person; in severe 

cases, this can lead to overactive mast cells and subsequent frequent, unprovoked anaphylactic 

responses.172 The mast cells in nearly all adults with systemic mastocytosis carry the activating 

mutation D816V. About 40% of children with systemic mastocytosis have this mutation, while 

another 40% of these children have mutations of c-Kit at other locations.173  

 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 inhibitors were one of 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 target KIT  by reducing the overactive kinase activity of mutated receptors.174 Aside 

from tyrosine kinase inhibitors, oligonucleotides have also been investigated in the treatment of 

various mast cell-mediated 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 asthma,175 anaphylaxis,176 and mast cell neoplasia.177  
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 While KIT plays an important role in the functions of numerous cells throughout the body 

in addition to the pathogenesis of various diseases, it does not accomplish this alone. Human and 

murine KIT have both been shown to associate with tetraspanins including CD9, CD63, and 

CD81.178,179 When associated with 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 treatment.178 

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 possible broader regulatory function among 

progenitor cells.178,179 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 caveolin-1-enriched microdomains.62 The same study found that, if MS4A4A is silenced, 

KIT signaling is substantially altered, having implications for mast cell proliferation and 

migration. Given their crucial roles in mast cells, KIT and the high-affinity IgE receptor FcʁRI 

(which contains MS4A2) might also act in tandem to facilitate mast cell functions. Indeed, when 

treated with KIT inhibitors, human mast cells displayed significantly reduced SCF-potentiated 

degranulation mediated through FcRʁI.180 

1.5 The FcŮRI Complex as it Relates to MS4A Proteins and Tetraspanins 

 In humans, the high-affinity IgE receptor FcʁRI can exist as either a tetrameric receptor 

containing one Ŭ, one ɓ, and two ɔ chains, or as a trimeric receptor lacking the ɓ subunit (Figure 

2).181 Mice, however, generally only express the tetrameric form in health.182 The receptor 

complex is anchored to the plasma membrane by the ɓ subunit (also known as MS4A2), which 

acts to traffic the complex from the endoplasmic reticulum to the cell surface as well as 
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propagates signals through its C-terminal ITAM. 83,183 The Ŭ subunit is responsible for binding to 

soluble IgE while the two ɔ subunits operate as the main signal transducers of the receptor 

complex via their intracellular ITAMs.47  

 Fcʁ RI activation is one of the primary means of mast cell degranulation, underscoring the 

receptorôs critical role in 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 MS4A6A to facilitate trafficking and signaling.61 Furthermore, 

as with KIT, MS4A4A also interacts with FcʁRI by recruiting it into lipid rafts and mediating 

Orai1 calcium entry to promote signal propagation.48 The tetraspanin CD63 has been shown to be 

essential for FcʁRI-mediated mast cell degranulation.184 By creating a CD63 knockout mouse 

model, researchers were able to show that bone marrow-derived mast cells from these mice 

displayed a significant reduction in FcʁRI-dependent, but not FcʁRI-independent, degranulation. 

Conversely, the tetraspanin CD151 inhibits FcRʁI-mediated mast cell activation by regulating 

ERK1/2 and PI3Kðkinases associated with cytokine production.185 CD151 is not, however, 

associated with phospholipase Cɔ1, the kinase associated with degranulation. Altogether, these 

findings highlight the complex interplay of tetraspanins, MS4A proteins, KIT, and FcRʁI with 

respect to the myriad of mast cell functions. These proteins therefore serve as alluring targets for 

therapeutics aimed at treating mast cell-mediated diseases such as allergy, anaphylaxis, and 

neoplasia.
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Figure 2. The tetrameric Fcʁ 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 plasma membrane. 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 ITAMs. 
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1.6 The Utility of Splice-Switching Oligonucleotides 

 Before protein translation can occur, pre-mRNA undergoes a transformation that results in 

the removal of non-coding intronic sequences; this event, termed pre-mRNA splicing, yields an 

mRNA template that comprises only coding exons to ultimately be translated into a protein.186 

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 transcript.187 These splice variants 

often result in functional, truncated proteins that may serve alternative purposes to those of the 

original, full-length protein; however, some transcripts may undergo nonsense-mediated decay 

due to a frameshift that generates a premature stop codon.188 This natural splicing mechanism is 

now being exploited through the use of synthetic splice-switching oligonucleotides (SSOs).  

 SSOs are short molecules, roughly 15-30 nucleotides long, that are produced in a sequence 

antisense to the targeted template region. The SSOs bind to their anticipated region on the pre-

mRNA strand and sterically hinder the spliceosome from recognizing the template, resulting in 

modified splicing of the template pre-mRNA without degrading it altogether (Figure 3).189 

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 backbone modifications include the conversion to a 

phosphorothiate or phosphorodiamidate backbone, which allow for improved stability and lower 

protein binding, respectively.190 Sugar modifications are useful in conferring resistance to RNAse 

H, thereby preventing premature pre-mRNA decay. These include modifications at the 2ǋ sugar 
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position, such as 2ǋ-O-methyl and 2ǋ-O-methoxyethyl, as well as locked nucleic acid chemistry 

which involves bridging of the furanose ring.191 

 SSOs are being used 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 the DMD gene which encodes the protein dystrophin. This mutation causes 

non-functional 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 cardiomyopathies.192 Numerous SSOs have been developed to treat DMD 

by skipping particular exons to allow for the production of a truncated, but functional, dystrophin 

protein. Eteplirsen and golodirsen are both FDA-approved SSOs that are used in the treatment of 

