
Expression and Function of the Novel 

Membrane-Spanning Protein, MS4A8B, in the 

Human Airways 
 

 

Li Eon Kuek 

B. Biomed Sc. (Hons) 

 

 

Supervisors: 

Dr. Graham A Mackay 

Dr. Mark D Hulett 

 

 

Submitted in total fulfillment of the requirements 

of the degree of Doctor of Philosophy 

 

April, 2018  

 

The Department of Pharmacology & Therapeutics 

Faculty of Medicine, Dentistry & Health Sciences 

The University of Melbourne  



II 
 

ABSTRACT 
 
 The airway epithelium is an important barrier interface that protects the lungs 
against environmental insults and pathogens. Airway epithelial cells are increasingly 
recognized as key regulators of lung immune homeostasis by orchestrating various 
aspects of both innate and adaptive immunity. Dysfunction of airway epithelial cell 
functions have been strongly associated with the pathogenesis of various airway 
disorders. In this body of work, I identify the expression of a novel membrane-spanning 
protein, MS4A8B, on the motile cilia of airway epithelial cells. Predictive protein 
sequence analysis reveals the presence of an immunoreceptor tyrosine-based 

inhibitory motif (ITIM) in its intracellular C- terminal domain. MS4A8B is a member of 
the MS4A protein family, which comprises a group of 4-domain membrane-spanning 
proteins. Whilst the core functions of MS4A proteins have not been established, they 
have been suggested to play active roles in cellular signaling, cellular proliferation and 
differentiation. Examination of MS4A8B expression in the human airways reveals a 
highly restricted pattern of expression that is induced only upon mucociliary 
differentiation of airway epithelial cells. MS4A8B protein is localized to the motile cilia 
of the airway epithelium in human airway biopsies and in differentiated primary 
bronchial airway epithelial cell (PBEC) cultures. The expression of MS4A8B decreased 
in various airway inflammatory disorders including asthma and chronic obstructive 
pulmonary disease (COPD). In vitro assessment of MS4A8B function reveal that it 
possesses immune-regulatory functions, with the putative ITIM motif predicted to be a 
primary effector. In vitro phosphorylation studies show that the putative ITIM motif is 
capable of being tyrosine phosphorylated, with site-directed mutagenesis of a key 
tyrosine residue contained in the motif significantly impairing this ability. Combined 
findings suggest that MS4A8B may exert an important ‘braking’ mechanism on 
proinflammatory cytokine production in airway epithelial cells, with its observed loss in 
various airway disorders likely resulting in dysregulated expression of proinflammatory 
cytokines and the exacerbation of disease symptoms. 
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1.1 The airway epithelium and lung homeostasis  
 
 The human lungs respires approximately 6 liters of air every minute1 and is 
responsible for gaseous exchange, where oxygen is extracted from the atmosphere 
and waste carbon dioxide from the body is released back into the atmosphere. During 
this process, various microscopic particulate matter from the environment, whether 
noxious or inert, are also internalized. Thus, to adequately separate and protect the 
host from the external environment, the airway epithelium lies strategically at this 
interface and represents the lung’s first line of defense against inhaled challenges by 
forming a complex physiochemical barrier. This relatively impermeable barrier is also 
responsible for regulating osmotic and ionic balance and when coupled with secreted 
mucus and respiratory cilia, actively contributes to the clearance of inhaled debris and 
infectious agents via the mucociliary escalator. Importantly, the airway epithelium also 
actively participates in the regulation of both innate and adaptive immune responses, 
with dysregulation of its functions contributing to the development of airway disorders 
ranging from asthma, chronic obstructive pulmonary disease (COPD) and chronic 
infections2-4. Thus, the airway epithelium is critical in the maintenance and regulation 
of overall lung homeostasis.  
 

1.2 Mechano-protective roles of the airway epithelium 
 
 The airway epithelium forms a continual, tightly-regulated barrier that lines the 
entire respiratory lumen, effectively separating the underlying tissue from inhaled 
particulate matter and microorganisms. The expression of adherens junction and tight 
junction proteins by airway epithelial cells (AECs) limits the passage of such inhaled 
antigens and helps maintain the structural integrity of this barrier5. In addition, the 
airway epithelium also maintains proper ionic gradient and directional secretion of 
epithelial-derived substances such as cytokines, chemokines and growth factors6. 
Apart from passively separating the internal host environment, the airway epithelium 
also functions to actively clear the airways of inhaled debris and infectious agents via 

the mucociliary escalator. This apparatus consists of two primary components; the hair-
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like motile cilia lining the airways and mucus secreted by intraepithelial goblet cells and 
club cells7,8. Airway mucus is comprised primarily of mucin proteins, which are high-
molecular-weight glycoproteins that provide the viscoelastic properties of mucus when 
hydrated with water and helps entrap microorganisms and other inhaled debris. AECs 
also produce various antimicrobial molecules that become functional when secreted 
into the mucus layer and this provides innate protection against fungi, viruses and 
bacteria. Classic antimicrobial products include lysozymes, lactoferrins, defensins, 
pentraxins, LL-37, secretory leukocyte protease inhibitor (SLPI) and serum amyloid A 
(SAA)9,10. Functionally, these molecules can be categorized into enzymes, 
permeabilizing peptides, protease inhibitors and molecules that bind and neutralize 

pathogens. Mucus also provides an aqueous medium with the optimal viscosity to 
facilitate cilia beating. When coupled with the synchronous and continual beating of 
motile cilia, this helps propel mucus out of the lungs towards the pharynx where it is 
either expectorated or swallowed11. 
 Respiratory motile cilia are microtubule-based surface projections that emanate 
from centriole-like basal bodies found on the apical membranes of AECs. Each ciliated 
epithelial cell possesses about 200 to 300 cilia per cell on the luminal surface that beat 
in a characteristic to-and-fro motion. To generate the required force to move the mucous 
gel layer, the cilium forward power stroke is rapid, followed by a slower recovery stroke 
in which the cilium moves back within the same plane of movement to its original 
starting position12. The architecture of the motile cilium comprises of a microtubule 
scaffold termed the axoneme and is made of a ring of nine doublet microtubules that 
surround a central microtubule pair that takes on a “9 + 2” structural arrangement. Each 
outer microtubule pair possess inner and outer dynein arms that generate the required 
force for motility through an ATP-dependent process13. Motile cilia are not to be 
confused with non-motile primary cilia, which can be found on nearly all cells as a single 
hair-like projection. Structurally, primary cilia also contain a microtubule scaffold 
although they lack the central microtubule pair, resulting in a “9 + 0” structural 
arrangement13. Primary cilia are sensory organelles that are involved in various aspects 
of cellular biology ranging from chemosensation, signal transduction and regulation of 

cellular growth13.  
 A relatively new concept surrounding the functions of respiratory motile cilia have 
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recently surfaced. Studies demonstrate that these organelles in fact share certain 
chemosensory properties once thought to be unique to primary cilia14. This poorly 
studied aspect of respiratory motile cilia brings significant ramifications to current 
interpretations of AEC function as motile cilia are an integral component of the 
differentiated airway epithelium in vivo. Yet, the majority of in vitro airway epithelial cell 
models rely on undifferentiated airway epithelial cell lines that do not express motile 
cilia. In a notable study conducted by Shah and colleagues, bitter taste receptors (T2R) 
were determined to be expressed on the motile cilia of differentiated human airway 
epithelial cells and stimulation with ‘bitter’ compounds directly led to increased cilia beat 
frequency (CBF)15. Similarly, Lorenzo and colleagues identified the specific localization 

of the TRPV4 cation channel to the motile cilia in mice and stimulation with TRPV4 
agonists induced Ca2+ influx and increased CBF16. Whilst these two studies above 
exemplify the sensory abilities of motile cilia that respond by alteration of their CBF, 
more intriguing however, was a recent study demonstrating the ability of motile cilia in 
transducing downstream cell signals that may modulate AEC function. The study by 
Nordgren and colleagues show that motile cilia in the airways are able to regulate cell 
signal transduction through the transcription factor serum response factor (SRF). SRF 
was shown to localize to the motile cilia in differentiated AECs and was involved in the 
stimulation of interleukin (IL)-8 release by organic dust exposure17. Given the 
localization of motile cilia on the apex of the epithelial surface, it is not unreasonable 
therefore to suggest that they may function as cellular ‘antennae’ to sense alterations 
in the luminal space and to relay downstream cell signals that modulate AEC functions 
accordingly.  
 Combined, both motile cilia and secreted mucus constitutes an important 
protective mechanism in the lung. Abnormalities affecting either airway surface 
hydration, mucus production and/or ciliary function all result in disruption of the 
mucociliary escalator and this is a characteristic feature of several genetically acquired 
airway disorders such as cystic fibrosis (CF) and primary ciliary dyskinesia (PCD) 
(detailed in subsequent chapters). The inability of the mucociliary escalator to 
effectively clear inhaled pathogens and debris quickly result in repeated and chronic 

airway infections, with this being a common pathological symptom in affected patients7.    
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1.3 Wound injury and repair processes of the airway epithelium 
 
 Because the airway epithelium is in permanent contact with the external milieu, 
injurious stimuli are frequently encountered and repair processes are constantly active 
to maintain the integrity of the epithelial barrier. Efficient repair of this barrier is also 
critical in maintaining homeostasis and proper regulation of inflammatory status in the 
airways. Dysregulated repair processes of the airway epithelium contribute to structural 
changes in the airway walls that underpins airway remodeling, a feature frequently 
observed in chronic airway diseases such as asthma and COPD. 

Upon injury, AECs initiate an inflammatory cascade through the release of 
paracrine factors and cytokines that prompts the migration of basal and inflammatory 
cells to the site of injury. Here, basal cells undergo morphological changes associated 
with cytoskeletal re-arrangement, expression of adhesion proteins and secretion of 
extracellular matrix proteins to facilitate cell attachment and spreading18. Dead or 
damaged cells are systematically removed by recruited inflammatory cells through 
phagocytosis. Basal cells that have established their positions at the injury site then 
undergo proliferation and mitosis to replace damaged or lost cells. Upon 
reestablishment of the barrier integrity, basal cells undergo mucociliary differentiation 
to repopulate the various cell types that constitute the airway epithelium, which includes 
ciliated columnar epithelial cells and secretory cells. This process occurs under the tight 

regulation of growth factors and cytokines secreted by neighboring mesenchymal (e.g. 
fibroblasts) and epithelial cells18,19.  
 During airway epithelial damage, a fine balance of pro- and anti- inflammatory 
mediators secreted by AECs orchestrate the cross-talk with inflammatory cells that 
promote wound repair. Imbalances during this process often leads to incomplete wound 
resolution that promotes a self-perpetuating inflammatory process, further hindering 
tissue regeneration. Though the etiological factors leading to defective barrier repair 
observed in common airway inflammatory disorders such as COPD and asthma  are 
not fully understood, it is thought that underlying imbalances in secreted proteases, 
excessive extracellular matrix (ECM) deposition by fibroblasts and excessive 
inflammatory mediator production contribute to this defect20. Hence, proper restoration 
of the airway epithelium following injury is critical in maintaining its barrier functions and 
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also to limit the extent of aberrant airway inflammation.  
 

1.4 Airway epithelial cells and immune regulation 
  
 Although traditionally viewed as a mechanical barrier in protecting and 
maintaining integrity of the airways, an increasing body of literature now points toward 
a more active participation of the airway epithelium in orchestrating both the innate and 
adaptive immune system, often being the first responder to external stimuli (Figure 
1.1)21,22. Current evidence also shows that airway epithelial dysfunction is a major 
causative factor in the pathogenesis of various airway inflammatory disorders. Thus, a 
better understanding of the immunoregulatory roles of airway epithelial cells and their 
contributions to the maintenance of lung homeostasis will provide greater insight into 
the pathobiology of airway inflammatory disorders such as asthma and COPD, which 

may translate to the identification of novel therapeutic options. 
 

1.4.1 Airway epithelial regulation of the innate immune system 
  
 Given the exposed nature of the airway epithelium to the external milieu, it must 
respond and convey appropriate downstream immunological processes in a swift and 
efficient manner. To meet this requirement, the innate immune system bypasses the 
need for the more time-consuming adaptive immune system, enabling rapid mounting 
of inflammatory responses against harmful stimuli. AECs engage with the innate 
immune system through the expression of various pattern recognition receptors (PRRs) 

that enable them to respond to pathogen- or danger- associated molecular patterns 
(PAMPs/DAMPs). Under the context of pathogenic infection, PAMPs, that are present 
in foreign microorganisms but absent in the host, provide exogenous signals that initiate 
the innate immune system. PAMPs are conserved motifs unique to different classes of 
microorganisms. Examples include bacterial components (peptidoglycans and 
endotoxins), viral genomic material (double- or single-stranded RNA) or fungal proteins 

(b-glucan)23. In contrast, host cells release DAMPs that include cellular, nuclear or 

cytosolic proteins resulting from unplanned cell death (necrosis) caused by injurious 
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stimuli, which also leads to the activation of innate immune responses23. 
 The major class of PRRs responsible for recognizing PAMPs and DAMPs are the 
Toll-like receptors (TLRs), initially discovered as homologs to the Toll gene found in 
Drosophila24. To date, 10 TLRs in humans have been characterized, with TLR1 to 6 
and TLR9 being expressed on AECs25,26. TLR signaling involves activation of a 
cascade of adaptor proteins, resulting in transcription of NF-kB and interferon 
regulatory factors (IRFs) that trigger the production of pro-inflammatory cytokines, 
interferons and prostaglandins27. Distribution of TLRs in the airway epithelium varies 
according to their functions. For example, TLR1, 3, 4, 5, 7, 9 and 10 are mostly found 
on luminal surfaces whereas TLR2 and 6 can be found on the basolateral surface25. 

The basolateral localization of TLR2 and 6 may be explained by their activation upon 
recognition of bacterial lipopolysaccharides that occurs during breaching of the 
epithelial barrier such as during bacterial infections25. TLR3, 7 and 9 can also be found 
in the cytoplasm of AECs, presumably to facilitate detection of foreign viral antigens 
during host cell infections25. Functionally, TLR1, 2 and 6 recognizes bacterial 
components such as peptidoglycans, lipoprotein, lipoteichoic acid some viral envelope 
proteins22,27. TLR3 recognizes double stranded viral DNA/RNA, resulting in the 
production of downstream antiviral cytokines such as interferon (IFN)-β and λ25,26. 
TLR4 and 5 recognize bacterial components such as lipopolysaccharides and bacterial 
flagella28. Several aeroallergens such as Der p 2/7 from house dust mites and Fel D 1 
from cats can also activate TLR4 signaling29,30. Interestingly, the expression of several 
members of the TLR family have recently been identified on the motile cilia of 
differentiated human airway epithelial cultures25. Whilst the functional capacity of TLRs 
on the motile cilia were not assessed in the study, this finding would suggest the 
possible involvement of motile cilia in innate immune detection of pathogens. 
 Another important class of PRRs include the protease-activated receptors 
(PARs), which are primarily activated by allergens with proteolytic activity. Such 
allergens include proteins isolated from house dust mite, cockroaches, pollen and 
fungi31. PARs comprise a family of G-protein coupled receptors that are activated upon 
cleavage of their extracellular N-terminal region. Four PARs have been identified to-

date in humans, with PAR-1, -3 and -4 being activated by thrombin, whereas PAR-2 is 
activated by trypsin-like enzymes32. Increased PAR-2 expression has been observed 
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in the airway epithelium of asthmatics, smokers and patients with idiopathic pulmonary 
fibrosis though the functional contribution of this overexpression is not fully 
understood33-35. Activation of PARs on human airway epithelial cells leads to the 
production of proinflammatory cytokines such as IL-6 and IL-832. Combined, the 
strategic cellular localization of various PRRs on AECs facilitates swift recognition of 
injurious stimuli that are often encountered at the luminal surfaces of the airways, thus 
enabling rapid mounting of host defenses and the clearance of the offending stimuli 
without the need for active participation of the adaptive immune system (Figure 1.1 A). 
 

1.4.2 Airway epithelial regulation of the adaptive immune system 
 
 Being constantly exposed to the external environmental milieu, the respiratory 
system must maintain a steady-state of immune tolerance by appropriately 
discriminating between potentially harmful microorganisms whilst concurrently ignoring 
innocuous environmental particulate matter. Imbalances in this steady-state often leads 
to the pathogenesis of disease. For example, excessive immunological tolerance may 
lead to ineffective clearance of pathogens and an increased risk of infections, whilst the 
converse is associated with aberrant inflammation and the onset of chronic 
inflammatory disorders such as asthma and COPD. AECs play important roles in the 
regulation of adaptive immune responses, where crosstalk between AECs and various 

cells of the adaptive immunity shape the activatory states of Th1/2 immunity and B cell 
immunoglobulin (Ig) production36,37. Key to relaying integrated information from AECs 
to the adaptive immune system are dendritic cells (DCs), these cells being responsible 
for priming of the adaptive immunity to foreign antigens through sampling and 
presentation of antigens to T helper cells38,39. In the airways, DC-mediated control of 
Th differentiation is heavily influenced by key AEC-derived cytokines that include 
thymic stromal lymphopoietin (TSLP), IL-33 and IL-25. These multifunctional cytokines 
have been shown to activate and promote chemotaxis of DCs in addition to interacting 
with other lymphoid cells to skew the immunity toward a Th2-type response, thus 
leading to acquired immunity against infectious pathogens22,37. However, studies show 
that dysregulated expression of these cytokines by AECs are also associated with the 
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manifestation of phenotypic features consistent with chronic airway inflammatory 
diseases such as asthma and COPD40,41. In vivo (murine) and in vitro studies 
demonstrate that stimulation or overexpression of these cytokines consistently result in 
a Th2-type inflammatory response and the induction of asthma-like phenotypic 
changes40,42-44 (Figure 1.1 B). Given their prominent influences on Th2 immunity, these 
cytokines have since received increased interest as potential therapeutic targets45. For 
example, recent clinical trials of human anti-TSLP antibody treatment on patients with 
mild or uncontrolled asthma show significant reductions in exacerbations as well as 
reduced eosinophil counts in blood and sputum samples46,47.  
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Figure 1.1 Role of the airway epithelium in immune regulation. 
 
The airway epithelium plays a central role in the initiation and regulation of both innate 
and adaptive immune responses in the respiratory airway. (A) Following activation or 
epithelial damage, airway epithelial cells release various inflammatory mediators that 
signal the activation and migration of innate immune cells to the site of injury. (B) The 
airway epithelium is also a primary initiator of the allergic airway response, releasing 
cytokines (e.g. TSLP, IL-25 & IL-33) that skew the immunity toward a Th2 phenotype in 
response to aeroallergen challenge. Excessive production of Th2 cytokines by AECs is 
thought to drive the development of atopic asthma.  
 



10 
 

1.5 Consequences resulting from airway epithelial dysfunction 
 

As detailed above, it is increasingly clear that the airway epithelium plays a 
central role in maintaining homeostatic conditions in the airways through multiple 
cellular interactions within the lungs. In addition to serving as an immunological barrier 
in protecting the internal lung environment, the airway epithelium is also responsible 
for maintaining immune tolerance toward commonly encountered environmental 
antigens. The expression of AEC-derived cytokines influence and shape immunity 
toward resolving injury, with AECs being tightly involved throughout the entire process 
from initiation to resolution of injury. However, sustained over-activation and barrier 
defects of the airway epithelium can result in aberrant production of inflammatory 
mediators that drives the development of chronic inflammatory diseases, with asthma 
and COPD being prime examples48. Despite the high prevalence of asthma and COPD 
in the general population, affecting up to 10% of the global population combined49,50, 
current treatment options are still not effective in some patients. Thus, a more thorough 
understanding of the regulatory mechanisms governing AEC-mediated immune 
regulation is required, which will hopefully lead to the identification of new therapeutic 
options to effectively control aberrant airway inflammation. 

 

1.5.1 Asthma 
 
 Asthma is a debilitating condition resulting from complex interactions between 
multiple genetic and environmental factors. Asthma affects 2.5 million Australians with 

40,000 hospitalizations between 2015 – 2016 alone, and therefore poses a significant 
national healthcare burden51. The clinical hallmarks of asthma include recurrent 
inflammation of the airways leading to airway hyper-responsiveness and variable 
airway obstruction that occurs either spontaneously or in response to stimuli. The 
current standard therapy for asthma includes a combination of short-acting 
bronchodilators (SABAs) and low-dose inhaled corticosteroids (ICS)52. Whilst treatment 
with corticosteroids aims to control various asthmatic symptoms resulting from an 
underlying airway inflammatory process, these do not address the progression of the 
disease. Moreover, this one-size-fits-all approach does not adequately control 
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symptoms in some patients and new treatment options are thus required.  
 The pathobiology of asthma is highly heterogenous in nature and is thought to 
be driven largely by type 2 inflammatory processes involving cells from both the innate 
and adaptive immunity53,54. Whilst previously viewed as a Th2-driven disease, this 
nomenclature has since been updated as it is now understood that cytokines 
associated with Th2 polarization can also be broadly secreted by various cell types 
outside of the Th2 population. These cell types include natural killer (NK) cells, 
eosinophils, basophils and type 2 innate lymphoid cells (ILC2)55,56. Recent evidence 
also support the critical involvement of the airway epithelium in asthma 
pathophysiology, with key AEC-derived regulators such as IL-25, IL-33 and thymic 

stromal lymphopoietic (TSLP) resulting in downstream activation of both innate and 
adaptive immune cells to release the ‘classical’ Th2 effector cytokines such as IL-4, IL-
5 and IL-1342,48. Associated with the overproduction of these cytokines are goblet cell 
hyperplasia and abnormal structural changes to the conducting airways resulting from 
increased smooth muscle mass and excessive extracellular matrix deposition that 
leads to a thickened epithelial basement membrane2. 
 The airways of most asthmatics often present with heightened infiltration of 
eosinophils, though studies have also uncovered patient subgroups with a persistent 
absence of eosinophils in their airways57. Further heterogeneity exists within non-
eosinophilic asthmatics, with some of these patients exhibiting increased neutrophil 
numbers (neutrophilic asthma). Whilst less frequent relative to eosinophilic asthma, 
neutrophilic asthma is often observed in more severe forms of asthma and often 
responds poorly to corticosteroid treatment57. This has since led to the concept of type 
2-high and type 2-low ‘endotypes’, with the latter used to describe a smaller group of 
asthmatics with an apparent lack of type 2-driven inflammation53,54. The term endotype 
was coined with the aim to better characterize asthmatics based on specific underlying 
biological mechanisms and to provide them with more personalized and effective 
treatment options58-60. Endotype-driven approaches guided by blood or sputum 
biomarkers have resulted in the clinical development of biologicals targeting Th2-
associated cytokines such as anti-IL4/13 and show meaningful efficacy in clinical trials 

treating type 2-high endotype asthmatics61. Currently however, type 2-low asthmatics 
remain poorly characterized, as these patient group likely comprise several sub-
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endotypes. To date, no biomarkers of type 2-low asthma has been described. However, 
growing evidence supports the role of a dysregulated innate immune response and the 
involvement of Th17 cells contributing to the manifestation of asthmatic symptoms62. 
Th17 cells secrete cytokines such as IL-17 and IL-22 which were identified in bronchial 
biopsies of some severe asthmatics62,63. Furthermore, elevated levels of IL-17 was 
shown to correlate with increased corticosteroid resistance64,65. In time, a better 
understanding of the biologic processes underlying type 2-low asthmatics will hopefully 
guide the development of targeted biologicals to provide them with more efficacious 
treatment options.  

There also exist genetic contributions to the disease that is likely transmitted 

through gene polymorphisms that culminate towards an asthmatic phenotype. Recent 
genetic studies utilizing an unbiased genome-wide association approach via genome-
wide association studies (GWAS) have uncovered several airway epithelial-specific 
genes that may be implicated in asthma pathogenesis. Recent examples include 
cadherin-related family member 3 (CDHR3), interleukin-6 receptor (IL-6R), ORMDL3 
and TSLP66-68. As functional confirmation of GWAS outcomes, several candidate genes 
have moved into clinical trials as potential therapeutic targets to control symptoms 
particularly in patients with more severe forms of the disease. Clinical trials assessing 

the efficacy of monoclonal antibodies targeting TSLP, IL-25, IL-33 and TGF-b are 

ongoing and show promising results in reducing the frequency of exacerbations and 
inflammatory marker counts45,46,69. However, it is unlikely that specific targeting of a 
handful of genes will offer a panacea for asthma given the heterogeneity of the disease 
that is further stratified across various smaller patient subgroups. Nonetheless, further 

identification and characterization of asthma-associated genes will provide with 
meaningful leads to better understanding its pathogenesis.  

Beyond contributing genetic risk factors, several epithelial defects have been 
observed in asthmatics, such as disruption of the epithelial barrier integrity and a 
dysregulated production of type 2-derived cytokines44,70. It was observed that the 
asthmatic epithelium is structurally fragile, possessing an inherently lower barrier 
function when compared to non-asthmatics70. In vitro studies using differentiated 
primary bronchial epithelial cells isolated from asthmatics show a lowered expression 
of tight junction proteins when compared to healthy controls, suggesting that the 
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asthmatic epithelium is intrinsically ‘leaky’71. The reduced barrier integrity of the 
asthmatic epithelium would allow for increased penetration of pathogenic antigens, 
aeroallergens and environmental pollutants into the interstitial space to facilitate tissue 
damage and inflammation. 

Respiratory viral infections also play a critical role in asthma pathogenesis, 
particularly those causing the common cold such as human rhinovirus (HRV) and 
respiratory syncytial virus (RSV). Whilst symptoms associated with infections by these 
viruses are generally mild, they often trigger major exacerbations in asthmatic 
individuals. Moreover, infection with HRV during early childhood have been associated 
with a significant likelihood of developing asthma in later life72. A question remains as 

to why the asthmatic epithelium is more prone to infection with respiratory viruses. The 
basis of this deficit is thought to be largely genetic, with AECs derived from asthmatics 

showing an impaired ability to clear viral infections due to defective IFN-b and IFN-g 

production, these cytokines being key in initiating viral clearance73.  
 There also exists imbalances in oxidative states of the asthmatic airway 
epithelium, with an impaired ability to neutralize reactive oxygen species (ROS) 
generated by commonly encountered sources such as tobacco smoke and 
environmental pollutants. The expression of anti-oxidant enzymes such as superoxide 
dismutase and glutathione peroxidase by normal PBECs confers protection against 
ROS although reports demonstrate that the asthmatic epithelium has an impaired 
expression of these enzymes, which results in an increased susceptibility of the 
epithelium to oxidant-mediated damage74,75. Catalase, which is a primary scavenger of 
hydrogen peroxide (H2O2), also possesses lowered activity in asthmatics when 

compared healthy controls76. Interestingly, these deficiencies in antioxidant expression 
in asthmatics seem to stem from an early age, as a study examining asthmatic children 
identified significantly lowered levels of antioxidant proteins compared to healthy 
counterparts77,78. 
 It is clear today that the term asthma is very much an umbrella term 
encompassing several subtypes of the disease that may share similar clinical 
manifestations, but can possess strikingly different underlying pathologic mechanisms. 
Understanding of the disease has since evolved from being an allergic disease to a 
predominantly type 2 inflammatory response involving cellular networks from both the 
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innate and adaptive immunity. New approaches in characterizing patients via 
endotypes and the use of unbiased GWAS approaches will undoubtedly facilitate the 
discovery of new therapeutic targets in this complex inflammatory disorder. 
 

1.5.2 COPD 
 
 COPD is a leading cause of morbidity and mortality worldwide, with 3 million 
deaths caused by the disease in 2015 and is expected to become the third leading 
cause of death by the year 2020 according to WHO estimates79. COPD is a 
multifactorial disease of the small airways characterized by progressive, non-reversible 
airflow limitation caused by destruction of the small airways (emphysema). The primary 
etiological factor for COPD is cigarette smoke (CS), with other contributing factors 
including exposure to air pollution (i.e. diesel fumes, open fire cooking) and 

occupational exposure to dusts, chemicals and noxious chemicals. Repeated exposure 
to such stimuli results in abnormal and incomplete tissue repair that eventually leads to 
the development of pathological features such as mucus hypersecretion, airway wall 
fibrosis and narrowing and the destruction of alveoli in the small airways3.  
 Although the clinical presentation of COPD bears similarities to asthma such as 
cough, wheezing and excessive expectoration, both diseases have different underlying 
pathophysiological processes. This is reflected in the differences in inflammatory cell 
types between asthma and COPD, with eosinophils, mast cells and CD4 T lymphocytes 
being the major cell type in asthmatic airways whereas in COPD, macrophages, 
neutrophils and CD8 T lymphocytes are more commonly encountered80. Whilst the 
underlying cause of COPD is not fully understood, genetic factors have been identified 
that contribute to its pathogenesis. Genetic polymorphisms in the alpha-1 antitrypsin 
(AAT) gene serpin peptidase inhibitor, clade A, member 1 (SERPINA1) being widely 
recognized as a major risk factor for COPD81. Other genetic predispositions for COPD 
however, have been more challenging to define given the heterogeneous nature of the 
disease. Ongoing genome-wide association studies have identified potential gene 
candidates that may help us better understand COPD pathogenesis that will hopefully 
lead to new therapeutic options for patients82. 



15 
 

 Given its significance in regulating inflammatory processes in the airways, the 
airway epithelium is thought to play an important role in the pathology of COPD. Under 
physiological conditions, exposure of the airway epithelium to environmental insults 
induces acute inflammation that eventually self-resolves. However, repetitive injury to 
the airway epithelium such as through CS exposure significantly impairs this process 
and eventually leads to airway remodeling. Repetitive injury of the airway epithelium in 
COPD results in epithelial-mesenchymal transition (EMT), a process accompanied with 
the gradual loss of ciliated epithelial cells, increased infiltration of goblet cells and an 
elevated production and deposition of ECM proteins in the airway walls, all of which 
further amplifies pathologic interactions in COPD patients79,83. 

 CS exposure causes a myriad of deleterious alterations that hamper AEC 
functions, which includes decreased barrier permeability, reduced cilia beat motility and 
increased expression of proinflammatory mediators3,84,85. In vitro studies also show that 
repeated CS exposure impairs the innate ability of AECs to resist respiratory viral 
infections by impairing interferon expression in these cells. This may explain why 
smokers are more susceptible to respiratory viral infections86,87. Additionally, CS 
exposure imposes a significant oxidative stress burden on AECs, with a study 
employing DNA microarray technology observing approximately 200 genes involved in 
oxidative stress responses in AECs being significantly altered between smokers with 
and without COPD88. Interestingly, studies show that airway inflammation persists in 
patients with COPD despite smoking cessation, which continues to hamper tissue 
repair89. The airways of COPD patients also produce mucus excessively, and when 
combined with impaired mucociliary clearance as a consequence of CS exposure, 
quickly results in a dysfunction in the mucociliary escalator apparatus that increases 
the risk of bacterial colonization90. 
 Current standard therapy for COPD as recommended by The Global Initiative 
for Chronic Obstructive Lung Disease (GOLD) include the use of LABAs in moderate 
to severe COPD and when symptoms remain uncontrolled, add-on therapies such as 
corticosteroids and phosphodiesterase (PDE) inhibitors may be administered91. 
Additional treatment options to alleviate excessive mucus production include the use 

of expectorants and mucoytics90. However, current therapy only provides symptomatic 
relief to patients and there remains a need to develop drugs to address the underlying 
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inflammation and destruction of the small airways. As inflammation remains a central 
theme in the progression of COPD, ongoing efforts are in place to develop biologicals 
that target various aspects of this process. Novel anti-inflammatory agents include 
mitogen-activated protein kinase (MAPK) inhibitors, protease inhibitors and monoclonal 

antibodies targeting proinflammatory mediators such as IL-1b, IL-33, TSLP, TNF-a and 

GM-CSF69,91. 
 

1.5.3 Asthma-COPD overlap syndrome, a new disease entity?  
  
 Whilst asthma and COPD are easily distinguishable at their extremes, it is 
increasingly recognized that some patients present with overlapping syndromes. These 
clinical features have recently been termed as the asthma-COPD overlap syndrome 
(ACOS) and is increasingly viewed as a disease entity unique from asthma or COPD92.  
As detailed previously, the inflammatory profiles between asthma and COPD are 
distinctly different, with the former being characterized predominantly by eosinophilic 
inflammation involving Th2 lymphocytes and is primarily an early-onset disease93. 
COPD on the other hand, is largely seen as a late-onset disease mediated primarily by 
neutrophilic inflammation and CD8 lymphocytes94. Whilst these ‘classical’ symptoms of 
asthma and COPD are relatively easy to define, clinical diagnosis and classification 
becomes difficult when patients present with converging phenotypes. The defining 
features of ACOS include progressive irreversible airflow obstruction in asthmatics, 
resulting in patients that resemble those with COPD. Conversely, COPD patients may 
also experience reversible airflow obstruction, thus presenting with symptoms 
resembling those of asthmatics95. The inflammatory profiles in ACOS also represent a 
combination of both disease entities, with bronchial biopsies and sputum samples 
showing evidence of significant heterogeneity in the inflammatory cell populations in 

ACOS patients, comprising both eosinophilic and neutrophilic inflammation96.  
 Despite clinical evidence demonstrating an overlap in clinical features between 
asthma and COPD, a clear definition of ACOS is currently lacking due to the 
heterogeneous nature of both asthma and COPD. This is further complicated by the 
lack of agreement on an accurate definition of ACOS and an insufficient number of 
large-scale studies addressing patient populations with ACOS specifically97,98. Some 
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studies have proposed differentiating ACOS patients from those with COPD based on 
eosinophilic inflammation and increased airflow reversibility in response to ICS 
treatment92. Our current understanding of ACOS is at a relatively nascent stage and 
more studies are needed to accurately interrogate the pathology of this syndrome. 
However, given the central role of airway epithelial cells in the pathogenesis of both 
asthma and COPD, it is likely to hold significant importance in our understanding of 
ACOS pathobiology.  
 

1.6 Identification of novel regulatory pathways influencing AEC functions  
 

The sentinel role of the airway epithelium in regulating overall lung homeostasis 
is made possible through the diverse array of receptor expression that enable them to 
detect and respond to environmental changes. As pointed out above, examples include 

the expression of well-characterized surface receptors such as TLRs and PARs that 
enable the detection and mounting of innate immune responses against PAMPs, 
DAMPs and allergens. Recent studies have also revealed the expression of these 
receptors on motile cilia, suggesting that these organelles may possess sensory 
functions that extend beyond their more ‘traditional’ mechanistic functions. However, 
there also exists novel proteins on AECs in which their functions remain poorly 
understood. Proper characterization of these proteins will lead to better understanding 
of the processes that regulate airway epithelial cell functions. Of interest to me and 
central to this thesis, is the study of a relatively uncharacterized membrane-spanning 
protein, termed MS4A8B, found on the airway epithelium in humans. MS4A8B belongs 
to the larger MS4A (membrane-spanning 4-domain family, subfamily A) protein family. 
Several features of MS4A proteins in general, as well as features unique to MS4A8B 
make it an attractive target to investigate with regards to its potential to regulate immune 
processes in airway epithelial cells.  

 

1.7 MS4A8B and the MS4A protein family  
 
 MS4A8B belongs to the larger MS4A protein family, which currently comprises 
18 members in humans with CD20 (MS4A1) and the beta subunit of the high-affinity 
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IgE receptor (FceRIb/MS4A2) being the most well-studied members. All MS4A proteins 

share a characteristic 4-domain membrane-spanning structure, with both the N- and C- 
terminal domains localized intracellularly99 (Figure 1.2). To date, the core functions of 
MS4A proteins remain undefined although emerging studies suggest that they are 

involved in cellular proliferation and differentiation processes99. Mechanistically, studies 
reveal that several members bear functional resemblances to ion channels and there 
is evidence that MS4A proteins may function by co-association with neighboring 
membrane proteins possibly as part of a receptor complex100,101. Given the scarcity of 
studies conducted on MS4A8B specifically, I will firstly review the published literature 
on the larger MS4A family as a general introduction. The following is a recent review 
article I have published that presents an overview of our current understanding of the 
expression and function of the MS4A protein family99.  
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Figure 1.2 Structural topologies of the best studied MS4A proteins (MS4A1 – 3) 
and MS4A8B. Continued on next page. 
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Figure 1.2 Structural topologies of the best studied MS4A proteins (MS4A1 – 3) 
and MS4A8B. 
 
Predicted topology of the MS4A8B protein alongside the well-studied MS4A members, 
MS4A1, MS4A2 and MS4A3. Each MS4A protein exhibits the characteristic 4 
transmembrane domains (roman numerals) with a relatively larger second extracellular 
loop. The ITAM and putative ITIM sequences of MS4A2 and MS4A8B are indicated in 
red font.  
 
Abbreviations: ITAM, immunoreceptor tyrosine-based activatory motif; ITIM, immunoreceptor tyrosine-
based inhibitory motif 
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1.7.1 LITERATURE REVIEW: The MS4A protein family: Counting past 1, 2 
and 3 

 
  



REVIEW

The MS4A family: counting past 1, 2 and 3

Li Eon Kuek1, Melanie Leffler2,4, Graham A Mackay1 and Mark D Hulett3

The MS4A (membrane-spanning 4-domain family, subfamily A) family of proteins contains some well-known members including

MS4A1 (CD20), MS4A2 (FcεRIβ) and MS4A3 (HTm4). These three MS4A family members are expressed on the cell surface of

specific leukocyte subsets and have been well characterized as having key roles in regulating cell activation, growth and

development. However, beyond MS4A1-3 there are a large number of related molecules (18 to date in humans) where our

understanding of their biological roles is at a relatively nascent stage. This review examines the larger MS4A family focusing on

their structure, expression, regulation and characterized and/or emerging biological roles. Our own work on one family member

MS4A8B, and its possible role in epithelial cell regulation, is also highlighted.

Immunology and Cell Biology (2016) 94, 11–23; doi:10.1038/icb.2015.48

Cells require a variety of surface molecules working in concert in order
to convey appropriate intra- and intercellular signals in response to
environmental stimuli. The MS4A (membrane-spanning 4-domain
family, subfamily A) family comprises proteins that are predicted to
span the cellular membrane four times and share similarities in their
polypeptide sequence and predicted overall topological structure
(Figure 1). The functions of many of the MS4A proteins are currently
not well defined, but generic evidence suggests that they encompass a
family of adaptor proteins/ion transport modulators with likely diverse
roles.1,2 Although these proteins exhibit topological similarities to the
better-characterized tetraspanin superfamily, which in itself may help
provide some direction on defining function and molecular interac-
tions, the two families do not share extensive protein sequence
homology.3,4

IDENTIFICATION OF THE MS4A PROTEIN FAMILY

The MS4A family was first identified based on the observation that the
pan B-cell marker, MS4A1 (CD20) and the high-affinity immunoglo-
bulin (Ig)E receptor β subunit (MS4A2 or FcεRIβ) shared a high
amino-acid sequence identity. The genes encoding both the human
and mouse forms of these MS4A members were cloned during the late
1980s.5,6 Subsequently, the gene encoding MS4A3 (HTm4), which was
also found to share a high sequence identity with MS4A1 and MS4A2,
was cloned.7,8 This momentum facilitated the cloning and identifica-
tion of additional human and mouse homologs,3,9 expanding the
current number of MS4A family members to 18 (Table 1). The MS4A
designation stems from their predicted four transmembrane-spanning
structure and conservation of specific sequence motifs (see below),
with subfamily A defining the CD20-like family.9

MS4A genes are clustered on chromosome 11q12 in humans
(chromosome 19 in mice). Two distantly related members,
TMEM176A (alias HCA112)10 and TMEM176B (alias TORID/
LR8),11–13 have been identified in humans on chromosome 7q36.1
and are predicted to share similar topological characteristics to other
MS4A members with 10–20% amino-acid sequence identity.1 MS4A
orthologs have been cloned from other species including the rat, dog,
horse and chicken.14–17 Although orthologs of the classical tetraspa-
nins have been identified in lower animals such as nematodes, the
earliest appearance of MS4A genes have been observed in cartilaginous
fish (chondrichthyes), suggesting a more recent gene duplication event
for the MS4A family and perhaps a specialized role for these proteins
in mammals.3 A number of studies have reported that MS4A genes are
expressed as multiple splice variants that are predicted to encode
different protein isoforms,2,18 this being exemplified by the negative
regulatory role of the C-terminally truncated MS4A2 expressed on
mast cells and basophils19,20 (see below).
Table 1 summarizes the MS4A family members that have been

identified to date with brief descriptions of expression and function,
which will be discussed in more detail below.