DMD, with the former showing exceptional promise in significantly improving the lives of these 

patients.193 Additional FDA-approved SSOs are being used to treat a variety of other conditions 

including retinitis, familiar hypercholesterolemia, spinal muscular atrophy, and amyloidosis.194 In 

vitro, these molecules 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 

Fcʁ RI and KIT, offering a means to treat mast-cell mediated diseases such as asthma, 

anaphylaxis, and mast cell neoplasia.84,176,177 
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Figure 3. Splice-switching oligonucleotides bind to pre-mRNA, sterically hindering the 

spliceosome and causing skipping of exons of interest. (A) Antisense exon-skipping 

oligonucleotides bind to the pre-mRNA template strand, sterically hindering the spliceosome 

from translating a particular exon. (B) Normal translation results in the generation of a full-length 

protein product. (C) SSO treatment results in the skipping of a particular exon, forming a 

truncated splice variant that, in this case, is lacking exon 3. 
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CHAPTER 3 

Murine Ms4a6d Contributes to the Mast Cell-Mediated Inflammatory  

Response in Allergic Airway Disease 

Barry A. Hedgespeth, Jonathan R. Nagel, and Glenn Cruse 

3.1 Introduction  

 Mast cells are critical mediators of the innate and adaptive immune responses, and also 

serve numerous physiological functions such as angiogenesis, wound healing, and tissue repair.1 

Although they play many roles in the protection of their host organism, mast cells also contribute 

to the pathogenesis of several diseases such as allergy, Crohnôs disease, autoimmune disease, and 

various types of cancer.2ï5 These conditions often arise as a result of the myriad of cytokines, 

chemokines, growth factors, and inflammatory mediators normally contained within the mast cell 

that are released following mast cell activation. This frequently occurs via the high-affinity IgE 

receptor FcŮRI, which binds to IgE and elicits mast cell degranulation.6 

 In humans, FcŮRI exists as either a tetrameric receptor that contains one Ŭ, one ɓ, and two 

ɔ chains, or as a trimeric complex that only contains the Ŭ and two ɔ chains. In general, the 

tetrameric form is expressed by mast cells and basophils, whereas the trimeric form is expressed 

on antigen-presenting cells, dendritic cells, Langerhans cells, monocytes, macrophages, platelets, 

eosinophils, neutrophils, as well as a variety of pulmonary and intestinal epithelial cells.7ï9 IgE is 

normally bound to the Ŭ subunit; upon antigen binding and FcŮRI crosslinking, signal 

transduction occurs through the two ɔ subunits by way of their immunoreceptor tyrosine-based 

activation motifs (ITAMs).6 The ɓ subunit also contains an ITAM through which it propagates 

activating signals, but this protein is also crucial for trafficking the tetrameric FcŮRI complex 
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from the endoplasmic reticulum to the cell surface.10 FcŮRIɓ is encoded by the MS4A2 gene, a 

member of the membrane-spanning 4-domain subfamily A (MS4A) protein family. 

 The MS4A family is a group of proteins localized to human chromosome 11q12-13.11 

Interestingly, this region of the genome has been linked to asthma and allergy susceptibility.12 

Indeed, alterations and truncations in MS4A2 have been shown to modulate the proliferative and 

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

the allergic response.13,14 We have recently shown that, in human mast cells, the MS4A2 protein 

shares its role with another member of the MS4A familyðMS4A6A.15 In the event of MS4A2 

truncation or complete knockdown, MS4A6A takes over the role of FcŮRI trafficking, 

downstream signaling, and cytokine production.  

 During our investigation of MS4A6A, it was noted that the functional redundancy of the 

orthologous murine Ms4a6 might not be as stark as its human counterpart, and in fact murine 

Ms4a6 may serve a completely different role altogether.15 It is important to note that mice usually 

lack the trimeric form of FcŮRI; as such, Ms4a2 is always engaged with murine FcŮRI in all 

healthy cells which could contribute to the lack of redundancy between these two proteins.16 

Murine Ms4a6 is located in the Ms4a gene cluster on chromosome 19, and is joined by at least 22 

other family members.17 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.17 Ms4a6b and Ms4a6c were upregulated in monocytes transplanted into the brain 

parenchyma of whole body irradiated-mice,18 while Ms4a6c was upregulated in mice with 

experimentally induced autoimmune encephalomyelitis that were then treated with an anti-HER2 

monoclonal antibody.19 Ms4a6d is the most investigated Ms4a6 isoform. One study revealed an 

interaction between Ms4a6d and V-set and immunoglobulin domain-containing 4 (VSIG4) in 
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resting macrophages to form a surface signaling complex; this in turn activates JAK2-STAT-A20 

cascades which inhibit NF-əB activation.20 Other experiments have shown that Ms4a6d was 

upregulated in NK/T cells collected from psoriatic mice,21 in the brains of mice with 

experimentally induced middle cerebral arterial occlusion,22 and in the brains of mice with 

experimental autoimmune encephalomyelitis that were fed diets with varying fat content.23  

 To date, no studies exist that investigate the function of Ms4a6 in murine mast cells or in 

models of allergic disease despite the clear functional importance of this protein in humans. As 

such, we sought to verify which murine Ms4a6 variant is the most likely ortholog to human 

MS4A6A in mast cells and to establish whether it plays any comparable, redundant role to Ms4a2 

as it does in humans. Our data suggest that Ms4a6d is the closest murine ortholog to MS4A6A, 

and in the mouse, this protein is involved in the regulation of Ms4a2 expression. While it may not 

share a redundant role to Ms4a2 with respect to the trafficking of FcŮRI, Ms4a6d is intimately 

involved with mast cell survival and proliferation, especially in the face of an inflammatory 

microenvironmentðfeatures also observed with human MS4A6A. 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 process including eotaxin, IL-1ɓ, 

IL-4, and IL-13. 

3.2 Materials and Methods 

Mice and bone marrow-derived mast cell cultures 

 Bone marrow-derived mast cells (BMMCs) were cultured from bone marrow obtained 

from both femurs of seven- to twelve-week-old C57BL/6J mice (JAX:000664) from the Jackson 

Laboratory (Bar Harbor, ME), as described.24 Cells were cultured in complete BMMC-MC/9 

medium containing 30 ng/mL of IL-3 for 4 weeks before experimental use. The phenotypic 
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characteristics of the BMMCs (expression of FcŮRIŬ, KIT, and appropriate degranulation) were 

confirmed prior to use. For the inflammatory airway model, seven-week-old female 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 National Institutes of Health and with the 

approval of the Institutional Animal Care and Use Committee of North Carolina State University 

laboratory animal care protocol 20-223-B.  

Vivo-Morpholino exon-skipping oligonucleotides 

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

murine Ms4a2 (GenBank: NM_013516.2) and exon 4 of Ms4a6d (GenBank: NM_026835.3). 

Specificity of the ESO sequences were confirmed with BLAST search and were purchased from 

Gene Tools (Philomath, OR). To facilitate in vivo delivery (Vivo-Morpholino), an 

octaguanidinium dendrimer was linked to the 3ǋ-N terminus of each of the following ESOs: 

Ms4a2 exon 3: 5ǋ-GTGTTGCCTGTGGAAAACATGAATT-3ǋ 

Ms4a6d exon 4: 5ǋ-ATTCCCCACAGAAGTCCTACTTACA-3ǋ 

Standard control: 5ǋ-CCTCTTACCTCAGTTACAATTTATA-3ǋ 

Reverse transcriptase polymerase chain reaction 

 Total RNA was extracted using the RNeasy Plus Mini Kit (QIAGEN, Germantown, MD) 

according to the manufacturerôs instructions. Quantitative reverse transcriptase PCR (qRT-PCR) 

for the four variants of murine Ms4a6 was carried out using the Quantitect SYBR® Green RT-

PCR Kit (QIAGEN) in the qTOWER3 machine (Analytik Jena, Tewksbury, MA). Products were 

developed on a 2% agarose gel at 80V for 1 hour to confirm product amplification and size; 

images were acquired using an Odyssey Fc imaging system (LI-COR, Lincoln, NE). Primers were 

https://www.ncbi.nlm.nih.gov/nuccore/NM_013516.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_026835
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designed for the four variants of Ms4a6 and the housekeeping gene GAPDH; their sequences are 

as follows: 

Ms4a6b ï expected product length: 471 base pairs 

Forward: CGCCAAATGGAATGAGTCTT 

Reverse: AGCACTCGTTCCTGTCCAAG 

Ms4a6c variant 1 ï expected product length: 430 base pairs 

Forward: AAGGCAAGACAGCCTGAAGAA 

Reverse: GGCACATTCACTCCTGTCTG 

Ms4a6c variant 2 ï expected product length: 331 base pairs 

Forward: CCAATGAGACCATCACAACG 

Reverse: AAATGCAGCTGGGTGAAAAC 

Ms4a6d ï expected product length: 350 base pairs 

Forward: GTGTTGGCTCTGGGAATCAT 

Reverse: AAGCAGCTGTTTAATGGCTCA 

GAPDH ï expected product length: 401 base pairs 

             Forward: GGACGCATTGGTCGTCTGG 

             Reverse: TTTGCACTGGTACGTGTTGAT 

 Additional primers were designed to target Ms4a2 and Ms4a6d to evaluate the formation 

of truncated variants in RNA samples from ESO-treated BMMCs. BMMCs were treated with 10 

ɛM ESO for 24 hours before RNA extraction, and RT-PCR was performed using the Quantitect 

SYBR® Green RT-PCR Kit (QIAGEN) in the qTOWER3 machine (Analytik Jena, Tewksbury, 

MA). Products were developed on a 2% agarose gel at 80V for 1 hour to assess truncation; 
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images were acquired using an Odyssey Fc imaging system (LI-COR, Lincoln, NE). Primer 

sequences are as follows: 

Ms4a2 

Forward: AAGAATCCTCCAGTGCACCT 

Reverse: CAACACAGCACTGCAAAAGG 

Ms4a6d  

Forward: CCCAAACAGACAAACCCCAG 

Reverse: GCTCCAACACACTGCTGATT 

ɓ-hexosaminidase degranulation assay 

 BMMCs that had been in culture for at least 4 weeks were utilized for degranulation 

assays; 24 hours prior to performing the assays, IL-3 was washed out of the growth medium. To 

assess the effect of the ESOs on degranulation, 0.5 x 106 cells were treated with 5 ɛM of the 

designated oligonucleotide for 24 hours. The cells were concurrently sensitized with 100 ng/mL 

anti-DNP IgE (SPE7 clone; Sigma). After 24 hours, the cells were washed and used to measure ɓ-

hexosaminidase release following stimulation with dinitrophenol (DNP) and thapsigargin as 

previously described.25 

Surface Receptor Expression 

 BMMCs treated with 5 ɛM of the designated oligonucleotide for 24 hours were analyzed 

via flow cytometry for surface expression of FcŮRIŬ and CD117 (KIT). Prior to staining for these 

receptors, the cells were stained with LIVE/DEADTM Fixable 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 (FITC)-conjugated rat anti-mouse 