MS4A GENE POLYMORPHISMS AND DISEASE STATES:

ATOPY AND OTHER DISORDERS

Atopy is defined by enhanced IgE levels and responsiveness, and
results from multiple interacting genetic and environmental factors.21

Although the genetics of atopic diseases is highly heterogenous, a
genomic locus that garnered considerable attention in the early 90s is
human chromosome 11q12-13.22–26 Although several genes within
this locus have been proposed as candidates for atopy susceptibility,
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most notable of them, however, is the gene encoding for MS4A2 due
to its involvement in IgE-dependent mast cell and basophil
activation.25 Indeed, polymorphisms of MS4A2 have been commonly
associated with atopy, with a number of coding variants of MS4A2
being found to be more prevalent in atopic individuals, including
I181L, V183L and E237G.27,28 The candidacy of MS4A2 as an atopy
susceptibility gene, however, remains controversial due to the lack of
compelling data supporting phenotypic differences in the presence of
these polymorphisms. In vitro studies on cells expressing either the
double L181/L183 or the G237 substitution did not show any
significant differences in enhancement of FcεRI surface expression
or signal amplification.29,30 Because of this, studies have proposed that
another gene in close proximity to MS4A2 may be responsible for
atopy susceptibility.25,31 With the majority of other MS4A genes also
being found on human chromosome 11q12-13, this led to the
proposition that other MS4A family members may serve as candidates
for atopy susceptibility.3,9,18 To date, however, genome-wide associa-
tion studies (GWAS) of allergic disease have failed to identify a genetic
loci within this region with significant linkage to atopy.31,32

More recently, the MS4A family has also received attention in other
disease settings, with polymorphisms being linked to Alzheimer’s
disease and arthritis via GWAS.33–35 As yet, however, the functional
impact imparted by these MS4A members on disease pathology
remains to be examined. The expression of a number of MS4A family
members is also dysregulated in various malignant diseases36–39 (see
below for further discussion), although it is unknown whether this is
associated with polymorphisms in MS4A genes.

MS4A FAMILY—SEQUENCE, STRUCTURE AND MOTIFS

Typical MS4A molecules are classified by the presence of four putative
hydrophobic membrane-spanning domains interconnected by one
intracellular loop and two extracellular loops with both N- and C
termini residing within the cytosol.3 Unlike the tetraspanins, the

predicted cytoplasmic N- and C termini of MS4A proteins are
comparatively longer, comprising ~ 20–90 amino acids as opposed
to 8–21 amino acids in the tetraspanins. In addition, tetraspanins
feature uniquely conserved cysteine–cysteine–glycine motifs within
their larger extracellular loop regions, which serve as a scaffold for the
formation of disulfide bridges within this region.40 The transmem-
brane regions of MS4A proteins also lack polar residues that are a
common feature of tetraspanins proteins.41 Early insights into the
structure of MS4A proteins have largely been derived from initial
studies of MS4A1 and MS4A2 through a combination of hydropathi-
city analysis of proteolytically digested peptide fragments and the use
of antibody tools targeted to specific protein regions.42–45 To date,
empirically derived structural information of other MS4A members is
lacking and such determination is challenging, given the extensive
membrane-spanning regions of the proteins. However, methodologi-
cal advances in structural studies of integral membrane proteins, as
recently seen with G protein-coupled receptors and ion channels,
suggest similar approaches may be applied to MS4A proteins in the
future. Interestingly, through the use of transmembrane prediction
databases,46 several recently identified MS4A members (for example,
MS4A4E and MS4A6E) have been predicted to span the cellular
membrane less than four times (Table 1). MS4A14 is also unusual,
having a very large predicted intracellular C-terminal domain span-
ning over 500 amino acids. Currently, these atypical MS4A proteins
remain uncharacterized in their function.
Most MS4A members share a relatively high amino-acid sequence

identity to that of MS4A1 (20–32% similarity),3,18 with the highest
degree of sequence identity occurring in the first three transmembrane
domains that include multiple conserved motifs. The motifs VLGAI-
QIL, LGAXQI and LSLG in the first transmembrane domain,
GYPFWG and FIISGSLS in the second and SLX2NX2SX3AX2G in
the third are particularly well conserved3,9 (Figure 2). These highly
conserved motifs within the transmembrane regions across different

Figure 1 Generalized topology of MS4A proteins depicting the characteristic four transmembrane domains (1–4).
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Figure 2 ClustalX amino-acid sequence alignment of all identified human MS4A members with highly conserved motifs between MS4A proteins indicated by
red boxes. Putative transmembrane domains are indicated by blue boxes. The percent conservation between MS4A sequences is represented by a bar graph.

The MS4A family
LE Kuek et al

17

Immunology and Cell Biology

Li Eon
28



MS4A proteins suggest that the membrane-spanning domains have an
important general role in MS4A protein function. The regions of
greatest variation between MS4A proteins occur within their N- and
C-terminal cytoplasmic domains and the putative second extracellular
loop,3 suggesting that these may impart unique functional properties.
However, despite this diversity, these domains still possess some
shared elements. For instance, one notable feature conserved in all
MS4A molecules, with the exception of MS4A8B and MS4A12, is the
conservation of two cysteine residues in the putative second extra-
cellular loop that may form a disulfide bridge. As mentioned
previously, similar disulfide bridges have been proposed in the second
extracellular domains of the tetraspanins.40 The N- and C-terminal
domains of MS4A proteins are also rich in proline residues, although
the functional significance of this remains to be elucidated.9 Proline-
rich regions are, however, commonly involved in various cellular
processes such as cytoskeletal rearrangement, initiation of transcrip-
tion and signaling cascades. They are also known to associate with SH3
domains, being part of an adaptor system to facilitate protein–protein
interactions.47 This common feature shared by MS4A proteins may
provide mechanistic insight into their proposed functions as adaptor
proteins.

TISSUE/CELLULAR EXPRESSION OF MS4A PROTEINS

MS4A members have a wide expression profile across a variety of
tissue types. Although expression of certain MS4A members such as
MS4A1, MS4A2 and MS4A3 has been shown to be largely restricted to
the hematopoietic system, other MS4A members have been found to
be broadly expressed in various non-hematopoietic cells1,2,36,48

(Table 1). This suggests that MS4A members may have diverse
functional roles within the body. Outside the hematopoietic system,
most of the expression data available on MS4A members to date have
been limited mainly to organ types, with little information available in
regard to their expression at the cellular level. Recent work by our
group has shown that MS4A8B (alias L985P) is highly expressed on
ciliated epithelium in the human lungs (Figure 3); this localization has
also being confirmed by messenger RNA2,49 and protein expression
data obtained through the Human Protein Atlas online database.50

Interestingly, Human Protein Atlas data also reveal apical expression
of the MS4A8B protein on other tissue types including the GI tract,
epididymis and fallopian tubes, suggesting that it has a more general
role across ciliated epithelia.

MS4A FAMILY—CURRENT UNDERSTANDING OF

MECHANISTIC FUNCTION

Although it is increasingly evident that the MS4A family has important
and diverse roles throughout the body, the precise functions of many
MS4A proteins remain enigmatic. This is compounded by there being
no well-established endogenous ligands that bind directly to any
member of the MS4A family, which makes probing the functional
roles of MS4A proteins more difficult. In vivo data on MS4A members
are also sparse, being hampered by the lack of effective antibody tools
and knockout animals. In vitro transfection studies, however, suggests
that MS4A proteins may have important roles in cellular signaling,
including ion channel activity that is associated with cell cycling and
differentiation.36,51–53 In terms of their cellular regulatory role, MS4A1
and MS4A2 are best understood. There are several recent publications
that review the function of these two proteins,54–56 but as exemplars
we will briefly discuss them before examining the actions of the less
well-known MS4A proteins.

MS4A1 (CD20)

MS4A1 is selectively expressed on mature B cells and most malignant
B cells, making it a clinically useful target for monoclonal antibody
therapies (for example, rituximab and ofatumumab) in treating B-cell
non-Hodgkin’s lymphoma, mantle cell lymphoma and certain auto-
immune diseases.44,57 Of its extracellular loops, the larger second loop
of MS4A1 presents the epitopes to which most anti-MS4A1 antibodies
bind. In the case of rituximab, residues alanine 170 and proline 172
are critical for binding.44 Ofatumumab, on the other hand, binds
closer to the cell membrane by recognition of epitopes consisting of
the smaller extracellular loop (residues 74–80) and the N-terminal
region of the larger extracellular loop (residues 145–161) of
MS4A1.44,58 In all cases, binding of monoclonal antibodies to
MS4A1 initiates both complement- and cell-dependent killing of
malignant B lymphoma cells.44,57

Despite being such a clinically important target, surprisingly little is
known about the signaling role of MS4A1. Immunoprecipitation and
fluorescence energy transfer experiments have demonstrated associa-
tions between MS4A1 and a variety of membrane proteins including
major histocompatibility complex (MHC) class I, MHC class II,
tetraspanins (CD53, CD81 and CD82), CD40 and the B-cell receptor
(BCR), although the exact nature of its functions within these
complexes remains unclear.44,59 It is commonly thought that MS4A1
is involved in Ca2+ conductance, possibly by serving as an ion channel,
this evidenced by transfection studies of MS4A1 into cell lines that
results in an increase in Ca2+ conductance.51 More recently, it has

Figure 3 Expression of MS4A8B protein (a) on normal human bronchial sections as assessed by immunohistochemistry. Purified rabbit-IgG (b) was utilized
as a negative control.
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been shown that MS4A1 can homo-oligomerize into tetramers and
that it physically associates with the antigen-binding component of
the BCR to positively regulate BCR-induced cytoplasmic Ca2+

mobilization.60 Interestingly, the tetrameric configuration of MS4A1
appears to bear a striking resemblance in terms of size and topology to
the well-characterized ion channel, Orai1, providing evidence that
MS4A1 may constitute an ion-channel-like structure, which can
regulate BCR-activated store-operated calcium entry channels.60

Recently, other MS4A proteins such as MS4A12 have also been shown
to possess Ca2+-regulating abilities (discussed later).
Although primary B cells from MS4A1 knockout mice exhibited

reduced calcium mobilization in response to BCR-mediated stimula-
tion, humoral immunity in these animals, as measured by B-cell
development and circulating levels of serum immunoglobulins, at first
appeared normal.61–63 However, a recent study has shown that certain
T-cell-dependent immune responses are impaired in MS4A1− /−

animals, with reduced primary IgM and secondary IgG titers produced
to complex particulate antigens.62 These results are in agreement with
a case report of MS4A1 deficiency in humans, where a patient
possessed a homozygous mutation leading to an absence of MS4A1
protein expression.64 In comparison with the mouse cell phenotype,
the effect of MS4A1 deficiency in humans appears to be more marked,
with chronically low circulating IgG and increased IgM levels leading
to poor responses against vaccination with polysaccharides and a
reduced capacity to mount proper antibody responses.62,64 Collec-
tively, data from these mouse and human studies suggest that MS4A1
is important in mounting optimal humoral immunity.

MS4A2 (FCeRIb)

MS4A2 is a component of the high-affinity IgE receptor, with co-
immunoprecipitation experiments demonstrating that it associates
with FcεRIα and FcRγ to form a tetrameric receptor complex
(αβγ2) that is expressed on mast cells and basophils at high
density.65,66 In humans, MS4A2 appears to be dispensable for FcεRI
cell surface expression as the receptor can also be expressed as αγ2
trimers, with this particular isoform being found on monocytes,
eosinophils, platelets and peripheral blood dendritic cells.67 In rodents,
however, MS4A2 is mandatory for cell surface expression and function
of FcεRI.17,68
MS4A2 contains a consensus immunoreceptor tyrosine-based

activation motif (ITAM) ((D/E)-XXYXXL-(X)7–9YXX-L/I) in its C
terminus, which has been shown to amplify IgE-mediated signaling at
numerous levels.54,65,69 MS4A2 is currently the only MS4A member
known to contain a defined ITAM motif in its protein sequence.
Under resting cellular conditions, a constitutive amount of Lyn (a Src

family protein tyrosine kinase) is thought to be bound to MS4A2.70

Crosslinking of the IgE-bound FcεRI receptor by antigen, activates
Lyn, which then phosphorylates tyrosine residues in both the FcεRIγ
and MS4A2 ITAMs. Phosphorylated FcεRIγ is then able to engage Syk
(a Syk/ZAP-70 family protein tyrosine kinase), which becomes
phosphorylated and activated,70 triggering downstream signal trans-
duction cascades that result in mobilization of intracellular calcium
stores and cellular activation.71 Interestingly, aggregation of MS4A2 by
itself appears to lack any form of productive signaling, whereas FcεRIγ
has been shown to be functionally autonomous, being able to activate
Syk independently of MS4A2.54,72,73 However, MS4A2 acts as a signal
amplifier through its ability to enhance Lyn-dependent phosphoryla-
tion of FcεRIγ.74 This is evidenced through in vitro and gene knockout
studies in mice where MS4A2 has been shown to augment signals
transduced through FcεRIγ, translating to a gain of five- to sevenfold
higher Syk activation and calcium mobilization when compared with
cells expressing the FcεRI in its trimeric form (αγ2).65,68
Aside from its signal-amplifying roles, studies have demonstrated

that cell surface expression of tetrameric FcεRI (αβγ2) is 10- to 100-
fold higher when compared with cells that expressed only the trimeric
form (αγ2).74 It is thought that similar to FcgR, MS4A2 may accelerate
the intracellular processing and subsequent export of the α-chain to
the cell surface by masking of a retention motif on FcεRI.75 In
addition to this, the presence of MS4A2 in tetrameric FcεRI has been
demonstrated to confer greater structural integrity and stability to the
FcεRI receptor complex on the cell surface.74

To date, two splice variants of MS4A2 have been identified, termed
βT19 and MS4A2trunc.

20 Both of these isoforms are truncated proteins,
with βT having lost its C-terminal ITAM motif due to the inclusion of
intron 5 and an in-frame stop codon.19 In vitro studies have shown
that the expression of βT on mast cells and basophils significantly
reduced FcεRI cell surface expression.19 In these studies, βT has been
demonstrated to compete with full-length MS4A2 for surface expres-
sion of the FcεRI receptor by binding to immature FcεRIα and
trafficking it to the proteasome for degradation.19 The second MS4A2
splice variant, MS4A2trunc, is missing its first and second transmem-
brane domains and is therefore expected to span the cellular
membrane only twice with both N- and C termini located
intracellularly.20 Unlike βT, which associates with the FcεRI receptor,
MS4A2trunc appears to function independently and localizes to the
perinuclear region of mast cells.20 In vitro overexpression studies
demonstrate that MS4A2trunc negatively regulates mast cell prolifera-
tion and survival through mechanisms yet identified.20 These studies
exemplify how MS4A2 gene products may have multiple ‘noncano-
nical’ functions due to alternative splicing that extend beyond purely
IgE-dependent signal-amplifying roles.
Apart from its roles in atopic disorders, a recent study using a

murine model of arthritic inflammation has shown that MS4A2
deletion resulted in exacerbated joint inflammation, with greater
swelling and leukocyte infiltration that correlated with enhanced levels
of interleukin-1β and tumor necrosis factor-α.76 The mechanism
underlying this somewhat surprising action of MS4A2 is as yet unclear,
but may relate to phosphorylation patterns within the MS4A2 ITAM69

or perhaps could also involve mechanisms leading to inhibitory ITAM
signaling.77 Moreover, although FcεRIα contains the IgE-binding site,
immunoprecipitation and surface plasmon resonance experiments
have revealed that MS4A2 is also a binding target for peptides derived
from the complement component C3a. Binding of C3a peptides result
in a disruption of MS4A2 interactions with Lyn and dampening
subsequent downstream interactions.78,79 This is, to our knowledge,
the only instance where a MS4A member has been shown to bind an

Table 2 Consensus ITIM sequences of MS4A8B and TMEM176B

Abbreviations: Ig, immunoglobulin; ITIM, immunoreceptor tyrosine-based inhibitory motif.
For comparison, the ITIM sequence of the much-studied IgG receptor FcγRIIb (CD32b) is
also shown.

The MS4A family
LE Kuek et al

19

Immunology and Cell Biology

Li Eon
30



endogenous ligand eliciting a biological function. It would be
interesting to determine how this little investigated action of MS4A2
contributes to joint inflammation and indeed inflammation more
broadly.

REGULATORY ROLES OF OTHER MS4A MEMBERS: LEARNING

FROM 1, 2 AND 3

Although MS4A1 and MS4A2 have been relatively well investigated,
other MS4A members remain poorly characterized, especially with
regard to their functional activities. In the past decade, only MS4A3
(HTm4) has had substantial gains in the characterization of its
functional roles. Although studies on other novel MS4A members
are emerging and are undoubtedly valuable, these remain sparse and
fragmented, or have stemmed from results of larger studies not
directly investigating the activity of MS4A members. In the next
sections we collate much of the published knowledge on other MS4A
family members, and, where possible, unite the information based on
similar themes.

SIGNAL TRANSDUCTION COMPLEXES AND ION CHANNELS

As discussed for MS4A1 and MS4A2, a number of studies support the
importance of MS4A proteins in forming signaling complexes with
other surface membrane molecules that modulate or propagate
downstream biochemical signals. Although binding partners have, in
most instances, yet to be clearly determined for other MS4A members,
predictive protein analysis80 shows that Src homology 2 (SH2) and
SH3 domain-binding sites are commonly found on the N- and
C-terminal regions of MS4A proteins, which may serve as docking
platforms for other signaling proteins. Indeed, SH domains have been
demonstrated to bind preferentially to proline-rich sequences, which
are also commonly found within the cytoplasmic tails of MS4A
proteins as discussed earlier.9,47 This feature of MS4A proteins
provides a strong basis for them being intimately involved in
protein–protein interactions and may also associate with one another
to form signaling complexes.
Analysis of the MS4A8B protein sequence reveals that it shares a

high identity with MS4A2 (31%), but as opposed to an ITAM motif, it
contains a putative immunoreceptor tyrosine-based inhibitory motif
(ITIM) (S/I/V/LXYXXI/V/L) in its C-terminal region (Table 2). These
motifs are classically associated with the propagation of intracellular
inhibitory signals.81 Common examples of ITIM-containing receptors
that exert negative regulation upon cell activation include the low-
affinity IgG receptor FcγRIIb (CD23b) on B cells, mast cells and
eosinophils, and killer cell Ig superfamily receptors found on natural
killer cells.82–84 It is thus conceivable that the ITIM-containing
MS4A8B could functionally antagonize activating signals from
ITAM-containing receptors to regulate their cellular signaling and
function. Further studies are needed to address this possibility. Of
interest is that our predictive sequence analysis of the distantly related
MS4A member, TMEM176B, indicates that it also contains an ITIM
motif, although the functional significance of this remains to be
explored.
The potential ability of MS4A proteins to form oligomers and their

intrinsic four transmembrane domains bear a similarity to ion
channels such as those of the acetylcholine receptor family and
GABA-A ligand-gated ion channels. It is plausible that MS4A proteins
could function as part of an ion channel through hetero-
oligomerization with other subunits, or even constitute an ion channel
itself through homo-oligomerization. Aside from MS4A1, the only
other MS4A member that has been documented to have Ca2+

regulatory ability is MS4A12. In a manner similar to MS4A1,

transfection of cells with MS4A12 resulted in significantly increased
Ca2+ influx.36

In many ways, MS4A protein interactions are comparable to that of
the tetraspanin family, with one of the hallmarks being the ability to
form lateral associations with multiple protein partners, and with each
other, in dynamic assemblies that have been termed as the ‘tetraspanin
web’.40 However, evidence demonstrating physical interactions
between MS4A and tetraspanin proteins, so as to form adaptor/
signaling complexes, is scarce.