   

 

75 

 

 

CD117 (clone 2B8; BD Pharmingen) and phycoerythrin (PE)-conjugated anti-mouse FcŮRIŬ 

(clone MAR-1; eBioscience, San Diego, CA). The PE Mouse IgG1 ə isotype control was used 

(clone MOPC-21; BioLegend, San Diego, CA). Data were acquired using a CytoFLEX (Beckman 

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 CellTraceTM Far Red Cell Proliferation Kit (Invitrogen) as instructed by the 

manufacturer; the cells were then placed in culture medium containing 30 ng/mL IL-3 and 

divided into the following cytokine treatments: IL-4 (20 ng/mL), SCF (100 ng/mL), IL-33 (10 

ng/mL), or no additional cytokines (R&D Systems, Minneapolis, MN). The indicated 

oligonucleotide was added concurrently at a final concentration of 5 ɛM each. Samples of the 

cells were taken at days 3, 5, and 7 for analysis via flow cytometry. The cells were stained with 

LIVE/DEADTM 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 software 

(Version 10; Ashland, OR). On day 1, a sample of cells that were cultured only in 30 ng/mL IL-3 

was used to provide a baseline point for the proliferation dye; this sample would then be used to 

calculate the Proliferation Index as follows:  

ὖὶέὰὭὪὩὶὥὸὭέὲ ὍὲὨὩὼ 
    

 ȟȟ     
 , 

where gMFI is the geometric mean fluorescence intensity as measured by the flow cytometer in 

the APC channel following the application of compensation. This index acts to normalize the 

gMFI across multiple experiments to account for variability in cell number and staining intensity 
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and is positively correlated with proliferation. Cell survival was calculated as the number of cells 

negative for the LIVE/DEADTM stain (live cells) divided by the total number of cells. 

Murine inflammatory airway disease model 

 A mouse model of inflammatory airway disease was induced as previously described;26 

two separate experiments were performed 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), vehicle control 

(9), control oligo (4), Ms4a2 oligo (8), Ms4a6d oligo (5), or Ms4a2 & Ms4a6d oligos (5). All 

mice except the baseline mice were sensitized with 50 ɛg ovalbumin (Sigma-Aldrich, St. Louis, 

MO) in 100 ɛL PBS intraperitoneally (IP) on days 1, 4, and 7; baseline mice were not sensitized, 

receiving 100 ɛL PBS alone IP.  

 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 in PBS 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 piezo microporous atomizer (170 KHz, 4ɛm) (STEMiNC, Steiner & 

Martins, Inc., Davenport, FL). A mist of PBS or oligonucleotide was generated by placing 25 ɛL 

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 the liquid 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 ɛL aliquot. Baseline and vehicle control mice were nebulized 

with PBS, while 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 ɛL of oligonucleotide (500 nmol/mL) with 10 ɛL PBS prior to nebulization. This 

delivery system was previously validated and has been shown to efficiently deliver small droplets 

of aerosolized liquid into the deeper pulmonary parenchyma.27 

 Concurrent with nebulization, the mice were challenged intranasally with ovalbumin to 

induce airway inflammation; 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 then pipetting four aliquots of 7.5 ɛL solution into the nares, alternating 

sides with each aliquot, for a total of 30 ɛL. The baseline mice received PBS, while all other mice 

received 20 ɛg of ovalbumin mixed in 30 ɛL of PBS.  

 On day 30, the mice were euthanized, and samples were collected for further analysis. 

These included bronchoalveolar lavage fluid (BALF) which was collected as previously 

described.28 In brief, a solution consisting of 2.5g bovine serum albumin (BSA) mixed with 312.5 

ɛL of 0.5 mM (14%) EDTA and 50 mL PBS was mixed to serve as lavage fluid. One mL of this 

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 250 x g for 7 minutes at 4°C and the supernatant was 

stored at -80°C. The cell pellets were washed twice with 2% fetal bovine serum in PBS and 

resuspended in 1% bovine serum albumin in PBS; 100 ɛL of cells were loaded into a single 

cytology funnel (Fisher Scientific) and centrifuged in a Shandon Cytospin 3 Centrifuge (Thermo 

Shandon, Pittsburgh, PA) at 1000 x g for 5 minutes. Slides were allowed to dry before staining 

with methylene blue and eosin and subsequent microscopic enumeration of cells. The lungs of the 

mice were extracted as follows. The left caudal lobe was stored at -80°C 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 was then embedded in paraffin and 

sectioned onto slides. The left cranial and right caudal lobes were subjected to a sucrose gradient 

before fixation in Tissue-PlusTM O.C.T. compound (Fisher HealthcareTM). The sucrose gradient 

protocol consisted of 10% sucrose for 20 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 storage at -80°C. 

Histopathology 

 Formalin-fixed paraffin-embedded sections of the right cranial lung lobe were analyzed by 

a blinded, board-certified 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 that had been stored at -80°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 with a sterile mortar and pestle before 

proceeding with the manufacturerôs instructions. All RNA and protein samples were immediately 

stored at -80°C until further analysis. 

Cytokine/chemokine multiplex analysis 

 The Mouse Cytokine 32-Plex Discovery Assay® Array (MD44) from Eve Technologies 

(Calgary, AB) was utilized to quantify the cytokine concentrations in the protein extracted from 

homogenized mouse lung samples. Cytokines evaluated were as follows: eotaxin, G-CSF, GM-

CSF, IFNɔ, IL-1Ŭ, IL-1ɓ, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12p40, IL-12p70, IL-

13, IL -15, IL-17, IP-10, KC, LIF, LIX, MCP-1, M-CSF, MIG, MIP-1Ŭ, MIP-1ɓ, MIP-2, 
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RANTES, TNFŬ, and VEGF. Samples were submitted for analysis in a 1:5 dilution and evaluated 

in duplicate. 

Statistical analysis 

 Statistical analysis was performed using GraphPad Prism 9.4.0 software (GraphPad, San 

Diego, CA). For comparison of multiple datasets, a one- or two-way ANOVA with Tukey 

multiple comparison was used. The non-parametrically distributed data from the cytokine 

multiplex were analyzed with a Kruskal-Wallis test and Dunnôs correction. Data were considered 

statistically significant if p Ò 0.05.  

3.3 Results 

3.3.1 Ms4a6d is the primary variant expressed in murine cells cultured in IL-3 

 The predominant variant of murine Ms4a6 expressed in mast cells is currently unknown. 

Therefore, RNA extracted from cultured BMMCs from 3 mice was utilized to amplify Ms4a6b, 

Ms4a6c variant 1 (Ms4a6c.v1), Ms4a6c variant 2 (Ms4a6c.v2), and Ms4a6d via quantitative RT-

PCR (Figure 1). Gel electrophoresis revealed minimal amplification of Ms4a6b, with adequate 

amplification observed in only 1 donor (Figure 1A). Ms4a6c.v1 and Ms4a6c.v2 were more highly 

expressed, although expression was variable among the three donors (Figure 1B, C), while 

Ms4a6d was expressed strongly by all three donors (Figure 1D). Amplification of GAPDH was 

comparable among all donors (Figure 1E). As Ms4a6d was the most strongly expressed variant, 

quantitation was performed relative to this variant. Consequently, Ms4a6b, Ms4a6c.v1, and 

Ms4a6c.v2 were expressed 3-, 1.2-, and 16-fold less than Ms4a6d, respectively (Figure 1F).  
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Figure 1. Ms4a6d is the most prominently 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 amplification of Ms4a6b was observed. (B) 

Ms4a6c.v1 was expressed variably among donors, with only the third donor showing strong 

amplification. (C) Variable and weak expression of Ms4a6c.v2 was observed among the donors. 

(D) Ms4a6d was strongly expressed in all three donors at an expected product size of 350 bp. (E) 

GAPDH was expressed comparably among all samples. (F) Ms4a6d was expressed 3-, 1.2-, and 

16-fold more than Ms4a6b, Ms4a6c.v1, and Ms4a6c.v2, respectively. Data represents 3 biological 

replicates. 
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An important consideration in determining which Ms4a6 variant is orthologous to human 

MS4A6A is the presence of an ITAM or hemi-ITAM. The following amino acid sequences 

represent the intracellular C-terminal tails of human MS4A2 and MS4A6A: 

MS4A2              KGNKVPEDRVYEELNIYSATYSELED 

MS4A6A  GNSGMSSKMTHDCGYEELLTS 

 The underlined region of the MS4A2 protein sequence highlights the ITAM with a 

consensus sequence of Yxx[L/I]x(6-8)Yxx[L/I]; the bold Y represents the phosphorylated tyrosine 

residue that binds to Lyn kinase.15 Although MS4A6A does not contain the entire ITAM 

consensus sequence, it does contain a sequence for a putative hemi-ITAM: Yxx[L/I]. It also 

shares the upstream consensus sequence for a tyrosine kinase phosphorylation site 

[R/K]xxx[D/E]xxY. This indicates that the MS4A6A hemi-ITAM might function similarly to the 

MS4A2 ITAM. A similar finding is present when evaluating the murine Ms4a6 variants; the 

following sequences represent the intracellular C-terminal tails of murine Ms4a2, Ms4a6b, and 

Ms4a6d: 

Ms4a2                                 DRLYEELNVYSPTYSELEDKGETSSPVDS 

Ms4a6b           LPHSSNNDSNMESKVLCNPSYEEQLVC  

Ms4a6d           IFLSQNSKNKSSVSSESLCNPTYENILTS 

 The ITAM consensus sequence can be observed in the underlined portion of the Ms4a2 

sequence; however, no murine Ms4a6 variants express this entire sequence. Instead, Ms4a6d 

contains the putative hemi-ITAM sequence of Yxx[L/I]. Ms4a6b only contains one tyrosine in its 

C-terminal tail, making it an unlikely candidate for the MS4A6A ortholog with respect to signal 

propagation. Variant 1 of Ms4a6c has an extremely shortened C-terminal region with no tyrosine 

residues, and variant 2 is a truncated form containing only two transmembrane domains and no C-
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terminal tailðthese variants are therefore also unlikely to be orthologous to MS4A6A. Given its 

high expression in mast cells, along with the presence of a hemi-ITAM sequence in its C-terminal 

domain, Ms4a6d is the most likely murine ortholog to human MS4A6A. 