FUNCTIONAL ROLES: CELL CYCLE REGULATION, CANCER

AND BEYOND

There is growing evidence to suggest that MS4A proteins are
associated with cellular growth and differentiation and consequently,
have a role in neoplasia. MS4A3 (HTm4), which is largely expressed in
actively cycling hematopoietic cells,8 has been demonstrated to be
involved in cell cycle regulation.37,85,86 In these studies, ectopic
expression of MS4A3 results in the dephosphorylation of cyclin-
dependent kinase-2 through increased kinase-associated phosphatase
activity and consequently, cell cycle arrest at the G0/G1 phase.
Curiously, although these studies have highlighted MS4A3 expression
as a likely proliferative ‘brake’ in actively dividing cells, immunohis-
tochemistry experiments have demonstrated heightened MS4A3
expression across a variety of human malignancies.37 This upregula-
tion of MS4A3 expression may suggest a compensatory mechanism to
regulate proliferation, or a possible dysfunction of regulatory pathways
yet unknown. Future studies investigating the effects of MS4A3
disruption (that is, gene editing, small interfering RNA knockdown
and antibody targeting) in malignant cell lines will provide a clearer
understanding of its biological functions and roles in cancer.
MS4A4B, which is expressed specifically in T cells, has been shown

to regulate T-cell proliferation and activation through associations
with various surface receptors such as the glucocorticoid-induced
tumor necrosis factor receptor (GITR), Orai1 and MS4A6B.52,87,88 It is
worth noting that the ability of MS4A4B to associate with MS4A6B is
particularly interesting, as this suggests for the first time that
associations between different MS4A proteins can occur. Similarly to
MS4A3, MS4A4B messenger RNA levels are differentially expressed
throughout various stages of thymocyte development, with expression
observed mainly in immature and mature thymocytes and down-
regulated in other stages of development.89 Overexpression studies
have demonstrated that MS4A4B negatively regulates T-cell prolifera-
tion, leading to cell cycle arrest, whereas knocking down MS4A4B
resulted in the opposite effect, promoting cell proliferation.52,87

Indeed, it has been shown that malignant T cells lose their expression
of MS4A4B, possibly contributing to their uncontrolled proliferation.
Given this unique pattern of expression, MS4A4B has been proposed
as a biomarker in distinguishing malignant T cells from mature
T cells.52 As seen with MS4A3, MS4A4B appears to exert its cell cycle
modulatory effects through associations with cyclin-dependent
kinase 2, where overexpression of MS4A4B led to a reduction in
cyclin-dependent kinase-2 activity. MS4A4B interactions with GITR
results in augmented GITR signaling and increased T-cell interleukin-
2 production upon TCR activation.88 This feature of MS4A4B appears
analogous to that of MS4A2 in amplifying high-affinity IgE receptor-
mediated signals. However, MS4A4B does not contain a consensus
ITAM, and may perhaps augment GITR signaling instead through
clustering with various other membrane proteins as part of a signaling
complex.
MS4A12, which is predominantly expressed on colonic epithelial

cells, has been shown to regulate the proliferation of these cells
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through its interactions with the epidermal growth factor receptor.36

Interestingly, a substantial upregulation of MS4A12 expression is
observed in malignant colon tissues.36 Small interfering RNA-
mediated knockdown of endogenous MS4A12 expression in the colon
cancer cell line (LoVo) resulted in these cells undergoing cell cycle
arrest at the G1–S phase. These cells were also observed to respond
poorly to mitogenic stimuli (epidermal growth factor).36

MS4A8B is another MS4A member that has recently been
implicated in cellular differentiation and tumorigenesis in a variety
of cell types. Its murine homolog, MS4a8a, is expressed on a niche
subset of tumor-associated macrophages that are involved in mam-
mary carcinoma and malignant melanoma.90 Overexpression of
MS4a8a in Raw264.7 cell lines resulted in increased mammary tumor
growth in a murine breast cancer model.90 A study has also described
MS4a8a/MS4A8B expression on the intestinal epithelium. Curiously,
unlike MS4A12, where its protein expression was heightened in colon
cancer, MS4A8B protein expression was significantly reduced in these
tissues.53 On the lung epithelium, immunohistochemistry studies have
demonstrated an upregulation in MS4A8B expression in small-cell
lung carcinomas.48 Finally, MS4A8B has been implicated in prostate
cancer, with heightened expression observed in surgical resections of
prostate cancer tissue. Here, it was proposed that MS4A8B promotes
G1–S phase cell cycle transition, as silencing of MS4A8B in normal and
prostate cancer cell lines resulted in cell cycle arrest followed by
decreased cell proliferation.39 Whether this effect on cell cycling
extends to other cell types where MS4A8B is found warrants further
work. The expression of an integral ITIM motif is a unique feature of
the human MS4A8B protein, which appears to be lost in its murine
homolog. ITIM motifs have been classically associated with the
attenuation of cell signaling. It remains to be explored whether the
putative ITIM motif on MS4A8B is critically involved in its effects on
cellular proliferation. Previous work by our group has shown that the
ITIM-containing inhibitory IgG receptor FcγRIIb (CD32b), expressed
on human airway smooth muscle cells, can inhibit mitogen-induced
smooth muscle cell proliferation.91 The exquisite localization of
MS4A8B to the apical surface of ciliated epithelial tissues (Figure 3)
suggests that the protein may function to regulate cilia motility and/or
modulate signaling transmitted through the chemosensory actions of
these organelles.92

Although somewhat removed from the larger MS4A family,
TMEM176B has also been shown to contain a predicted ITIM motif
of uncertain importance to the protein’s function. However, recent
work on TMEM176B has revealed a number of regulatory roles and
this work will likely expand, given that a TMEM176B knockout mouse
has been generated.93 In examining the activity of TMEM176B in
dendritic cells biology and allograft survival, recurring themes of these
proteins forming multimers and serving as regulators of ion flux have
emerged.13,93

Taken together, increasing evidence points to the intimate involve-
ment of MS4A proteins members in cell cycle regulation and
differentiation. Various studies have also implicated their involvement
in cancer as a result of dysregulated expression. Although some MS4A
proteins display increased expression levels in cancer over healthy
controls, other MS4A proteins have decreased expression, an observa-
tion that may be explained by differences in cell type and local factors.
Given that most MS4A proteins are expressed at specific stages of cell
development, this trait suggests MS4A proteins have a potential role as
biomarkers for detecting cancer or to provide therapeutic targets for
its treatment. Given their surface topology and structural similarity to
MS4A1, they are potentially drugable by antibodies. Therefore, as for

MS4A1, it is highly plausible that in time, other MS4A members could
serve as therapeutic antibody targets.

CONCLUDING REMARKS

Since the identification of the founding members MS4A1 and MS4A2
in the early 1980s, studies have been ongoing to characterize the
functional roles of the emerging broader MS4A family. Although
MS4A1, MS4A2 and more recently, MS4A3 and MS4A12 have been of
major focus, little is currently known about other MS4A members. By
analogy, it is increasingly clear that these proteins have important
regulatory roles in cellular growth, survival and activation. Current
evidence suggests that hetero/homo-oligomerization may be a general
feature of MS4A proteins, and that they likely comprise a family of ion
channel/adaptor proteins and facilitate intracellular protein–protein
interactions. Genome-wide association studies have recently high-
lighted the potential involvement of several MS4A members in a
variety of diseases such as Alzheimer’s disease, arthritis and cancer.
Despite these developments, there remains an important need for
further studies investigating the molecular mechanisms of MS4A-
mediated signal transduction and the functions of multiple splice
variants seen in several MS4A genes. Further mechanistic information
about the actions of the broader MS4A family will likely provide key
information on the regulation of both hematopoietic and non-
hematopoietic cells with importance to the understanding and
potential treatment of immune disorders and malignancies.
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1.7.2 More recent developments in the MS4A literature 
 
 Subsequent to the aforementioned review, a number of more recent studies 
examining the potential functions of MS4A proteins have been published. MS4A4, is 
now understood to regulate mast cell function by promoting the surface expression of 
receptor tyrosine kinase (KIT), a member of the tyrosine kinase family of growth factor 
receptors, found primarily on hematopoietic cells including mast cells102. Activation of 
the KIT receptor through ligation with stem cell factor (SCF), is important for mast cell 
proliferation, survival and differentiation, and contributes to the migration of mast cells 
to resident tissues103. In vitro studies with the LAD-2 human mast cell line showed that 
co-localization of MS4A4 with caveolin-1-enriched microdomains occurs promptly upon 
SCF stimulation, suggesting that MS4A4 regulates KIT expression through recruitment 
of the receptor to lipid rafts. Interestingly, silencing of MS4A4 in LAD-2 mast cells, 

resulted in altered trafficking of KIT and an increase in SCF-induced mast cell 
proliferation and migration102. 
 Recent expression studies investigating the expression of MS4A4 across 
hematopoietic cells reveal that it is also expressed in monocytic populations although 
not in granulocytes or lymphocytes. In vitro differentiation of monocytes showed that 
MS4A4 was expressed in immature dendritic cells and alternatively activated (M2)-
macrophages. MS4A4 was also expressed in the U937 cell line after differentiation with 
phorbol myristic acid (PMA), which induces these cells to differentiate into 
macrophages104. Although the expression of MS4A4 on the airway epithelium remains 
undetermined, KIT expression has been reported by others in the airway epithelium of 
mice105 and humans106. It is therefore plausible that MS4A4 may be expressed on AECs 
but whether its functions are similar to those observed in mast cells remain to be seen. 
Whilst not normally expressed in normal B lymphocytes, MS4A4 expression was 
detected on CD138-positive blood plasma cells from patients with multiple myeloma as 
well as in bone marrow samples from patients with mantle cell lymphoma104. With the 
high efficacy of anti-MS4A1 (CD20) immunotherapies (e.g. Rituximab) in treating B cell 
lymphomas and other autoimmune disorders, targeting MS4A4 in the treatment of 
multiple myeloma may be favorable due to its restricted pattern of expression. The 
combined findings of these studies on MS4A4 is consistent with the observed functions 
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of other MS4A proteins in their interactions with neighboring membrane proteins and 
their involvement in cellular proliferation and differentiation processes.  
 Interestingly, a study by Greer and colleagues has identified the expression of 
several MS4A members on olfactory sensory neurons (OSNs) in mice107. Specifically, 
they were found at the sensory endings of the necklace olfactory subsystem, which 
comprises groups of OSNs located within the recesses of the olfactory epithelium that 
have been demonstrated to respond to a wide range of chemical stimuli such as gases, 
plant-derived odorants and peptides found in urine107. Ex vivo and in vitro experiments 
demonstrated that each MS4A member responded to various odorant ligands by 
enhancing the cellular influx of extracellular calcium. For example, MS4A6D and 

MS4A4B transfected HEK293 cells responded most to oleic acid and a-linoleic acid 

whereas MS4A6C responded to dimethylpyrazines107. The study also shows that each 
sensory neuron expressed multiple MS4A members at its sensory ends, thus enabling 
a single olfactory neuron to identify multiple odorant classes. This differs from more 
traditional olfactory systems where individual receptors are generally designated a 
singular, defined odorant response107. This pattern of expression may suggest that 
sensory input from OSNs may be a result of pooled information from multiple MS4A 
proteins. The ability of MS4A members tested in this study to increase calcium influx 
after activation with specific ligands provides further evidence that MS4A proteins bear 
a potential receptor function. As the study was conducted with murine MS4A proteins, 
it would be important therefore to determine if the same ligand classes stimulate human 
MS4A members and whether additional ligands exist in the human homolog. The 
findings presented in the study are profound as they suggest that MS4A proteins may 

serve as chemoreceptors in a range of tissue types given their broad expression profile 
across the body. 
 Another known MS4A member with possible receptor function is MS4A2, with in 
vitro studies demonstrating that it is a receptor for the complement component peptide 
C3a. Binding of C3a-derived peptides inhibits the phosphorylation of MS4A2, thus 
preventing the transient increase in intracellular Ca2+ levels leading to mast cell 
activation108. As previously highlighted in studies of MS4A1 and MS4A12, increasing 
evidence now suggests the involvement of MS4A proteins in regulating intracellular 
calcium flux. However, no clear picture has arisen to determine if the MS4A proteins 
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themselves form calcium-permeable channels or if they function as co-receptors with 
neighboring membrane proteins to form a functional ion channel. 
 The ongoing investigation of the functions of MS4A proteins will allow for a 
clearer understanding of their core functions that will hopefully provide opportunities for 
the development of new therapeutic targets. As seen in immunotherapies targeting 
MS4A1 in the treatment of lymphomas, the restricted pattern of expression of other 
MS4A proteins may translate to therapeutic significance in the treatment of 
malignancies given their intimate involvement in regulating cellular growth and 
differentiation. 
 

1.7.3 Current findings relating to MS4A8B expression and its potential 
functions 

 
 The human MS4A8B was first identified along with the larger MS4A protein 
family by Liang and colleagues in 2001109. In this study, low levels of MS4A8B mRNA 
transcripts were detected in human B cell lines by qPCR. Its expression in organ 
systems was also determined by qPCR on mRNA isolated from mouse tissue samples, 
with low expression levels detected in the spleen, peripheral lymph node, bone marrow, 
liver, heart, colon and lungs in mice109. Interestingly however, subsequent studies by 
Zuccolo and colleagues were unable to detect for MS4A8B expression in human blood 
or tonsillar B-cells110. Today, combined findings from recent studies suggest a primarily 
non-hematopoietic expression of MS4A8B across the body. The functions of MS4A8B 
however remain unclear, although a possible involvement in cellular proliferation and 

cancer has been suggested111-113. Whilst Greer and colleagues show that the mouse 
homolog (termed MS4a8a), expressed on olfactory neurons in mice, responded weakly 

to sulfated steroids (4-pregnan-11b, 21-diol-3, 20-dione, 21-sulfate)107, it is not known 

if human MS4A8B possesses receptor or ion channel functions as observed in other 
MS4A members.   
 The expression of MS4A8B in the human lung was first brought to attention in a 
study conducted by Bangur and colleagues in 2002 when microarray-based expression 
analysis of small cell lung carcinoma (SCLC) samples identified that MS4A8B mRNA 
transcripts were significantly upregulated when compared to healthy controls114. A 
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follow-up study 2 years later by the same group confirmed that MS4A8B protein 
expression was upregulated in lung biopsies of patients with SCLC compared to normal 
controls111. Whilst MS4A8B protein was upregulated in SCLC samples, its expression 
in normal lung tissue appeared to be confined to the airway epithelium. The mechanistic 
functions of MS4A8B in the lung were not interrogated in these studies, although the 
authors proposed that MS4A8B could potentially be an immunotherapy target for the 
treatment of SCLC due to its restricted pattern of expression.  
 Further studies have identified associations of MS4A8B in other malignancies 
such as prostate and colon cancer112,113. In the digestive tract of both humans and mice, 
immunohistochemical (IHC) staining showed that MS4A8B was expressed in 

epithelium of the stomach, small intestine and the colon. Curiously, IHC staining of 
colon carcinoma patient biopsies show a loss of MS4A8B expression compared to 
normal tissue112. In vitro overexpression of the mouse homolog, MS4a8a, into the 
murine colon carcinoma cell line CT26 led to a reduction in cellular migration and 
proliferation. Genetic profiling of MS4a8a-transfected CT26 cells revealed the 
differential expression of genes involved in cytoskeletal organization, proliferation, 
differentiation and metabolic processes112. Of the genes identified, krt20 expression 
was significantly upregulated (fold change > 10) upon MS4a8a overexpression. The 
krt20 gene belongs to the keratin family and is primarily expressed in the cytoplasm of 
epithelial cells of the small and large intestines and also in Merkel cells of the skin and 
is critically involved in the maintenance of intestinal epithelial cells115. Dysregulated 
expression of keratin proteins have been implicated with the development of 
cancers116, with heightened krt20 expression being utilized as a clinical indicator for 
colorectal cancer117. Whether or not the anti-proliferative effects of MS4a8a 
overexpression in the CT26 cell line are a direct result of MS4a8a functions or perhaps 
indirectly mediated by MS4a8a-regulated genes such as krt20, warrants further 
investigation. 
 MS4A8B has also been implicated in prostate cancer, with an increased 
expression observed in IHC staining of prostate tissue biopsies from prostate cancer 
patients113. MS4A8B mRNA was also detected in the prostate adenocarcinoma cell line, 

LNCap and gene silencing of MS4A8B in these cells resulted in growth arrest113. The 
differential MS4A8B expression observed across different cancers, where its 
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expression is upregulated in SCLC and prostate cancer but downregulated in colon 
cancer, may be attributed to the inherent heterogeneity associated with cancers. It is 
yet unclear if the dysregulation in MS4A8B expression is a primary contributing factor 
to malignancies or is perhaps a ‘bystander’ to more prominent underlying genetic 
factors.  
 

1.7.4 MS4A8B and its potential involvement in regulating airway epithelial 
inflammation 

 
 Structurally, the human MS4A8B protein is 250 amino acids long and has a 
predicted molecular mass of approximately 26.3 kDa. MS4A8B shares a 40% protein 
sequence identity to MS4A1 and a 30% identity to both MS4A2 and MS4A3. A unique 
feature of the human MS4A8B protein is that protein sequence analysis reveals that it 
contains a putative immunoreceptor tyrosine-based inhibitory motif (ITIM) at its C-
terminal domain (Figure 1.2). ITIM motifs are commonly associated with the inhibitory 
regulation of cell activation. Although the human MS4A8B protein shares a high 
sequence identity to the mouse homolog (MS4a8a) of 55%, it is important to note that 
the mouse homolog does not contain a putative ITIM motif at its intracellular C- terminal 
domain. This suggests functional differences between the species and thus caution 
should be taken in interpreting results derived from murine models examining MS4a8a. 
 The presence of a putative ITIM motif on the MS4A8B protein likely indicates its 
ability to regulate downstream cell signals. The notion of ITIMs emerged shortly after 
the discovery of immunoreceptor tyrosine-based activatory motifs (ITAM), which are 

responsible for propagating activatory signals118,119. ITAMs are often found in multi-
subunit immunoreceptors and contain the consensus sequence, YxxI/Lx(6-8)YxxI/L 
(where x denotes any amino acid residue). Notable examples include the B/T cell 
antigen receptors and MS4A2 found as part of the high-affinity IgE receptor on mast 

cells and basophils (FceRIβ)119,120. Generally, upon receptor engagement, ITAM-

containing receptors physically associate with neighboring adaptor proteins where 
tyrosine residues on the ITAM motif are phosphorylated by the Src family of protein 
tyrosine kinases (PTKs). Phosphorylation then allows the ITAM to serve as a docking 
and activation site for other PTKs such as Syk and ZAP-70118. This leads to the 
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recruitment and activation of multiple downstream signaling molecules that trigger 
subsequent cellular effector functions118,119 (Figure 1.3). In contrast, ITIMs are typically 
involved in propagating downstream inhibitory signals, with notable examples including 
the low-affinity immunoglobulin G (IgG) receptor, FcγRIIb (CD32B) found on B cells, 
mast cells and eosinophils, and the killer cell immunoglobulin-like receptor (KIR) found 
on natural killer (KR) cells119. Most ITIM-containing receptors function to inhibit 
activatory signals mediated by ITAM-containing receptors. Upon activation of ITIM-
containing receptors, ITIM motifs become tyrosine phosphorylated by Src kinases. This 
enables the recruitment of phosphotyrosine phosphatases such as SHP-1/2 or the 
inositol phosphatase, SHIP, which are the primary effectors of ITIM-mediated negative 

signaling. These phosphatases result in the dephosphorylation of inositol phospholipids 
and tyrosyl-phosphorylated proteins, effectively down-regulating ITAM-driven signaling 
cascades121. This fine balance between ITAM and ITIM receptor interaction is critical in 
the regulation and maintenance of various immune responses in the body.  
 As demonstrated by MS4A2 and its roles in ITAM-mediated amplification of 

FceRI signaling, the expression of the putative ITIM motif on MS4A8B may signify 

possible functions in immune-regulation. In the human airways, I predict that MS4A8B 
may serve to antagonize activatory signals to regulate inflammatory status in the lungs. 
With studies showing other MS4A members physically associating with neighboring 
membrane proteins, and the fact that ITIM-bearing receptors often function as part of a 
receptor complex, MS4A8B may also share such properties. Functionally, it is plausible 
that MS4A8B may co-engage with neighboring ITAM-containing receptors to directly 
antagonize activatory signals (Figure 1.3). Examples of airway epithelial receptors 

containing ITAM-like signaling motifs include Dectin-1, which belongs to the C-type 
lectin family of PRRs and ezrin, which is an actin-binding protein involved in cell 
signaling and maintenance of cellular integrity122-124. Given how excessive inflammation 
mediated by airway epithelial cell dysfunction is thought to contribute to the 
pathogenesis of a variety of airway disorders, it would be of interest therefore to 
examine if the putative ITIM-containing MS4A8B may be functionally important in 
regulating airway epithelial inflammation under this context. 
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Figure 1.3 Possible signaling functions of MS4A8B. 
 