3.3.2 Ms4a6d does not overtly inhibit murine mast cell degranulation unlike its human ortholog  

 We have recently shown that the human MS4A6A protein plays a redundant role in mast 

cell function as that of MS4A2.15 Treatment of various types of human mast cells with MS4A2 

and MS4A6A ESOs resulted in a synergistic reduction in overall degranulation following 

stimulation. Given the presence of a potential hemi-ITAM as with MS4A6A, it is possible that 

murine Ms4a6d plays a similar redundant role in mast cell degranulation. To investigate this, an 

Ms4a6d exon-skipping oligonucleotide (ESO) was used to induce the skipping of exon 4 of 

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 Ms4a2 ESO at varying concentrations and evaluated for surface 

expression of FcŮRIŬ via flow cytometry over four days (Figure 2). All doses reduced surface 

FcŮRIŬ at 24 hours, with the lowest dose of 1.25 ɛM reducing expression by 81.5% and the 

highest dose of 10 ɛM reducing expression by 96.9% (Figure 2A). Further reductions occurred 

with all doses at 48, 72, and 96 hours; however, these reductions were minimal and were 

accompanied by increasing cell toxicity (Figure 2B). Notably, a 10 ɛM dose at 96 hours resulted 

in 26% cell death. To maximize efficiency and cost while reducing toxicity, a dose of 5 ɛM at 24 

hours was chosen for future experiments as this yielded a 95.1% reduction in surface FcŮRIŬ with 

minimal cell death.  
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Figure 2. Treatment of BMMCs at a dose of 5 ɛM for 24 hours results in sufficient exon 

skipping while reducing cell mortality. (A) BMMCs were treated with increasing doses of 

Ms4a2 ESO and evaluated via flow cytometry for surface FcŮRIŬ expression to monitor efficacy 

over 24, 48, 72, 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 10 ɛM dose. 

A B 
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BMMCs were then treated with either a control, Ms4a2, Ms4a6d, or Ms4a2 + Ms4a6d 

ESO at 5 ɛM for 24 hours, and RT-PCR was performed investigate their effect on mRNA 

truncation or degradation (Figure 3). BMMCs treated with the control or Ms4a6d oligonucleotide 

expressed the full-length Ms4a2 as 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 full-length protein and increased in expression of the truncated variant (Figure 

3A). With respect to Ms4a6d expression, the cells treated with control or Ms4a2 oligonucleotide 

expressed full-length Ms4a6d in addition to a smaller variant, while Ms4a6d ESO treatment 

resulted in a reduction in full-length Ms4a6d expression and the generation of an intermediately 

sized variant (Figure 3B). Combined Ms4a2 and Ms4a6d ESO treatment resulted in a nearly 

complete reduction in full-length Ms4a6d expression. All samples expressed GAPDH equitably 

(Figure 3C).



   

 

85 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Ms4a6d ESO treatment reduces expression of Ms4a6d while increasing expression 

of Ms4a2. (A-C) RT-PCR of (A) Ms4a2, (B) Ms4a6d, and (C) GAPDH from BMMCs that were 

treated with 10 ɛM of respective ESO for 24 hours before RNA was extracted. (A) Ms4a2 or 

Ms4a2 + Ms4a6d ESO treatment resulted in complete reduction of full-length Ms4a2 and 

generation of the truncated splice variant. (B) Ms4a6d and Ms4a2 + Ms4a6d ESO treatment 

resulted in reduction of full-length and shorter variant of Ms4a6d. Combined Ms4a2 + Ms4a6d 

treatment resulted in nearly complete reduction of full-length Ms4a6d. Expression of full-length 

Ms4a2 is increased following Ms4a6d ESO treatment. (C) GAPDH was consistently amplified 

among all samples. 
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To investigate Ms4a6dôs role in degranulation, a ɓ-hexosaminidase assay was performed 

using BMMCs that had been treated with either a standard control oligonucleotide, Ms4a2 ESO, 

Ms4a6d ESO, or a combination of Ms4a2 and Ms4a6d ESOs (Figure 4). Treatment with the 

Ms4a2 ESO resulted in a significant reduction in degranulation when stimulated with 100 and 

1000 ng/mL of dinitrophenol (DNP) (Figure 4A). A potentially synergistic effect was noted when 

BMMCs treated with combined Ms4a2 and Ms4a6d ESOs were stimulated with 100 and 1000 

ng/mL of DNP; however, this effect was not durable across other stimulant doses. No significant 

difference between the standard control oligonucleotide and Ms4a6d ESO was observed (Figure 

4B), nor was there a significant difference in any group after treatment with the positive control 

stimulant thapsigargin (Figure 4C). Overall, these data indicate that Ms4a6d does not play a 

redundant role to Ms4a2 with regard to the degranulation of murine mast cells, although there 

may be a synergistic effect with simultaneous Ms4a2 and Ms4a6d ESO treatment. Additionally, 

Ms4a2 alone is sufficient for FcŮRI signaling and function in BMMCs, and Ms4a2 and Ms4a6d 

perhaps regulate the expression of one another. 
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Figure 4. Ms4a6d ESO treatment of BMMCs does not result in a reduction in 

degranulation. (A, B) BMMCs were treated with 5 ɛM ESO for 24 hours and ɓ-hexosaminidase 

release was measured following stimulation with DNP. No change in degranulation was observed 

in the cells treated with Ms4a6d ESO. A combination of Ms4a2 and Ms4a6d ESOs resulted in a 

significant reduction in degranulation at 100 and 1000 ng/mL. (C) No difference in degranulation 

was observed between any group following stimulation with the IgE-independent stimulant 

thapsigargin. Data represents 5 biological and technical replicates. *p<0.05; ns: not significant. 
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Although all oligonucleotides were administered at a dose of 5 ɛM, the cells treated with 

the combination of Ms4a2 and Ms4a6d ESOs were ultimately exposed to a cumulative dose of 10 

ɛM. It is therefore possible that the synergistic effects observed in this group are due to toxicity 

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 

ɛM before measuring ɓ-hexosaminidase release (Figure 5). In all, no significant 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 thapsigargin (Figure 5A-C). 