(A) Activation of the Dectin-1 receptor leads to tyrosine phosphorylation of its ITAM-like 
signaling motif by protein kinases. This facilitates physical docking of the protein tyrosine 
kinase Syk, which in turn propagates multiple downstream activatory signals. (B) The 
ITIM-containing MS4A8B is predicted to propagate inhibitory signals. It may also 
physically associate with neighboring adaptor proteins as part of a signaling complex. 
Following receptor activation and tyrosine phosphorylation of its putative ITIM motif, 
tyrosine phosphatases such as SHP-1 are recruited, which may antagonize activatory 
signals elicited by ITAM-containing receptors. 
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1.8 Objectives and aims of the thesis  
 

As discussed, several properties of MS4A8B makes it an interesting candidate 
to explore further in relation to lung health and disease. Apart from MS4A2, MS4A8B 
is the only other MS4A member known to possess a tyrosine-based signaling motif, in 
this case a putative ITIM motif. Studies specifically addressing the functional 
importance of its putative ITIM motif are absent, with current studies on human 
MS4A8B being primarily descriptive in its expression across malignancies. The specific 
localization and functions of MS4A8B in the airways and its contributions to overall lung 
function in health and disease remains relatively unexplored. With the expression of 
MS4A8B being described on the airway epithelium, it may be functionally important in 
the immune regulation of AECs given the presence of a putative ITIM motif. As such, 
MS4A8B may play important roles in the pathogenesis of airway inflammatory disorders 
such as asthma and COPD. 

With studies detailing its involvement in the regulation of cellular growth and 
differentiation, it is also possible that MS4A8B may be involved in the regulation of 
airway epithelial differentiation. Multiple studies have proposed MS4A proteins as 
favorable candidate targets for immunotherapies due to their restricted pattern of 
expression, with targeted antibody therapy against MS4A1 being a prime example in 
the treatment of lymphomas125. MS4A8B could therefore represent a novel potential 

therapeutic target in the treatment of pulmonary disorders.  
Based on these observations, I hypothesize that MS4A8B is an important 

regulator of airway epithelial function and that its expression and functions are 
dysregulated in airway inflammatory disorders. 

 
The specific aims of the project are therefore to:  

 
1. Determine the expression and distribution of MS4A8B in the normal human lung.  
2. Determine if the expression of MS4A8B is altered in human airway inflammatory 

disorders. 
3. Identify the function and signaling pathways associated with MS4A8B in airway 

epithelial cells. 
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 Investigation of MS4A8B functions in the airways will enable a better 
understanding of immune regulation originating from the airway epithelium and how 
this may translate to the pathogenesis and potential treatment of pulmonary disorders.   
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2.1 General cell culture 
 

All cell lines were maintained at 37°C in an air-ventilated and humidified 
incubator with 5% CO2 in 0.2 μm vented-cap cell culture flasks (25 or 75 cm2) (Corning, 
New York, USA). For sub-culturing of adherent cells lines, cells were passaged every 
3 to 4 days or when cultures reached 80 - 90 % confluency. Adherent cell lines were 
dissociated by a 5 minute incubation with TrypLE Express (Thermo Fisher, Waltham, 
USA), a recombinant cell-dissociation enzyme replacement of porcine trypsin. 
Dissociated cells were resuspended in cell culture medium, harvested and centrifuged 
at 300 x g for 5 minutes. The supernatant was aspirated and the cell pellet resuspended 
followed by sub-culturing at the relevant seeding densities per the cell line. For cell lines 
grown in suspension, cells were passaged every 3-4 days.  

 

2.1.1 Airway epithelial cell lines 
 
 Given that preliminary findings pointed toward the expression of MS4A8B on the 
airway epithelium, a variety of commonly utilized airway epithelial cells were therefore 
used throughout this study (Table 2.1). 

The human adenocarcinoma alveolar cell line, A549, was maintained in 
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5% v/v fetal bovine 
serum (FBS) (Life Technologies, Carlsbad, USA or Sigma-Aldrich, St. Louis, USA), L-
glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 μg/ml), HEPES (10 mM), 
1% sodium bicarbonate, 1% v/v non-essential amino acid and sodium pyruvate (1 mM) 

(all from Thermo Fisher, Waltham, USA).  
The 12-SV40 adenovirus-transformed bronchial epithelial cell line, BEAS-2B, 

were maintained in Roswell Park Memorial Institute medium (RPMI) (Thermo Fisher, 
Waltham, USA) supplemented with 10% v/v FBS, L-glutamine (2 mM), penicillin (100 
U/ml), streptomycin (100 μg/ml) and HEPES (10 mM).  

The hTERT/Cdk4 immortalized human bronchial epithelial cell line, HBEC6-
KT126 (kindly provided by Prof. Darryl Knight, University of Newcastle, NSW, Australia), 
were maintained in keratinocyte-SFM (serum-free medium) supplemented with bovine 
pituitary extract (20 μg/ml), recombinant epidermal growth factor (0.2 ng/ml), penicillin 
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(100 U/ml) and streptomycin (100 μg/ml) (all from Thermo Fisher, Waltham, USA).  
Primary bronchial epithelial cells (PBECs) were purchased commercially 

(Lonza, Basel, Switzerland) or obtained from healthy or severe asthmatic volunteers 
via bronchial brushings in accordance with standard published guidelines127. PBECs 
obtained via bronchial brushings were isolated and cultured as previously described75. 
Asthmatic patients were classified per the Global Strategy for Asthma Management 
and Prevention (GINA) guidelines128. All subjects were free of respiratory tract 
infections 4 weeks prior to brushings. Written consent was obtained from all volunteers 
before participation and ethical approval was obtained from the Joint Ethics Committee 
of Southampton University Hospital Trust. PBECs were maintained in bronchial 

epithelial growth medium (BEGM) containing bovine pituitary extract (52 μg/ml), 
hydrocortisone (0.5 μg/ml), insulin (5 μg/ml), transferrin (10 μg/ml), epinephrine (0.5 
μg/ml), triiodothyronine (6.5 ng/ml), gentamycin (50 μg/ml), amphotericin (50 ng/ml), 
epidermal growth factor (25 ng/ml) and all-trans retinoic acid (50 nM) (all from Lonza, 
Basel, Switzerland). 

The hTERT immortalized primary bronchial epithelial cell lines, NuLi-1129 (kindly 
provided by Dr. Steven Bozinovski, RMIT University, Bundoora, Australia) and BCi-
NS1.1130 (kindly provided by Dr. Matthew Walters, Weill Cornell Medical College, New 
York, USA), were maintained under identical culture conditions to PBECs. 

 

2.1.2 Other cell lines 
 
 Early reports were also suggestive of MS4A8B expression in cells with 
hematopoietic origins109. As such, several hematopoietic cell lines were utilized in this 
work for expression studies of MS4A8B (Table 2.1). 

The human promyelocytic leukemia cell line, HL-60, was maintained in Iscove’s 
modified Dulbecco’s medium (IMDM) (Thermo Fisher, Waltham, USA) supplemented 
with 10% v/v FBS, L-glutamine (2 mM), penicillin (100 U/ml) and streptomycin (100 
μg/ml). 

The immortalized human mast cell line, (HMC)-1, was maintained in IMDM 
supplemented with 10% v/v FBS, L-glutamine (2 mM), penicillin (100 U/ml), 
streptomycin (100 μg/ml) and 0.01% v/v α-thioglycerol (Sigma-Aldrich, St. Louis, 
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USA)131. 
The LAD 2 human mast cell line was kindly provided by Dr. Arnold Kirshenbaum 

(National Institute of Health, Bethesda, USA). The cells were cultured in StemPro-34 
serum-free media (Life Technologies, Carlsbad, USA) supplemented with L-glutamine 
(2 mM), penicillin (100 U/ml), streptomycin (100 μg/ml) and recombinant human stem 
cell factor (rhSCF) (100 ng/ml) (Peprotech, Rocky Hill, USA)132.  

The human myelogenous leukemia cell line, KU-812, was cultured in RPMI 
supplemented with 10% v/v FBS, L-glutamine (2 mM), penicillin (100 U/ml) and 
streptomycin (100 μg/ml). 

The human embryonic kidney cell line, HEK293, was maintained in DMEM 

supplemented with 10% v/v FCS, L-glutamine (2 mM), penicillin (100 U/ml) and 
streptomycin (100 μg/ml).  

 
 
Table 2.1 Tissue origins and basal culture medium used in the culture and 

maintenance of various human cell lines. 

  

Cell line Origin Culture medium 

A549 alveolar type II adenocarcinoma DMEM 

BEAS-2B bronchial epithelial RPMI 

BCi-NS1.1 bronchial epithelial BEGM 

HBEC6-KT bronchial epithelial keratinocyte-SFM 

HEK293 embryonic kidney DMEM 

HL-60 promyelocytic leukemia IMDM 

HMC-1 mast cell IMDM 

LAD 2 mast cell StemPro-34 

NuLi-1 bronchial epithelial BEGM 

PBEC primary bronchial epithelial BEGM 
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2.2 Cryopreservation  
 
 Cells were harvested during log growth followed by centrifugation at 300 x g. 
The cell pellet was resuspended in cell culture medium containing 10% DMSO and the 
cell suspension transferred into cryogenic tubes (Thermo Fisher, Waltham, USA). 
Cryogenic tubes were then transferred into a freezing container (Thermo Fisher, 
Waltham, USA) filled with room temperature isopropanol. The container was then 
placed in a -80°C freezer. After 24 hours, cryogenic tubes were transferred into a liquid 
nitrogen cryopreservation vessel for long term storage. 
 

2.3 Air-liquid interface (ALI) differentiation of human airway epithelial cell 
lines 

 
For air-liquid interface (ALI) cultures, PBECs (passages 1 – 3), BCi-NS1.1 and 

HBEC6-KT cells were trypsinized and seeded into 6.5 mm, 0.4-μM pore-size, collagen-
coated transwell culture inserts at 7 x 104 cells/well (Corning, New York, USA). For 
collagen coating of transwells, collagen I (Advanced BioMatrix, Carlsbad, USA) was 
diluted in sterile MiliQ water to a working concentration of 30 μg/ml and added into the 
apical compartment in 100 μl volumes. Plates were then placed into a cell culture 
incubator for 30 minutes to allow for collagen polymerization. Following the incubation 
period, the collagen I solution was aspirated and the transwells stored at 4oC until use. 
 Following the seeding of cells into transwells, cells were allowed to expand while 
submerged in BEGM culture media (Lonza, Basel, Switzerland) for 1 – 3 days or until 
100% confluent. The apical medium was then aspirated and 300 μl of fresh ALI 
differentiation medium added to the bottom compartment. The ALI differentiation 
medium was comprised of an equal volume of DMEM (containing L-glutamine (2 mM), 
penicillin (100 U/ml), streptomycin (100 μg/ml), non-essential amino acid (1% v/v) and 
sodium pyruvate (1 mM)) and BEGM (containing bovine pituitary extract (52 μg/ml), 
hydrocortisone (0.5 μg/ml), insulin (5 μg/ml), transferrin (10 μg/ml), epinephrine (0.5 
μg/ml), triiodothyronine (6.5 ng/ml), epidermal growth factor (25 ng/ml) and bovine 
serum albumin (1.5 μg/ml)). Basal ALI medium was replaced every other day for a 
minimum of 21 days for cultures to achieve complete mucociliary differentiation. 
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2.3.1 Transepithelial Electrical Resistance (TEER) Measurements 
 
TEER, an indicator of tight junction formation, was measured in ALI-cultured 

bronchial epithelial cells every 7 days using an EVOM2 epithelial volt-ohm meter (World 
Precision Instruments, Sarasota, USA). Briefly, cells were washed once apically with 
200 μl of Hank’s balanced salt solution (HBSS) (Thermo Fisher, Waltham, USA) to 
remove excess mucus and 100 μl of HBSS added to the apical compartment. Cultures 
were equilibrated for at least 10 minutes in the culture incubator prior to TEER 
measurements. Once TEER measurements were completed, HBSS on the apical 
compartment and ALI differentiation media in the bottom compartment were aspirated 
followed by the addition of fresh ALI differentiation media to the bottom compartment 
to restore ALI conditions.  
 

2.4 Cell stimulation and cytokine measurement assays  
 
 Airway epithelial cells were seeded in 24-well tissue culture plates (Corning, 
New York, USA) at a density of 70,000 to 100,000 cells per well and were left to adhere 
overnight. The following day, cells were starved with serum free media (SFM) 
containing 0.25% bovine serum albumin (BSA) for 24 hours. Media was then replaced 
with fresh SFM and the cells challenged with various stimuli for a further 24 hours. 
Untreated cells were utilized as controls to measure basal cytokine release. 
Supernatants were collected and centrifuged for 5 minutes at 400 x g to remove cellular 
debris followed by storage at -80oC until analysis. For airway epithelial cells grown at 

ALI, cells were cultured for a minimum of 21 days to allow for complete mucociliary 
differentiation. Prior to stimulation, culture medium in the bottom compartment was 
aspirated and replaced with fresh culture medium and the apical surface washed once 
with sterile PBS. Stimuli were added apically and after 24 hours, culture medium from 
the bottom compartment was collected and centrifuged for 5 minutes at 400 x g to 
remove cellular debris. Samples were stored at -80oC until analysis.  
 For immunoassay of cytokines, commercially available ELISA kits were used 
according to the manufacturer’s instructions (BD Biosciences, San Jose, USA) 
(eBioscience, San Diego, USA). Briefly, 96-well microtiter plates (Corning, New York, 
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USA) were coated with 100 μl of capture antibody and plates incubated overnight at 
4oC. The following day, plates were washed with ELISA wash buffer (comprised of 
phosphate-buffered saline (PBS) with 0.05% Tween-20) and non-specific binding 
blocked with blocking buffer (comprised of 10% FBS in MiliQ water) for 1 hour at room 
temperature. After this period, the blocking buffer was aspirated and plates were 
washed three times followed by the addition of samples or standards into the wells. 
Samples were incubated at room temperature for 2 hours after which they were 
aspirated followed by the addition of biotinylated detection antibodies. After a 1 hour 
incubation, the detection antibody was aspirated and the plates were washed 3 times. 
Streptavidin-HRP conjugated antibodies were then added and plates incubated for 30 

minutes. After incubation, secondary antibodies were aspirated and plates washed five 
times followed by the addition of tetramethylbenzidine (TMB) substrate. Plates were 
incubated for 5-10 minutes in the dark after which the TMB substrate reaction was 
quenched with the addition of stop solution (6 M sulfuric acid) and plates were read at 
450 nm using a Multiskan Ascent microplate reader (Thermo Fisher, Waltham, USA). 
Output data was analyzed using the Softmax Ascent 2.6 software.   
 

2.5 Cell migration and proliferation assays  
 
 Cellular migration was conducted through scratch wound assays on BEAS-2B 
cell lines. 70,000 BEAS-2B cells were grown to 100% confluence on a 24-well tissue 
culture plate and serum starved for 24 hours. A scratch was then set with a 200 μl 
sterile pipette tip in the cell monolayer, and cellular debris removed by 2 washes with 
PBS followed by addition of 10% FCS containing culture media. The wound area was 
imaged every 30 minutes for a total duration of 16 hours using a Leica DMI 6000B live 
cell imaging microscope (Leica, Wetzlar, Germany) with cells maintained at 37ºC in 5% 
CO2. The resultant images were compiled into a time-lapse video and wound closure 
rate analyzed using ImageJ software. The initial wound area, as indicated by cell edges 
of the scratch, was manually outlined in the first frame and background grey levels 
within the wound area subtracted for each subsequent frame. For each frame in the 
time-lapse, the cell coverage within the wound region was measured, thus providing a 
quantification of wound coverage area (in μm2) at each measured time point. Values 
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were normalized to the migration observed in non-transfected controls. Results are 
represented as percentages with 100% being defined as complete wound closure. 
 For cell proliferation assays, cell counts were performed on non-stimulated 
BEAS-2B cells used in cell stimulation assays, where these cells were grown in serum-
free conditions for 24 hours. After culture supernatants were harvested for 
immunoassays, cells were trypsinized and resuspended in 1 ml sterile PBS and manual 
cell counts performed using a hemocytometer. Counts were performed with the addition 
of trypan blue to determine non-viable cells.  
 

2.6 Calcium mobilization assays  
 
 Stably transfected HEK293 cells were utilized in calcium mobilization assays. 
HEK293 cells were harvested following trypsinization and washed twice in calcium 

release buffer (containing 1x Hanks salts, HEPES (10 mM), NaHCO3 (16.7 mM), 
glucose (5.5 mM), CaCl2 (1.8 mM), MgSO4 (0.75 mM) and probenecid (2.5 mM) 
(pH=7.4)) followed by incubation with buffer containing 2 μM Fura-2 AM (Thermo 
Fisher, Waltham, USA) for 1 hour at 37oC in the dark with gentle agitation on an orbital 
shaker. Cells were then washed twice with release buffer and transferred into 96-well 
tissue culture plates at a density of 60,000 cells per well in 200 μl volumes. Cells were 
then moved to the Flexstation II microplate reader set to 37°C (Molecular Devices, 
Sunnyvale, USA) for analysis. Following an initial temperature equilibration period of 5 
minutes, cells were activated by ionomycin (0.5 μM), ATP (30 nM) or the protease 
activated receptor (PAR) 1 agonist, TFLLR-NH2 (10 μM) and changes in fluorescence 
(ex: 340 nm; em: 380 nm) measured over a period of 5 minutes. A slow injection rate 
and injection volume of 20 μl (total reaction volume 200 μl) was used to minimize the 
effects of turbulence on cells at the bottom of the plate. Fluorescence readings were 
baseline-normalized to account for any background interference. 
   

2.7 Flow cytometry analysis  
 
 Flow cytometry was performed to validate the cell surface expression of 
MS4A8B in transfected BEAS-2B or HEK293 cell lines. Briefly, cells were centrifuged 
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at 300 x g for 5 minutes and the culture medium aspirated followed by 1 wash with ice 
cold FACS buffer composed of PBS (without magnesium or calcium), FBS (2%) and 
EDTA (1 mM). Cells were resuspended in ice cold FACS buffer to a concentration of 2 
million cells per ml. 100 µl of cell suspension was added per tube and incubated with 1 
µg/ml of a mouse monoclonal anti-MS4A8B antibody (Table 2.2) for 30 minutes on ice. 
Following incubation, cells were washed twice in 1 ml FACS buffer followed by 
incubation with biotinylated anti-mouse IgG antibodies for 30 minutes. Subsequently, 
cells were washed twice with FACS buffer and incubated with phycoerithrin (PE) 
conjugated streptavidin (BD Biosciences, San Jose, USA) (1:500 dilution) for another 
30 minutes on ice. Finally, samples were washed twice more and resuspended in 300 

µl of FACS buffer for analysis. Flow cytometry was performed using the BD 
LSRFortessa flow cytometer (BD Biosciences, San Jose, USA). Analysis of FACS data 
files was performed using the FlowJo analysis software (FlowJo LLC, Ashland, USA).  
 

2.8 Immunohistochemistry 
 

2.8.1 Human airway samples  
  
 MS4A8B expression was examined in human bronchial biopsies from patients 
with varying severities of asthma. Bronchial biopsies were kindly provided by Prof. 
Peter Howarth (Clinical and Experimental Sciences, University of Southampton, UK). 
Patient groups consisted of 7 non-asthmatics, 10 mild asthmatics and 9 severe 
asthmatics and were classified per the Global Strategy for Asthma Management and 
Prevention (GINA) guidelines128. All subjects were nonsmokers and were free of 
respiratory tract infections 4 weeks prior to inclusion into the study. Written consent 
was obtained from all volunteers before participation and ethical approval was obtained 
from the Joint Ethics Committee of Southampton University Hospital Trust. Bronchial 
biopsies were obtained from the volunteers by fiber optic bronchoscopy in accordance 
with standard published guidelines127 and tissues processed into glycol methacrylate 
(GMA) as previously described133. 

 MS4A8B expression was also examined in human fetal lung biopsies. Fetal 
material was kindly provided by Dr. Hans Michael Haitchi (Clinical and Experimental 
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Sciences, University of Southampton, UK). Following informed written consent and 
ethical approval, tissue biopsies were collected from females undergoing first trimester 
termination of pregnancy. Biopsy samples were staged and processed as previously 
described134. Gestational age of fetuses was between 12 and 14 weeks. 
 

2.8.2 Immunohistochemical staining of glycol methacrylate (GMA) 
embedded tissues  

 
Serially sectioned (2 μM-thick) biopsies were incubated with a solution of sodium 

azide (0.1%) and hydrogen peroxide (0.3%) prepared in distilled water for 30 minutes 
to inhibit endogenous peroxidases. Sections were washed once with tris-buffered 
saline (TBS) and blocking buffer (DMEM culture medium containing FBS (20%) and 
BSA (1%)) was applied for 30 minutes to inhibit non-specific staining. Primary 
antibodies (Table 2.2) were then added and slides left in a humidified chamber 
overnight at room temperature. The following day, sections were washed with TBS and 
incubated with biotinylated secondary antibodies (Vector Labs, Burlingame, USA) for 2 
hours. Slides were then washed and avidin biotin-peroxidase complexes (Vector Labs, 
Burlingame, USA) added and incubated for a further 2 hours. After incubation, slides 
were washed and staining developed by addition of diaminobenzidine 
tetrahydrochloride (DAB) (Dako, Glostrup, Denmark) for 10 minutes followed by 
counterstaining with Mayer’s hematoxylin (Dako, Glostrup, Denmark). Slides were then 
mounted with pertex mounting medium and allowed to dry overnight prior to 
microscopic analysis. 

 

2.8.3 Immunohistochemical staining of paraffin embedded tissues 
 

 Serially sectioned (5 μM thick) human airway biopsies were deparaffinized in 
histolene and rehydrated through a series of graded ethanols. Sections were then 
submerged in freshly prepared hydrogen peroxide for 10 minutes to block endogenous 
peroxidase activity. Heat-induced epitope retrieval was performed by immersing 
sections in 10 mM citric acid (pH 6.0) heated to 95°C for 5 minutes then allowing the 
sections to cool gradually at room temperature for 25 minutes. Non-specific staining 
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was blocked by TBS supplemented with FBS (10%) for 30 minutes. Primary antibodies 
were then added and slides left in a humidified chamber overnight at room temperature. 
The following day, sections were incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (Vector Labs, Burlingame, USA) for 30 minutes 
followed by addition of diaminobenzidine tetrahydrochloride (DAB) (Dako, Glostrup, 
Denmark) for 5 minutes followed by counterstaining with Mayer’s hematoxylin (Dako, 
Glostrup, Denmark). Slides were then mounted with pertex mounting medium and 
allowed to dry overnight prior to microscopic analysis.  
 

2.9 Whole-mount immunofluorescence staining of ALI-differentiated 
cultures 

 
 ALI-differentiated PBEC or BCi-NS1.1 cultures were washed with PBS and fixed 
with 4% paraformaldehyde solution for 15 minutes at room temperature after which the 
paraformaldehyde solution was replaced with PBS and cells stored at 4oC until use. 
For staining, the transwell membrane (with cells still attached) was gently removed from 
its transwell basket with a surgical scalpel and cells were permeabilized with Triton-X 
(0.1%) (Sigma-Aldrich, St. Louis, USA) in PBS for 15 minutes at room temperature, 
followed by incubation with blocking buffer containing BSA (2%) and Tween-20 (0.1%) 
diluted in PBS for at least 1 hour. After blocking, cells were incubated with primary 
antibodies overnight at 4°C in a humidified container. The following day, cells were 
washed with PBS followed by incubation with secondary antibodies conjugated with 
either fluorescein isothiocyanate (FITC) or Alexa Fluor® 594 (Thermo Fisher, Waltham, 

USA) for 30 minutes. After washing in PBS, cells were fixed with ProLong Antifade 
Reagent containing 4’, 6-Diamidino-2-phenylindole, dihydrochloride (DAPI) (Thermo 
Fisher, Waltham, USA) and mounted onto glass slides. Cells were then visualized on a 
fluorescence microscope (Leica, Wetzlar, Germany).  
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2.10 Western Blotting 
 

2.10.1  Preparation of whole cell lysates  
 
 Cells grown to confluence in tissue culture plates (approximately 1 - 5 million 
cells) were washed with ice cold PBS followed by addition of lysis buffer containing 1% 
Brij-96 (Sigma-Aldrich, St. Louis, USA), NaCl (0.15 M), Tris (0.01 M), pH 7.2, Na3VO4 

(100 µM) and Complete® Mini protease inhibitors (Roche, Basel, Switzerland). 

Samples used for Western blotting with anti-phosphotyrosine antibodies were also 
treated with phosphatase inhibitor cocktail (Roche, Basel, Switzerland). Cells were left 
on ice for 10 minutes prior to centrifugation at 10, 000 x g for 10 minutes at 4°C to 
remove nuclear debris. Cell lysates were stored at -80°C until use.  Protein 
concentration was quantified through Bradford assay (Bio-Rad Laboratories, Hercules, 
USA) and 25 - 50 μg of total protein subjected to SDS-PAGE and immunoblotting.  
 

2.10.2  Immunoprecipitation  
 
 For immunoprecipitation, up to 3 million cells were washed once in ice cold PBS 
and lysed in lysis buffer as above for 10 minutes prior to centrifugation at 12,000 x g for 
10 minutes at 4°C to remove nuclear debris. The cleared lysates were then incubated 

with 1 µg/ml of primary antibody and mixed with protein G Sepharose® beads 
(Pharmacia Biotech, Uppsala, Sweden). Samples were then left to rotate overnight on 
a tube rotator at 4°C. The following day, the sepharose beads were washed three times 
in ice cold lysis buffer and immunoprecipitated proteins were solubilized in 2x sodium 
dodecyl sulfate (SDS) sample buffer (Tris-HCl (0.05 M), 0.1% w/v SDS, 10% v/v 
glycerol and dithiothreitol (DTT) (50 mM). 
 

2.10.3  Bradford protein concentration assay  
 
 Cell lysate protein concentrations were determined using the Bio-Rad protein 
assay (Bio-Rad Laboratories, Hercules, USA) as outlined in the manufacturer’s 
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protocol. Briefly, BSA standards (20, 15, 10, 7.5, 5, 2.5, 0 μg/ml) and protein lysate 
samples were diluted in PBS to a volume of 100 μl followed by addition of 100 μl 0.2 M 
NaOH. After incubation at room temperature for 15 minutes, 600 μl of Mili-Q water and 
200 μl of Bio-Rad protein dye were added to standards/samples followed by vortexing. 
200 μl of standard/sample mixture was then added to a 96-well microtitre plate 
(Corning, New York, USA) and optical density was measured at 450 nm using a 
Multiskan Ascent microplate reader (Thermo Fisher, Waltham, USA). Output data was 
analyzed from the calibration curve using the Softmax Ascent 2.6 software. 
 

2.10.4  SDS-PAGE electrophoresis 
 
 Protein samples were reduced in SDS sample buffer and heated at 95°C for 3 
minutes prior to loading. Samples were loaded into 12% SDS-polyacrylamide gels 

prepared using the Mini-Protean II or III Cell casting modules (Bio-Rad Laboratories, 
Hercules, USA). The resolving gel mixture was poured and overlaid with isopropanol to 
prevent drying during polymerization for approximately 20 minutes at room 
temperature. Following removal of isopropanol with water and blotting paper, 4% 
stacking gel mixture was poured and a comb was placed into the gel casts. Upon 
polymerization, complete gels were placed into electrophoresis tanks containing 
running buffer (Tris (25 mM), glycine (192 mM), 0.1% w/v SDS, pH 8.3) and protein 
samples loaded into wells. Proteins were separated by electrophoresis at 85 volts 
through the stacking gel and 150 volts through the resolving gel until the dye front 
reached the bottom of the gel. SDS-polyacrylamide gels were then placed in ice cold 
transfer buffer (Tris (25 mM), glycine (0.2 M), 0.1% w/v SDS, 30% v/v methanol) for 5 
minutes to equilibrate followed by transfer of proteins onto polyvinylidene difluoride 
(PVDF) membranes.  
 

2.10.5  Protein transfer  
 
   Proteins were transferred onto Hybond-P PVDF membranes (GE Healthcare, 
Little Chalfont, UK) using a Trans-Blot semi-dry transfer cell (Bio-Rad Laboratories, 
Hercules, USA) for 45 minutes at 15 volts for 2 hours. The SDS-polyacrylamide gel and 
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PVDF membrane were sandwiched between Whatman filter paper (GE Healthcare, 
Little Chalfont, UK) and sponges soaked in transfer buffer. Upon completion of the 
transfer, PVDF membranes were stained with Ponceau red protein dye (Sigma-Aldrich, 
St. Louis, USA) to confirm transfer and loading of protein samples. PVDF membranes 
were then washed sufficiently in TBS containing 0.05% Tween-20 (v/v) (TBS-T) to 
remove the dye prior to immunoblotting.   
 

2.10.6  Immunoblotting 
 
 Once transferred, membranes were blocked for 1 hour at room temperatures in 
5% skim milk (or 5% BSA if using anti-phosphotyrosine antibodies) in TBS-T. Primary 
antibodies were then added and membranes incubated at 4°C overnight. The following 
day, membranes were washed with TBS-T (4 washes, 5 minutes each) and incubated 

with HRP-conjugated secondary antibodies made up in 3% skim milk (or 3% BSA for 
anti-phosphotyrosine antibodies) diluted in TBS-T for 2 hours at room temperature. 
Membranes were then washed thoroughly in TBS-T before the addition of enhanced 
chemiluminescent substrate (ECL) (GE Healthcare, Little Chalfont, UK) and finally 
imaged using the ImageQuant 350 imager (GE Healthcare, Little Chalfont, UK). For 
serial detection of other proteins on the same membrane, the membrane was washed 
in TBS-T and bound antibodies stripped by incubation with mild stripping buffer (glycine 
(50 mM), 0.1% w/v SDS, 1% Tween-20, pH 2.2) followed by blocking for 1 hour at room 
temperature and re-probed with primary antibody.  
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Table 2.2 Primary antibodies used in this study. 

 

* Mouse polyclonal antibody generated against the full-length human MS4A8B peptide; # Mouse 
monoclonal antibody generated against a transfected mouse cell line (300-19) expressing the full-length 
human MS4A8B peptide. The antibody clone (3E6) recognizes an extracellular epitope of MS4A8B; D 

Rabbit polyclonal antibody generated against the C- terminal intracellular domain of MS4A8B  
 
Abbreviations: FACS, fluorescence-activated cell sorting; IF, immunofluorescence; IHC, 
immunohistochemistry; WB, Western blot  

Primary 
antibody 

Species/clonality 
Dilution/working 

concentration, use ( ) 
Supplier 

*MS4A8B mouse polyclonal 1 μg/ml (WB) Abnova (H00083661-B01P) 
#MS4A8B mouse monoclonal 1 μg/ml (FACS) Kerafast (clone 3E6) 

DMS4A8B rabbit polyclonal 
1:250 (IHC/IF) 
1 μg/ml (WB) 

Sigma-Aldrich (HPA007319) 

β-tubulin rabbit polyclonal 1:400 (IHC) Abcam (ab6046) 

β-tubulin IV FITC mouse monoclonal 1:50 (IF) Sigma-Aldrich (F2043) 

MUC5AC mouse monoclonal 1:100 (IF) Sigma-Aldrich (WH0004586M7) 

GAPDH mouse monoclonal 1:10000 (WB) Abcam (ab8245) 

phosphotyrosine mouse monoclonal 1 μg/ml (WB) Abcam (ab10321) 
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Table 2.3 Secondary antibodies used in this study. 

 
Abbreviations: FACS, fluorescence-activated cell sorting; FITC, fluorescein isothiocyanate; HRP, 
horseradish peroxidase; IF, immunofluorescence; Ig, immunoglobulin; IHC, immunohistochemistry; 
WB, Western blot 
   
 
2.11 Generation of DNA plasmids 

 

2.11.1  Constructs 
 
 A pEGFP-N1 vector construct (Figure 2.1) encoding the full length MS4A8B wild-
type protein (MS4A8B-WT) was used in this project (provided by Dr. Mark Hulett, La 
Trobe Institute for Molecular Science, Bundoora, Australia). The construct was N- 
terminally tagged with a GFP reporter to facilitate selection of positively expressing cells 
and to permit cellular localization studies of the MS4A8B protein.  
 

2.11.2   Mutagenesis 
 
 To assess the potential importance of the MS4A8B putative ITIM motif, site-
directed mutagenesis was undertaken to substitute a key tyrosine amino acid residue 

at position 221 with phenylalanine to generate a mutant variant of the protein, termed 

Secondary antibody Species/clonality 
Dilution/working 

concentration 
Supplier 

Anti-mouse Ig biotinylated goat polyclonal 1:1000 (FACS) Thermo Fisher (31800) 

Anti-mouse Ig biotinylated horse polyclonal 1:1000 (IHC) Vector Labs (PK-4002) 

Anti-rabbit Ig biotinylated goat polyclonal 1:1200 (IHC) Vector Labs (PK-4001) 

Anti-rabbit Ig HRP-linked goat polyclonal 1:10,000 (WB) Bethyl (A120-201P) 

Anti-rabbit Ig HRP-linked goat polyclonal 1:10,000 (WB) Dako (P0448) 

Anti-mouse Ig HRP-linked rabbit polyclonal 1:10,000 (WB) Dako (P0260) 

Anti-mouse Ig FITC-linked goat polyclonal 1:100 (IF) Thermo Fisher (62-6511) 

Anti-rabbit Atto Ig 647N-linked goat polyclonal 4 µg/ml (IF) Sigma-Aldrich (40839) 

Anti-rabbit Ig Texas Red goat polyclonal 1 µg/ml (IF) Thermo Fisher (T-2767) 
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MS4A8B-Y221F (Table 2.4). This is predicted to render the putative ITIM motif 
dysfunctional. Nucleotide base changes were introduced into the gene construct using 
the Quickchange site-directed mutagenesis kit (Stratagene, La Jolla, USA) according 
to the manufacturer’s protocol.  
 
Table 2.4 Site-directed mutagenesis of the MS4A8B putative ITIM motif. 

 
DNA Construct Amino acid sequence 

MS4A8B-wild type 215-  S N V S V I Y P N I Y A A N -228 

MS4A8B-Y221F 215- S N V S V I F P N I Y A A N -228 

 

2.11.3  Transformation of E. coli bacteria 
 
 For each bacterial transformation, 100 ng of plasmid DNA was gently combined 
with 50 μl of OneShot chemically competent E. Coli bacteria (Thermo Fisher, Waltham, 
USA) and rested on ice for 5 minutes. Cells were heat shocked for 30 seconds at 42°C 
and placed on ice for 2 minutes. Cells were then recovered with 250 μl SOC medium 
(2% tryptone, 0.5% yeast extract, NaCl (10 mM), KCl (2.4 mM), MgCl2 (10 mM), MgSO4 

(10 mM) and glucose (20 mM) and cultured at 37oC for 1 hour with shaking. Cells were 
then plated out on luria broth agar plates supplemented with kanamycin (50 μg/ml) (k-
LB) and incubated overnight at 37oC to select for transformed bacteria. 
 

2.11.4  Isolation of plasmid DNA  
 
 Fresh k-LB medium was inoculated with a single bacterial colony that was 
isolated using a sterile pipette tip and was left to incubate overnight at 37°C in a conical 
shaker flask with gentle agitation. Cultured bacteria were then harvested and pelleted 
by centrifugation and plasmid DNA isolated using the Wizard Midiprep DNA purification 
kit (Promega, Madison, USA). Plasmid DNA purity, integrity and concentration was 
determined by absorption at 260/280 nm using a Nanodrop ND-1000 

spectrophotometer (Thermo Fisher, Waltham, USA). Plasmid constructs were stored at 
4°C until further use.  
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2.11.5  Restriction digest of plasmid DNA  
 
 To determine for correct construct insertion, plasmid DNA was cut with the 
appropriate diagnostic restriction enzymes. Approximately 200 ng of plasmid DNA was 
mixed with 1 μl each of restriction enzymes XhoI and SmaI, 2 μl of 10x One-Phor-All 
buffer (GE Healthcare, Little Chalfont, UK) and MilliQ water to a final volume of 20 μl. 
The sample mixture was then incubated at 37°C for 2 hours to allow for sufficient 
digestion followed by analysis of the resultant DNA fragments by agarose gel 
electrophoresis. 

Figure 2.1 Vector map for MS4A8B plasmid constructs described in this thesis. 

The MS4A8B gene encoding for the full-length human protein was inserted into the 
multiple cloning site (MCS) between the restriction sites XhoI and SmaI. MS4A8B is N- 
terminally tagged with an eGFP reporter.  
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2.11.6  Agarose gel electrophoresis 
 
 Digested DNA products were mixed at a ratio of 2:1 with EnVISION DNA stain 
(Amresco, Dallas, USA) and loaded into wells of 2-4 % agarose gels made up in TBE 
buffer containing Tris-base (40 mM), boric acid (40 mM) and EDTA (2 mM). A DNA 
ladder (1 kb Plus DNA Ladder) (Thermo Fisher, Waltham, USA) was run concurrently 
to aid in visualization of product bands. Samples were subjected to electrophoresis at 
100 volts for 1 hour until the desired separation was achieved and the gel visualized 
under a UV transilluminator (Bio-Rad Laboratories, Hercules, USA). 
 

2.11.7  DNA Sanger sequencing 
  
 To validate the integrity of the resultant constructs, Sanger sequencing of 
plasmid DNA was conducted. Briefly, 10 ng of DNA was mixed with 10 pmol of gene 
specific oligonucleotide primers (Table 2.5) and made up to a total volume of 12 μl in 
Mili-Q water. The samples were then sequenced at the Australian Genome Research 
Facility (North Melbourne, Australia). The resultant data was analyzed using the BioEdit 
analysis software and was determined to be correct (Ibis Biosciences, Carlsbad, USA).  
 
 
Table 2.5 PCR oligonucleotide primers utilized for Sanger sequencing of 
plasmid constructs. 
 

 
 
2.12  Transfection of mammalian cell lines 
 
 Adherent cells (e.g. BEAS-2B/HEK293) were transfected with Lipofectamine 
2000® (Thermo Fisher, Waltham, USA) according to the manufacturer’s instructions. 
Briefly, cells were seeded into 24-well tissue culture plates in antibiotic-free media and 
allowed to expand until 80 - 90% confluent before being transfected. For each 
transfection reaction, 0.5 to 2 μg of plasmid DNA (depending on the cell line) and 1 μl 

Gene target Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

MS4A8B T C T T A T T G C C T G C T G T C T G G A C C C C A G G C G T A A G G A T A A T 
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of Lipofectamine® 2000 were diluted in 25 μl of Opti-MEM I (Thermo Fisher, Waltham, 
USA) respectively before being mixed together to a final volume of 50 μl. The mixture 
was incubated at room temperature for 15 minutes to allow for complexing of plasmid 
DNA with the transfection reagent before being added to cells. The next day, the 
transfection solution was aspirated, cells were washed once with PBS and complete 
media added into the wells. Cells were allowed to recover for 24 hours followed by 
imaging under a fluorescent microscope to assess for transfection efficiency based on 
the level of GFP reporter expression. Transfected cells were then used for various 
downstream in vitro assays.  
 

2.13  Generation of MS4A8B stable expression clones  
 
 Following transient transfection, a limiting dilution was performed and 

transfected cells plated out into 96-well tissue culture plates in culture medium 
supplemented with Geneticin (G418) antibiotic (Thermo Fisher, Waltham, USA) to 
facilitate clonal selection of positively expressing clones. G418 (400 μg/ml) was used 
for selection of BEAS-2B cells, as previously determined through an antibiotic kill curve. 
After an incubation period of 2 weeks, single-cell derived clonal populations were 
clearly visible under light microscopy and the G418 concentration was reduced to 200 
μg/ml. G418 resistant clones were next examined under a fluorescent microscope 
(Leica, Wetzlar, Germany) for GFP expression and were selected based on similar GFP 
fluorescence levels. Selected clones were transferred into larger culture vessels to 
allow for expansion followed by FACS sorting to enrich for higher GFP-expressing 
populations. 
 

2.14  Nucleic acid techniques 
 
2.14.1  RNA extraction and quantification 
 
 Total mRNA isolation was carried out using the Illustra QuickPrep mRNA 
Purification Kit (GE Healthcare, Little Chalfont, UK) or the Qiagen RNeasy Mini Kit 
(Qiagen, Chadstone, Australia). Approximately 1 - 5 million cells were pelleted by 
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centrifugation, washed once with sterile PBS and the mRNA isolated as per the 
manufacturer’s instructions. For mRNA isolation of ALI-differentiated airway epithelial 
cells, cells were washed once apically with PBS followed by the addition of 200 μl of 
lysis buffer. The cell lysate was transferred into 1.5 ml Eppendorf tubes and processed 
normally per the manufacturer’s instructions. mRNA integrity and concentration were 
determined using the Nanodrop ND-1000 spectrophotometer at a 260/280 nm ratio of 
absorbance (Thermo Fisher, Waltham, USA). Purified mRNA samples were stored at -
80°C until use.  
 