These data indicate that the reduction in degranulation observed with stimulation of 100 and 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 proteins. 
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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 

degranulation in response to DNP stimulation was measured via ɓ-hexosaminidase 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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3.3.3 Surface expression of FcŮRIŬ and KIT are not altered following Ms4a6d ESO treatment 

 As with degranulation, we have previously shown that MS4A2 and MS4A6A ESO 

treatment in human cells results in a synergistic reduction of trafficking of the FcŮRI complex to 

the cell surface.15 A similar investigation was conducted with BMMCs that were treated with a 

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

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

FcŮRIŬ expression when compared with the control oligo treatment, while the combination of 

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

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

expression of the KIT receptor was observed in any treatment group (Figure 6B). Together, these 

data indicate that Ms4a6d is not involved in the surface expression of FcŮRI or KIT in murine 

mast cells, unlike MS4A6A in human mast cells. 
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Figure 6. Ms4a6d does not alter surface expression of FcŮRIŬ or KIT. (A-B) BMMCs were 

treated with 5ɛM ESOs for 24 hours and then surface expression of FcŮRIŬ (A) and KIT (B) were 

measured via flow cytometry. Data represent 5 biological and technical replicates. *p<0.05; 

****p<0.0001. 
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3.3.4 Ms4a6d has a significant impact on cellular survival and proliferation, especially in 

inflammatory conditions 

 Ms4a6d expression was found to be upregulated in numerous cells during inflammatory 

conditions such as experimental autoimmune encephalomyelitis23 and a mouse model of 

psoriasis.21 To investigate the role that Ms4a6d might play 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 of one week. The cytokines evaluated included 

IL -3 and SCF, the typical cytokines to which BMMCs are exposed; additional cytokines 

investigated were IL-4 and IL-33ðcytokines heavily involved in driving the allergic Th2-type 

immune response. Cells were cultured in their respective cytokines for one week, with samples 

taken at days 3, 5, and 7 for flow cytometric analysis of survival and proliferation (Figure 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 conditions with 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 ESOs (Figure 7A-B). This was also the case for cells 

treated with SCF, wherein the double oligonucleotide treatment resulted in a significant reduction 

in cellular survival at all timepoints (Figure 7C-D). When the cells were cultured with IL-4, there 

was a significant reduction in proliferation at days 3 and 7 in the double oligonucleotide group; in 

addition, this group had a significant reduction in cell survival at all timepoints (Figure 7E-F). A 

similar effect was observed in the cells cultured with IL-33ðthere was a significant reduction in 
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cell survival at all timepoints in the cells treated with the combination of Ms4a2 and Ms4a6d 

ESOs (Figure 7G-H).  

 

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 cultured in IL-3 (A-B), IL-3 + 

SCF (C-D), 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 the double dose of oligonucleotide, BMMCs were treated with 

10 ɛM of standard control oligonucleotide and survival was assessed at days 3, 5, and 7 (Figure 

8). No significant difference was observed in either the percentage (Figure 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 to oligonucleotide toxicity, but rather a true synergistic effect 

between Ms4a2 and Ms4a6d in cells cultured with proinflammatory cytokines.  

 

Figure 8. The synergistic effect of Ms4a2 and Ms4a6d ESO treatment is not due to increased 

toxicity from increased ESO concentration. (A-B) BMMCs were cultured in 10 ɛM of control 

ASO and monitored over 7 days to assess cell survival. There was no change in percentage (A) or 

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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3.3.5 Murine 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 model of inflammatory airway 

disease (Figure 9). Mice were initially sensitized with ovalbumin intraperitoneally, and thereafter 

challenged with ovalbumin intranasally to induce airway inflammation. Before and during 

ovalbumin challenge, the mice received nebulization treatments with standard control, Ms4a2, 

Ms4a6d, or Ms4a2 + Ms4a6d oligonucleotides. 

 

 

 

 

 

 

 

 

 

 

 

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 continuing every 2 days for 6 doses. Mice were euthanized on 

day 30. Bronchoalveolar lavage fluid and lungs were collected for further analysis. 

 

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

Intraperitoneal ovalbumin sensitization 

Airway nebulization 

Intranasal ovalbumin challenge 
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  Blinded histopathological evaluation of the lungs of the mice is currently pending. The 

bronchoalveolar lavage fluid was evaluated 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 experiment (Figure 10). Although not significant, treatment with a combination of Ms4a2 

and Ms4a6d ESOs resulted in a total cell count comparable with the vehicle control group, 

indicating a pronounced influx of cells into the airways of these mice (Figure 10A). The 

combination group exhibited a significant increase in PMN cells, both in number and percentage 

(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 BALF (Figure 10C, E). These findings would suggest that Ms4a2 and 

Ms4a6d act in tandem to regulate inflammation within the lungs during inflammatory airway 

disease, and targeting these genes together with ESOs results in the influx of inflammatory cells.  
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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 highest 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 observed in the 

number of macrophages in the BALF, although the percentage of macrophages 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: Baseline (4), Vehicle Control (4), 