2.14.2  First-strand cDNA synthesis  
 
 cDNA was generated using the High-Capacity cDNA Reverse Transcription Kit 
(Thermo Fisher, Waltham, USA). For each reaction, 200 ng of mRNA was mixed with 

1 μl 10x RT buffer, 0.4 μl 25x dNTP mix, 1 μl 10x RT random primers, 0.5 μl reverse 
transcriptase enzyme and 2.1 μl nuclease-free H2O to a total reaction volume of 5 μl. 
The thermal cycling conditions were followed according to the manufacturer’s 
instructions. Upon completion of the run, samples were diluted 1:20 with nuclease-free 
H2O and stored at -20°C until further use.  
 

2.14.3  Real-time quantitative polymerase-chain reaction (qPCR) 
 
 qPCR reactions were performed in 384-well MicroAmp Optical plates (Thermo 
Fisher, Waltham, USA). Each sample was run in triplicates. For each qPCR reaction, 2 
μl of diluted cDNA was mixed with 0.25 μl predesigned Taqman® probe (Thermo 
Fisher, Waltham, USA) (Table 2.6), 0.25 μl nuclease-free H2O and 2.5 μl Taqman® Fast 
Advanced Master Mix (Thermo Fisher, Waltham, USA) to a total reaction volume of 5 
μl. Thermal cycling conditions were followed according to the manufacturer’s 
instructions. qPCR data was normalized to the expression of the housekeeping genes, 
ubiquitin-C (UBC), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or 18s 
ribosomal RNA and the relative expression levels determined using the 2-(delta-delta 
(CT)) method unless specified otherwise. 
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Table 2.6 Taqman oligonucleotide probes used in this study. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.15 CRISPR/Cas9-mediated knockout of MS4A8B in human airway 

epithelial cell lines  
 
 To generate a stable MS4A8B gene knockout in airway epithelial cells capable 
of mucociliary differentiation at ALI culture, the CRISPR/Cas9 technology was 
employed on the BCi-NS1.1 cell lines using lentiviral vectors to maximize transfection 
efficiency135. In addition to targeting the MS4A8B gene, single guide RNA (sgRNA) 
sequences were also designed against the dynein axonemal heavy chain 5 (DNAH5) 
gene, a key component of the ciliary machinery responsible for cilia motility. First, BCi-
NS1.1 cell lines were virally transduced to constitutively express the Cas9 nuclease, 
thus generating a stable BCi-NS1.1-Cas9 expressing cell line. The resultant BCi-
NS1.1-Cas9 cells were subsequently transduced with constructs carrying the sgRNA 
constructs specifically targeting either the MS4A8B or DNAH5 gene to induce a gene 
knockout followed by clonal expansion and selection. The resultant clones were 
assessed for successful CRISPR/Cas9-mediated gene disruption by Sanger 

sequencing. A more detailed description of this methodology can be found in Chapter 
7, Section 7.2.   

Target gene Probe ID 

18s Hs99999901_s1 

CBE1 Hs00375668_g1 

DNAH5 Hs00292485_m1 

GAPDH Hs02758991_g1 

IL-6 Hs00985639_m1 

IL-8 Hs00174103_m1 

MUC5AC Hs00873651_mH 

MS4A8B Hs00230227_m1 

Tektin-1 Hs01070047_m1 

TJP1 Hs01551861_m1 

UBC Hs01871556_s1 
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Chapter 3  
 
 
 
 

EXPRESSION AND CELLULAR 
LOCALIZATION OF MS4A8B IN THE 

HUMAN AIRWAYS 
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3.1 INTRODUCTION 
 
 The MS4A protein family encompasses a series of membrane-spanning proteins 
encoded by genes clustered at human chromosome 11q12-13 and consists of 18 
distinct members to-date109. Whilst the exact functions of many MS4A members remain 
uncharacterized, parallelisms in their potential functions have been drawn from the 
founding members MS4A1 (CD20), MS4A2 (FcεRIβ) and MS4A3 (HTm4), which 
centers around themes of intracellular signaling, forming part of multi-subunit receptors 
involved in cell signaling and proliferation109,136. 
 MS4A8B, a member of the MS4A family, shares an approximate 40% and 30% 
sequence identity to MS4A1 and MS4A2 respectively and has been reported to be 
expressed in the human airways111. The MS4A8B gene encodes a membrane-
spanning protein that is 250 amino acids in length with predictive protein sequence 
analysis revealing that it contains a putative immunoreceptor tyrosine-based inhibitory 
motif (ITIM) at its C- terminal domain. ITIM-containing receptors are commonly found 
on immune cell populations and their activation often leads to the propagation of 
downstream inhibitory signals, resulting in attenuated cellular responses118. As 
MS4A8B remains largely uncharacterized in its functions, it is yet unknown if the protein 
itself is a receptor or it may perhaps function as an adaptor protein, much like MS4A2, 
being part of a multi-subunit cell-surface receptor. With the presence of a putative ITIM 

motif, it is conceivable that MS4A8B may negatively regulate immune responses in the 
lungs. It should be noted however, that while the mouse homolog, MS4A8a, shares a 
55% protein sequence identity to human MS4A8B, it lacks the putative ITIM motif found 
in the human form, which may suggest species-dependent differences in function. 
Protein sequence analysis of deposited MS4A8B reference sequences across 
mammalian species (accessible from the National Center for Biotechnology Information 
(NCBI), https://www.ncbi.nlm.nih.gov) show that only MS4A8B homologs from humans, 
primates and swine possess a putative ITIM motif (Table 3.1). However, the putative 
ITIM motif contained in the swine MS4A8B homolog is predicted to be located at the 
intracellular N- terminal domain of the protein rather than at the C- terminal seen in both 
humans and primates (Table 3.1). This may suggest differing protein functions in the 
swine homolog. These differences in ITIM expression between species makes 
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understanding the role of MS4A8B using animal models difficult. The work presented 
in this study will therefore focus entirely on human MS4A8B, which should mitigate 
potential discrepancies in functions associated with species-dependent differences. 

 The initial studies on members of the MS4A family suggest that they were 
primarily expressed on immune cell populations1,6. Emerging studies however, now 
paint a much broader tissue distribution of MS4A proteins than previously thought, 
ranging from MS4A12 in the colon epithelium101, MS4A13/14 in the testes137 and 
several MS4A members on olfactory sensory neurons107. The expression of MS4A8B 
is thought to be mostly confined to non-hematopoietic tissues, with expression 
databases showing MS4A8B transcript expression across tissues such as the lungs, 

colon and reproductive organs. Subcellular localization of the protein appears to be 
found primarily on the epithelial layer of these tissues138. Interestingly, studies have 
also reported that MS4A8B expression is dysregulated in these tissues in certain 
cancers111-113, which suggests its involvement in cellular migration and proliferation 
though the mechanism by which this occurs is unclear.  
 Despite current studies on MS4A8B, identification of cell lines that constitutively 
express the protein are scarce and its tissue distribution within the human airways 
remain poorly defined. In the study by Bangur and colleagues, quantitative PCR 
analysis identified positive MS4A8B mRNA expression in 7 out of 14 small cell lung 
carcinoma (SCLC) patient samples, with low-level transcript expression detected in 
normal lung samples. MS4A8B mRNA was also detected in the NCH-H69 and HTB173 
immortalized SCLC cell lines, with flow cytometric analysis of these cells using anti-
MS4A8B antibodies confirming the localization of the protein to the cell surface111. As 
the focus of this study was on the expression of MS4A8B in SCLC populations, its 
expression across normal airway epithelial cells was not examined, this being an area 
that shall be addressed in this chapter. 
 In their initial study first describing the MS4A family, Liang and colleagues109 
reported MS4A8B transcripts being detected in B-cell populations. However, recent 
work by others have failed to detect its expression in these cells110,111. qPCR screening 
of commonly utilized airway epithelial cell lines and those of hematopoietic origins that 

constitutively express MS4A8B will no doubt be useful as these cell lines may serve as 
tools to better understand the protein’s function. A study investigating transcriptional 
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changes in primary airway epithelial cells (PBECs) undergoing mucociliary 
differentiation when cultured under air-liquid interface (ALI) conditions reveal that 
MS4A8B transcripts were significantly upregulated during this time course139. The ALI 
culture methodology of PBECs is well-established to promote mucociliary differentiation 
of monolayer PBECs to eventually take on a polarized, multi-layered phenotype that 
closely mimics the in vivo lung epithelium with the expression of secretory and ciliated 
cell types140. The constitutive expression of MS4A8B in ALI-differentiated PBECs will 
therefore allow for a better understanding of the protein’s potential functions through 
various in vitro assays. However, whilst ALI-cultured PBECs are physiologically more 
relevant compared to immortalized airway epithelial cell lines grown at monolayers, 

they come with their own set of drawbacks. The limited culture potential of PBECs, long 
culture periods in ALI and low scalability significantly restricts the flexibility of 
experimental options. To address these shortcomings, ectopic expression of MS4A8B 
into airway epithelial cell lines utilizing expression plasmids were employed. This 
approach allows for the generation of an ‘ITIM-mutant’ of the MS4A8B, where a key 
tyrosine residue within the putative ITIM motif was replaced with phenylalanine that 
would be expected to render the predicted ITIM motif dysfunctional. This mutant variant 
of the MS4A8B protein should clearly demonstrate if the putative ITIM motif contained 
within MS4A8B is of significance to its biological functions, given that studies have yet 
to address the presence and possible significance of this signaling motif.  
 The work presented in Chapter 3 outlines the airway-specific distribution of 
MS4A8B in the human airways as well as to identify useful cell line models that 
constitutively express MS4A8B. The relationship between MS4A8B expression and 
mucociliary differentiation of the airway epithelium is also examined. Together, the 
results presented here will better define the expression profile of MS4A8B in the normal 
human airways both at the tissue and cellular level, which will lay the foundation toward 
a better understanding of its functions in subsequent chapters.  
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Table 3.1 Putative ITIM motif expression across MS4A8B species homologs. 

 
* Predicted amino acid sequence position 
 

3.2 METHODS 
 
 The following methodologies detailed in sections 3.2.2 and 3.2.3 describe 

studies that were conducted at the University of Southampton, UK, which were made 
possible by the European Respiratory Society Short-term Research Travel Fellowship 
award. Methods not specifically mentioned here are detailed in Chapter 2, Materials 
and Methods.  
 

3.2.1 mRNA isolation from human peripheral blood  
 
 Human peripheral blood samples were obtained from healthy volunteer donors 
following approval from the Melbourne Health Human Research Ethics Committee 
(project number 2013.026). Blood samples were kept chilled on ice immediately 
following extraction and were processed within 24 hours of receipt. mRNA was isolated 
from 2 ml of peripheral blood using the QIAamp RNA Blood Mini Kit (Qiagen, Hilden, 
Germany) according to the manufacturer’s protocol. cDNA was synthesized from the 
resultant mRNA template using previously detailed methods (Chapter 2, section 
2.14.2).  
 

Species Scientific name 
Sequence length 

(amino acids) 

% sequence identity 

(compared to human) 
Putative ITIM motif 

Consensus sequence 
(S/I/V/LxYxxI/V/L) 

Human Homo sapiens 250 N/A YES VIYPNI (219-224)* 

Chimpanzee Pan troglodytes 250 99 YES VIYPNI (219-224)* 

Mouse Mus musculus 290 55 NO - 

Rat Rattus norvegicus 251 63 NO - 

Hamster Mesocricetus auratus 244 64 NO - 

Wild boar Sus scrofa 236 55 YES LFYLGL (67-72)* 

Sheep Ovis aries 250 60 NO - 

Cow Bos taurus 246 61 NO - 
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3.2.2 Human bronchial biopsies 
  
 To characterize the expression of MS4A8B in the human airways, IHC staining 
was conducted on sectioned normal human bronchial and nasal polyp biopsies. Human 
bronchial biopsies were kindly provided by Prof. Peter Howarth (Clinical and 
Experimental Sciences, University of Southampton). Biopsies were obtained from 
normal subjects with approval from the Joint Ethics Committee of Southampton 
University Hospital Trust (UK) and following acquirement of written consent from 
volunteers. Bronchial biopsies were procured through fiber optic bronchoscopy in 
accordance with standard published guidelines127. Nasal polyp tissues acquired 
through surgical removal that were not required for diagnostic histopathology were 
used in IHC studies. Upon receipt of tissue biopsies, samples were processed into 
glycol methacrylate as previously described133. 
 

3.2.3 Human fetal lung samples  
 
 Human fetal lung tissue samples were kindly provided by Dr. Hans Michael 
Haitchi (Clinical and Experimental Sciences, University of Southampton). Ethics 
approval for the study was granted by the Southampton & South West Hampshire Joint 
Local Research Ethics Committee and the Newcastle Health Authority (UK). Following 
informed written consent, human fetal material was collected from females undergoing 
first trimester termination of pregnancy. Following receipt, fetal material was 
immediately dissected, staged and processed as previously described134. The 

gestational age of fetuses used in this study ranged between 12 and 14 weeks. 
 

3.3 RESULTS 
 

3.3.1 MS4A8B expression is localized to the cilia of the airway epithelium 
in situ   

 
 To determine the expression and distribution of MS4A8B protein in the airways, 
IHC staining was carried out on healthy human bronchial and nasal polyp biopsies. 
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Staining with a rabbit polyclonal anti-MS4A8B antibody (HPA007319, Sigma Aldrich) 
reveal a highly restricted pattern of expression, with MS4A8B protein being localized to 
the motile cilia of airway epithelial cells in both bronchial and nasal polyp tissue samples 
(Figure 3.1 A/B). Bronchial biopsy sections were also stained with an anti-beta tubulin 
antibody as a positive control for motile cilia (Figure 3.1 C). The similarity in staining 
profiles between MS4A8B and beta-tubulin confirms that MS4A8B expression was 
localized to the motile cilia. Purified rabbit IgG was used as a negative control and 
showed no specific immunoreactivity (Figure 3.1 D).  
 

  

Figure 3.1 MS4A8B expression in human bronchial and nasal biopsies. 

(A) IHC staining utilizing a rabbit polyclonal anti-MS4A8B antibody reveals highly 
specific staining of MS4A8B protein (brown) to the motile cilia of epithelial cells in the 
lungs and (B) nasal passages. (C) Anti-beta-tubulin antibodies were utilized as a 
positive stain for motile cilia. (D) Rabbit serum was used as a negative control and 
showed no immunoreactivity. Images are representative of results obtained from 5 
independent biopsy volunteers. 
 

A B 

C D 

MS4A8B MS4A8B 

beta-tubulin rabbit serum 
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3.3.2 MS4A8B expression is linked to cilia development in ALI-cultured 
PBECs 

 
 Given that MS4A8B was observed only in ciliated airway epithelial cells in 
human airway biopsies and that mRNA transcripts were absent in undifferentiated 
airway epithelial cells (monolayer culture), it was speculated that the appearance of 
MS4A8B may be associated with the development of cilia in airway epithelial cells. To 
test this hypothesis, PBECs obtained from healthy donors by bronchial brushings were 
cultured under ALI conditions for at least 21 days to allow for complete mucociliary 
differentiation. Compared to traditional monolayer culture of airway epithelial cells, 

PBECs grown under these conditions eventually take on a polarized phenotype that 
more closely mimics the in vivo airway epithelium141. 
 Successful mucociliary differentiation of ALI cultures was determined by 
transepithelial electrical resistance (TEER) measurements and qPCR analysis of 
known gene markers indicative of airway epithelial differentiation. TEER, which is an 
indicator of tight junction formation in differentiated airway epithelial cultures, was 
measured at weekly time points and was determined to increase over time (Figure 3.2). 
To test if these cultures expressed key gene markers that are indicative of airway 
mucociliary differentiation, the gene expression of known markers for motile cilia 
formation (CBE1142 and tektin-1143) and goblet cell proliferation (MUC5AC) were 
measured and were found to increase over weekly time points (Figure 3.3). The qPCR 
results also confirmed that MS4A8B expression was induced from day 7 of ALI culture 
onwards, with increasing levels of expression observed between day 7 to 21 in ALI 
culture (Figure 3.3).  
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Figure 3.2 Transepithelial electrical resistance of PBECs during ALI culture. 

TEER values of PBEC cells cultured at ALI were measured on a weekly basis. Data 
shown is the average TEER ± SEM of 3 independent donors. For each culture, TEER 
measurements were obtained from 8 transwell inserts per time point.  
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3.3.3 MS4A8B protein is sub-localized to the motile cilia of ALI-
differentiated PBEC cultures 

 
 To better identify MS4A8B protein localization on differentiated PBECs, whole-
mount IF staining was performed on 28-day ALI-cultured PBECs. Differentiated PBECs 
were co-stained with anti-MS4A8B (Figure 3.4 A) and anti-beta-tubulin (Figure 3.4 B) 

antibodies, with the latter antibody serving as a positive control for the presence of 
motile cilia. Similarly seen in IHC staining of bronchial biopsies ex vivo, results from 

Figure 3.3 MS4A8B gene expression parallels the appearance of motile cilia. 

Expression of MS4A8B mRNA is temporally increased as ALI-cultured PBECs undergo 
complete mucociliary differentiation. Tektin and CBE1 were used as markers for 
ciliogenesis and MUC5AC as a marker for goblet cell differentiation. Results shown are 
the mean ± SEM of 4 individual PBEC cultures relative to the control (7d) and have 
been normalized to the housekeeping gene. *p<0.05 One-way ANOVA analysis, 
Dunnett’s multiple post-hoc test.  
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ALI-differentiated PBECs confirmed the presence of MS4A8B protein on the motile cilia 
given its co-localization with beta-tubulin (Figure 3.4 C). In addition, 28-day ALI-cultured 
PBECs were also fixed and paraffin embedded followed by IHC staining for MS4A8B. 
Here, ALI-cultured PBECs take on a multi-layered, pseudostratified morphology 
similarly seen in the in vivo airway epithelium. As expected, MS4A8B protein was 
specifically expressed on the motile cilia of differentiated airway epithelial cells (Figure 
3.5). Interestingly, faint MS4A8B immunoreactivity was observed in the cell nucleus of 
some airway epithelial cells (white arrows), indicating possible nuclear roles for the 
protein.  
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Figure 3.4 MS4A8B protein expression in differentiated primary airway 
epithelial cells. 

Whole-mount immunofluorescence staining was carried out on 28-day ALI cultured 
PBECs. Cells were imaged at a magnification of 20x and 100x respectively. (A) Cells 
were co-stained for MS4A8B (red) and (B) beta-tubulin IV (green). (C) Results 
confirmed the specific expression of MS4A8B protein to the motile cilia, which co-
localized with beta-tubulin IV. Images are representative of 3 independent 
experiments. 
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3.3.4 MS4A8B expression in the developing human lung  
 
 To examine the temporal expression of MS4A8B in embryonic development of 
the lung, IHC staining was performed on sectioned human fetal lung biopsies (12-14 
weeks gestation) using anti-MS4A8B and anti-beta-tubulin antibodies. Interestingly, 
IHC staining showed a lack of MS4A8B protein expression on the apical surface of the 
airway epithelium (Figure 3.6 A I-III) despite the presence of cilia as indicated via 
positive staining for beta-tubulin (Figure 3.6 B V-VII), which may suggest biological 
roles for MS4A8B in more latent stages during lung development. Bronchial sections 
from the normal adult lung were stained concurrently to serve as a positive control with 
clear MS4A8B protein immunoreactivity observed on the motile cilia (Figure 3.6 A IV). 
  

Figure 3.5 MS4A8B expression in paraffin embedded ALI cultured PBECs. 

IHC staining was carried out on paraffin-embedded ALI cultured PBECs (28 days) 
utilizing an anti-MS4A8B antibody. Results demonstrated specific staining for MS4A8B 
protein (red arrow) on the motile cilia of differentiated airway epithelial cells. Some 
MS4A8B immunoreactivity was observed in the cell nuclei (white arrow). Image 
representative of 2 independent cultures.  
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Figure 3.6 Lack of MS4A8B expression in developing fetal lungs. 