Ms4a2 ESO (4), Ms4a6d ESO (4), Ms4a2 + Ms4a6d ESO (5). *p<0.05; **p<0.01. 
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To further investigate Ms4a6dôs effect on the inflammatory milieu, a cytokine multiplex 

assay was performed on protein extracted from the left caudal lung lobe (Figure 11). Although 

statistical significance was not achieved, treatment with Ms4a6d ESO resulted in a trend towards 

increased expression of eotaxin, IL-1ɓ, IL-4, IL-13, and monokine induced by gamma interferon 

(MIG, CXCL9). This supports the notion that Ms4a6d may function to reduce the inflammatory 

response in allergic airway inflammation.  
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Figure 11. Ms4a6d ESO treatment results in higher expression of proinflammatory 

cytokines such as eotaxin, IL-1ɓ, 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 number of mice 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 MS4A6A is Ms4a6d as it is the most expressed variant in murine bone marrow-

derived mast cells, and it is the only variant to contain a putative hemi-ITAM sequence within its 

C-terminal domain. However, despite MS4A6Aôs pivotal role in trafficking of FcŮRI in human 

mast cells, Ms4a6d does not appear to share a comparable function in the mouse. This is an 

important point to consider for future studies, as the mouse is therefore unlikely to be a suitable 

model for the study of human MS4A6A in allergic inflammation or IgE-dependent mechanisms. 

As mice only express the tetrameric form of FcŮRI,16 it is possible that this redundancy is a 

product of human speciation. Much of the data presented here focuses on Ms4a6dôs potential 

association with FcŮRI; however, further investigations of Ms4a6d regarding FcŮRI-independent 

functions such as mast cell signaling and cytokine production, both in vitro and in vivo, are 

certainly warranted. Although we demonstrate seemingly specific amplification of the Ms4a6 

genes via RT-PCR, it is possible that non-specific amplification occurred. Genotyping of the PCR 

products should be considered to ensure correct identification of the specified gene. The use of 

lentiviruses to create knock-out cell lines would be a suitable means for further assessing the 

function of Ms4a6d (and the other Ms4a6 variants) in the mast cell. Furthermore, ESOs targeting 

other exons could be considered to induce alternative splice variant formation or complete 

product degradation. Additional investigation of all four Ms4a6 variants is warranted in other 

subtypes of mast cells, as well as mast cells in various tissue types. 

 Ms4a6d is not involved in degranulation or surface expression of FcŮRIŬ or KIT in murine 

mast cells, although it does act synergistically with Ms4a2 to promote cellular proliferation and 

survival. We have previously noted that the expression of Ms4a2 increases following Ms4a6d 
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ESO treatment and vice versa, suggesting that Ms4a2 and Ms4a6d might play regulatory roles for 

one another (unpublished data). It is plausible that these two proteins are interacting with one 

another, as other murine Ms4a proteins such as Ms4a4b and Ms4a6b are known to interact with 

one another to modulate T cell function, for example.29  

 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 experiments; 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 group; one would 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 oligonucleotide rather than pure saline. Despite previous 

validation,27 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 there could be some dampening effect of control oligonucleotide 

nebulization resulting in a cytokine expression profile like that of the baseline (non-sensitized, 

non-challenged) 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 cells other than mast cells, such as 

NK and T cell as well as macrophages;20,21 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 presence of inflammatory 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 not measured due to their potential for degradation;30 we therefore first sought 

to interrogate the cytokine milieu via the cytokine/chemokine multiplex assay using lung protein 

homogenate. 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, IL-1ɓ, IL-4, and IL-13 should be quantified via ELISA in both the BALF as well as 

the homogenized lung protein extract to confirm these preliminary findings. Formalin-fixed 

paraffin-embedded sections of lung should be analyzed for mast cells via toluidine blue staining, 

esoinophils via eosinophil peroxidase immunohistochemistry, and goblet cell metaplasia via PAS 

staining. These sections could also be analyzed using RNAscopeTM to determine differences in 

FcŮRIŬ, Ms4a2, and Ms4a6d expression in the nebulized mice. Finally, the homogenized lung 

protein and/or RNA could 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 MS4A6A in mast 

cells. While it does not contribute to the redundant role in the trafficking of FcŮRI as it does in 

humans,15 Ms4a6d is critical for cellular proliferation and survival. It may also play a regulatory 

role in the expression of Ms4a2, as well as regulate the production of inflammatory cytokines 

during inflammatory airway disease. Though Ms4a6d may not be a suitable model for studying 

human MS4A6A in allergic inflammation and IgE-driven 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 or in vivo within various tissues would serve as an important next step in uncovering 

the functions of the Ms4a6 proteins. 
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CHAPTER 4 

 

The exon-skipping oligonucleotide, KitStop, depletes tissue-resident mast cells in vivo to 

ameliorate anaphylaxis 

 

Barry A. Hedgespeth*, Douglas B. Snider*, Katie J. Bitting, Glenn Cruse (*co-first authors) 

 

The exon-skipping oligonucleotide, KitStop, depletes tissue-resident mast cells in vivo to 

ameliorate anaphylaxis. Front. Immunol. 2023;14:1006741. DOI: 10.3389/fimmu.2023.1006741. 
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the responses to the reviewers.  



   

 

110 

 

 



   

 

111 

 

 



   

 

112 

 

 