IHC staining was performed on fetal lung biopsies of 12 to 14 weeks gestation 
utilizing (A) anti-MS4A8B antibodies. (B) Beta-tubulin IV was used as a positive 
control for the presence of motile cilia (brown). Sectioned adult bronchial biopsies 
were stained concurrently as a positive control for the MS4A8B antibody. Images 
representative of 3 individual donor samples.  
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3.3.5 Lack of detectable MS4A8B mRNA in commonly utilized human 
airway epithelial cell lines  

 
 Having determined the distribution of MS4A8B protein in human airway tissues 
in situ, I next sought to profile the expression of MS4A8B across cell lines resident in 
the airways using qPCR analysis. MS4A8B expression in these cell lines would serve 
as a valuable model to better understand MS4A8B function through the use of gene 
knockdown strategies. In addition to a focus on several commonly utilized airway 
epithelial cell lines, MS4A8B transcript expression was also examined in cDNA 
generated from human peripheral blood extract, total human brain lysate (a kind gift 

from Dr. Peter Crack, Dept. of Pharmacology & Therapeutics, University of Melbourne)  
and in a range of hematopoietic cell lines, given that Liang and colleagues had 
previously indicated MS4A8B expression in these tissues109. Contrary to these findings 
however, qPCR results demonstrated negative MS4A8B expression in these tissues. 
MS4A8B mRNA transcripts were also not detectable in all monolayer submerged 
airway epithelial cell lines tested (Table 3.2). MS4A8B mRNA was only detectable from 
cDNA generated from whole human lung tissue lysates (a kind gift from Prof. Alastair 
Stewart, Dept. of Pharmacology & Therapeutics, University of Melbourne) and airway 
epithelial cell lines capable of mucociliary differentiation when cultured under air-liquid 
interface (ALI) conditions. These include the primary bronchial epithelial cells (PBECs) 
and the BCi-NS1.1 cell line. The BCi-NS1.1 cell line is a newly developed immortalized 
airway epithelial cell line generated from viral transformation of normal PBECs to 
express human telomerase (hTERT) and retain the capacity to differentiate under ALI 
conditions130. Further characterization of the BCi-NS1.1 cell line will be detailed in 
Chapter 6. Despite attempting to culture both the HBEC6-KT and BEAS-2B cell lines 
at ALI to promote mucociliary differentiation, both cell lines failed to differentiate and 
did not express MS4A8B. Contrary to previous findings by Liang and colleagues, 
MS4A8B gene expression was not detectable in either human peripheral blood RNA 
extracts or in human cell lines of hematopoietic origins (HL-60, KU812, LAD2 and HMC-
1).   
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Table 3.2 Examination of MS4A8B mRNA expression across various human 
tissues and cells. 

 
 
N.B. Negative MS4A8B transcript expression was defined as an average PCR cycle number from 
triplicate samples that exceeded 35 cycles. 
 
Abbreviations: PBEC, primary bronchial epithelial cell; ALI, air-liquid interface 
 
  
  

Tissue Source (human) Expression 
Lung total lung lysate + 
Brain total brain lysate - 

Peripheral blood whole blood lysate - 
Cells Source (human) Expression 

PBEC (submerged culture) primary bronchial epithelial - 
PBEC (ALI culture) primary bronchial epithelial + 

BCi-NS1.1 (submerged culture) bronchial epithelial - 
BCi-NS1.1 (ALI culture) bronchial epithelial + 
HBEC6-KT (ALI culture) bronchial epithelial - 

HBEC6-KT (submerged culture) bronchial epithelial - 
A549 alveolar type II adenocarcinoma - 

BEAS-2B (ALI culture) bronchial epithelial - 
BEAS-2B (submerged culture) bronchial epithelial - 

NuLi-1  bronchial epithelial - 
HL-60 promyelocytic leukemia - 
KU812 basophilic - 
LAD2 mast cell - 

HMC-1 mast cell - 
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3.3.6 Ectopic expression of MS4A8B in airway epithelial cell lines  
 

3.3.6.1 Transient transfection of MS4A8B  
 
 Given the initial challenges in identifying cell lines that natively express MS4A8B, 
transfection strategies in airway epithelial cell lines were undertaken to investigate its 
functional roles. All plasmid vectors utilized were N- terminal GFP-tagged and encode 
for either the full length MS4A8B protein (MS4A8B-WT) or the ITIM mutant (MS4A8B-
Y221F). A GFP reporter was chosen to permit for tracking and localization studies of 
MS4A8B protein through fluorescence microscopy. Transient transfections were 
performed on the A549 (Figure 3.7), NuLi-1 (Figure 3.8), HBEC-6KT (Figure 3.9) and 
BEAS-2B (Figure 3.10) airway epithelial cell lines. Of the four cell lines, the BEAS-2B 
cells yielded higher levels of transfection efficiency and was therefore chosen as a 

model to further investigate the functions of MS4A8B (detailed in Chapter 5). Visual 
assessment of BEAS-2B cells transfected with either GFP-only, MS4A8B-WT or 
MS4A8B-Y221F show that approximately half the population was expressing the GFP 
reporter and transfection efficiency was therefore determined to be approximately 50%. 
Fluorescence microscopy imaging showed that all airway epithelial cell lines 
transfected with GFP-only plasmid vectors possessed significantly higher fluorescence 
intensities compared to cells transfected with either MS4A8B-WT or MS4A8B-Y221F 
expressing constructs (Figures 3.7 – 3.10 A).  
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Figure 3.7 Transient transfection of A549 cell lines. 

A549 airway epithelial cell lines were transiently transfected with GFP-tagged 
plasmid vectors encoding for either (A) GFP-only, (B) MS4A8B-WT, (C) MS4A8B-
Y221F or (D) no DNA control using the Lipofectamine 2000 transfection reagent. 
Transfected cells were imaged via fluorescence microscopy 24 hours post-
transfection.   
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Figure 3.8 Transient transfection of NuLi-1 cell lines. 

NuLi-1 airway epithelial cell lines were transiently transfected with GFP-tagged 
plasmid vectors encoding for either (A) GFP-only, (B) MS4A8B-WT, (C) MS4A8B-
Y221F or (D) no DNA control using the Lipofectamine 2000 transfection reagent. 
Transfected cells were imaged via fluorescence microscopy 24 hours post-
transfection.   
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Figure 3.9 Transient transfection of HBEC-6KT cell lines. 

HBEC-6KT airway epithelial cell lines were transiently transfected with GFP-tagged 
plasmid vectors encoding for either (A) GFP-only, (B) MS4A8B-WT, (C) MS4A8B-
Y221F or (D) no DNA control using the Lipofectamine 2000 transfection reagent. 
Transfected cells were imaged via fluorescence microscopy 24 hours post-
transfection.   
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Figure 3.10 Transient transfection of BEAS-2B cell lines. 

BEAS-2B airway epithelial cell lines were transiently transfected with GFP-tagged 
plasmid vectors encoding for either (A) GFP-only, (B) MS4A8B-WT, (C) MS4A8B-
Y221F or (D) no DNA control using the Lipofectamine 2000 transfection reagent. 
Transfected cells were imaged via fluorescence microscopy 24 hours post-transfection.   
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3.3.6.2 Stable transfection of MS4A8B in BEAS-2B airway epithelial cell lines  
 
 While transient transfections of BEAS-2B cell lines provided acceptable levels 
of transfection efficiencies for our functional assays (detailed in Chapter 5), this often 
resulted in a degree of acute cell cytotoxicity commonly associated with the use of lipid-
based transfection reagents. To avert this issue and to provide a higher and more 
consistent level of construct expression for functional studies, MS4A8B stably 
expressing clones were generated using the BEAS-2B cell line by performing a limiting 
dilution following transfection with the DNA plasmids. The resultant clones were then 
FACS sorted based on their GFP expression to enrich for high-expressing populations. 

Positive MS4A8B expression in these clones was also confirmed through qPCR 
analysis of the resultant BEAS-2B clones (Figure 3.11).  
 To confirm the expression of MS4A8B at the protein level, Western blotting was 
performed on whole-cell lysates from BEAS-2B clones. Three commercially available 
anti-MS4A8B antibodies were tested (see Chapter 2, Table 2.2). However, the results 
yielded faint and indistinct bands due to low antibody specificity and low protein 
expression in these cells. Attempts at enriching for MS4A8B protein in these cell lysates 
through immunoprecipitation (IP) of MS4A8B protein with these antibodies were also 
unsuccessful (data not shown). I was however, able to confirm MS4A8B protein 
expression in these cells following IP with GFP binding proteins coupled to sepharose 
beads (GFP-TrapTM, ChromoTek, Hauppauge, USA). The resultant lysates were 
subjected to Western blotting and probed with a rabbit polyclonal anti-MS4A8B 
antibody (Sigma Aldrich, St. Louis, USA). As the MS4A8B protein is fused to GFP in 
the plasmid constructs, the MS4A8B/GFP fusion protein therefore has a predicted 
protein size of approximately 53 kDa. Indeed, a band corresponding to the expected 
band size was observed in both MS4A8B-WT clones tested. This product was not 
detectable in both non-transfected (NT) BEAS-2B and GFP-only transfected cells 
(Figure 3.12).  
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Figure 3.12 Immunoprecipitation of MS4A8B protein. 

Expression of MS4A8B protein in stably transfected BEAS-2B clones was visualized 
through immunoprecipitation of cell lysates with GFP binding proteins coupled to 
sepharose beads (GFP-TrapTM) followed by probing with an anti-MS4A8B antibody. 
n=1   

Figure 3.11 MS4A8B expression in stably transfected BEAS-2B clones. 

qPCR analysis was performed on stably transfected clones (3 per phenotype) to 
confirm MS4A8B gene expression. MS4A8B gene expression for each clone is 
relative to the expression of the housekeeping gene (UBC) respectively. n=1 
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3.3.6.3 MS4A8B protein is expressed on the extracellular membrane in stably 
transfected BEAS-2B cells 

 
 To confirm the level of MS4A8B protein expression across additional stably 
transfected clones, the cells were subjected to FACS analysis using a mouse 
monoclonal antibody (Clone 3E6) (Kerafast, Boston, USA) that recognizes a predicted 
surface-exposed epitope of the MS4A8B protein. Given that MS4A proteins belong to 
a family of membrane-spanning proteins, the use of this antibody allows us to confirm 
if the MS4A8B protein is localized to the cell surface. Anti-mouse IgG2A antibodies 
were utilized as a negative control. Results demonstrated that both MS4A8B-WT 

(Figure 3.13 B) and MS4A8B-Y221F (Figure 3.13 C) clones stained positively for 
MS4A8B, as observed through a shift in phycoerythrin (PE) fluorescence compared to 
non-transfected BEAS-2B cells. Minimal positive staining was observed in both the 
non-transfected BEAS-2B and GFP-only transfected cells (Figure 3.13 A). The small 
leftward shifts observed in fluorescence peaks for GFP-only clones were likely due to 
emission spill-over between FITC and PE channels (Figure 3.13 A). Results show that 
both MS4A8B-WT and MS4A8B-Y221F clones were similarly matched in their vector 
expression and were therefore selected for use in downstream in vitro assays. 
 As both MS4A8B-WT and MS4A8B-Y221F proteins were GFP-tagged, this also 
enabled the visualization of the protein’s subcellular localization using fluorescence 
imaging techniques. Confocal fluorescence microscopy demonstrates that MS4A8B 
protein was localized primarily to the cellular membrane of BEAS-2B clones, resulting 
in a ‘ring-like’ appearance around the cell body (Figure 3.14 A/B). Cells transfected with 
empty GFP vector were observed to have a diffuse expression of GFP protein 
throughout the cell cytoplasm and nucleus (Figure 3.14 C). No differences in cellular 
localization between MS4A8B-WT and MS4A8B-Y221F proteins were seen. 
  



90 
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Figure 3.13 MS4A8B expression on the cell surface of stably transfected BEAS-
2B cells. 

BEAS-2B cells stably transfected with constructs expressing either (A) GFP only, (B) 
MS4A8B-WT or (C) MS4A8B-Y221F protein were stained with a mouse monoclonal 
anti-MS4A8B primary antibody followed by staining with PE-conjugated secondary 
antibodies. Cells were subjected to FACS analysis based on their PE 
immunoreactivity. Results representative of 2 independent experiments. 

 
 

C MS4A8B-Y221F 
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3.3.7 Ectopic expression of MS4A8B in the HEK293 cell lines 
 
 To permit the analysis of MS4A8B protein in cell signaling studies and to identify 
possible binding partners, the HEK293 cell line was utilized, which have been well 
established to provide high transfection efficiencies and protein production144. Here, 
HEK293 cells transiently transfected with MS4A8B-WT (Figure 3.15 A), MS4A8B-

Y221F (Figure 3.15 B) and GFP empty vector (Figure 3.15 C) displayed high levels of 
transfection efficiencies (>70%) and minimal cytotoxicity. Compared to transfected 
BEAS-2B cells, HEK293 cells expressing the MS4A8B constructs displayed much 
higher levels of GFP fluorescence when imaged under fluorescence microscopy. 
MS4A8B protein expression for both wild-type and mutant transfected HEK293 cells 
was also noted to be mostly localized to the cell membrane, with a clear absence in 
protein localization to the cell nucleus (Figure 3.15 A/B, white arrows). As previously 
noted in the BEAS-2B cell lines, HEK293 cells transfected with GFP-only plasmids also 
expressed significantly higher GFP fluorescence intensities compared to MS4A8B-WT 
or MS4A8B-Y221F transfected HEK293 cells (Figure 3.15). 
 To validate the protein expression of our constructs, Western blot was performed 

on transiently transfected HEK293 cell lysates (30 µg) and probed with an anti-MS4A8B 

A B C 

Figure 3.14 MS4A8B protein localizes to the cellular membrane. 

Stably transfected BEAS-2B cell lines expressing GFP-tagged (A) MS4A8B-WT and 
(B) MS4A8B-Y221F constructs demonstrate specific localization of the MS4A8B protein 
to the cellular membrane. Cells expressing (C) GFP only exhibited a diffuse expression 
of GFP protein throughout the cytoplasm. Images representative of 3 individual clonal 
populations for each phenotype respectively. 
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rabbit polyclonal antibody. The results demonstrated a reliable detection for both 
MS4A8B-WT and MS4A8B-Y221F protein expression without the need to enrich for 
MS4A8B proteins through immunoprecipitation (Figure 3.16). As expected, MS4A8B 
was not detectable in cells transfected with the GFP empty vector. Lysates were also 
probed with anti-beta-tubulin antibodies as a positive control and demonstrate equal 
amounts of protein across all samples (Figure 3.16). 
 I also generated stably transfected HEK293 cell lines to circumvent the need to 
repeatedly transfect these cells and to streamline downstream in vitro applications of 
these cells. To achieve this, transiently transfected HEK293 cells were subjected to 
FACS sorting to enrich for cell populations with high GFP reporter expression. 

Following expansion of the stable polyclonal cell lines, the surface expression of 
MS4A8B protein was examined through FACS analysis using a mouse monoclonal 
anti-MS4A8B antibody that recognizes an extracellular epitope of the protein. Results 
demonstrate a high degree of MS4A8B expression on the cell surface of both MS4A8B-
WT and MS4A8B-Y221F expressing HEK293 cells as indicated by positive 
phycoerythrin (PE) fluorescence when compared to both non-transfected and GFP-
only HEK293 cells (Figure 3.17). 
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A B 

C 

Figure 3.15 Transient transfection of HEK293 cell lines. 

HEK293 cell lines were transiently transfected followed by imaging via fluorescence 
microscopy after 24 hours. Cells demonstrated a high degree of transfection efficiency 
and minimal cytotoxicity. (A) MS4A8B-WT and (B) MS4A8B-Y221F transfected cells 
display lower GFP fluorescence intensities when compared to (C) GFP-only transfected 
cells. Images representative of 4 independent experiments.  
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Figure 3.16 Expression of MS4A8B protein in total cell lysates of transfected 
HEK293 cells. 

MS4A8B protein was detectable via Western blotting in cell lysates prepared from 
HEK293 cell lines transiently transfected with either GFP-only, MS4A8B-WT or 
MS4A8B-Y221F. Beta-tubulin protein was utilized as a loading control. Images 
representative of 3 independent experiments.  
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Figure 3.17 Assessment of MS4A8B surface expression on polyclonal stably 
transfected HEK293 cells. 

Stably transfected HEK293 cells were stained with an anti-MS4A8B monoclonal 
antibody that recognizes an extracellular epitope of the protein followed by secondary 
staining with PE-conjugated antibodies. Positive surface expression of MS4A8B was 
observed in the major population of both MS4A8B-WT and MS4A8B-Y221F transfected 
HEK293 cells. Non-transfected and GFP-only transfected cells were used as negative 
controls and showed no PE immunoreactivity. 
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3.4 DISCUSSION 
 
 Over recent years, the identification of new MS4A members continues to 
expand, increasing from the initial 2 (MS4A1 and MS4A2) to 18 identified MS4A 
members today in humans. Whilst originally conceived as a family of proteins 
expressed primarily in hematopoietic cell populations, it is now understood that MS4A 
members are also found broadly across non-hematopoietic tissues in the body99. 

Previous studies have reported that MS4A8B transcripts were present in 
hematopoietic tissues and in B cell lines109 although the validity of these findings have 
been difficult to reproduce by others110,111. My findings presented in this chapter 
suggests that MS4A8B is found on airway epithelial cells lining the human respiratory 
tract. IHC staining of human bronchial and nasal biopsies show highly specific 
expression of MS4A8B protein to the motile cilia of airway epithelial cells. A survey of 
the current literature also suggests that MS4A8B is the only MS4A member to be 
seemingly expressed exclusively to motile cilia. Outside of the airways, studies have 
also demonstrated MS4A8B expression on the epithelium of the colon112 and testes113. 
Because MS4A8B expression is not confined to the airways, suggests more 
generalized functions of the protein in ciliated tissues across the body.  
 While MS4A8B expression and distribution across various tissue types have 
been identified, little information exists on commonly utilized cell lines that constitutively 

express the protein. Currently, only 2 cell lines have been reported in the literature to 
positively express MS4A8B, which are the human prostate adenocarcinoma cell line, 
LNCap113 and the small cell lung carcinoma (SCLC) cell line, NCI-H69111, both of which 
are of non-hematopoietic origins. Indeed, the qPCR expression data presented here 
confirms that MS4A8B mRNA was absent in peripheral leukocyte populations 
(peripheral blood extract). MS4A8B expression was also not detectable in all airway 
epithelial cell lines tested when these cells were cultured using traditional submerged 
monolayer conditions. However, considering that IHC results demonstrate that 
MS4A8B expression was restricted to ciliated airway epithelial cells, this finding is 
perhaps not surprising as these cells were maintained in non-differentiated states. 
 To promote mucociliary differentiation of airway epithelial cell lines, BCi-NS1.1, 
BEAS-2B, HBEC-6KT and PBEC cells were cultured under ALI conditions and of these 
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cell lines, only the BCi-NS1.1 and PBECs possessed the capacity to undergo 
mucociliary differentiation, eventually taking on a polarized phenotype that mimics the 
in vivo airway epithelium. Under these culture conditions, it was found that MS4A8B 
was synchronously expressed alongside other motile cilia markers tektin-1 and CBE1 
rather than the goblet cell marker, MUC5AC. The tektin family is comprised of 
cytoskeletal proteins that are critically involved in the formation of motile cilia, with six 
members (tektin-1 to -6) identified to date in humans. Tektin expression is found 
primarily in the motile cilia of polarized PBECs143,145. Although the functions of CBE1 
(alias c9orf24)  have not been fully elucidated, it is thought to play roles in the 
differentiation and maintenance of ciliated airway epithelial cells and is localized to the 

nucleus or perinucleus142. As MS4A8B expression is induced upon cilia formation, this 
expression profile suggests that MS4A8B is likely a cilia-associated gene. 
 Based on IHC and IF localization studies of MS4A8B protein expression, I 
postulate that MS4A8B expression is absent elsewhere in the normal human airways 
and that it likely comprises a component of the motile cilia. Combined fluorescence 
microscopy imaging and FACS analysis of transfected BEAS-2B cells determined that 
the MS4A8B protein sub-cellular localization is primarily found on the cellular 
membrane. It is plausible therefore that MS4A8B protein may be expressed on the 
ciliary membrane in situ. Future experiments utilizing higher-resolution imaging 
techniques such as transmission electron microscopy (TEM) imaging will better define 
its subcellular localization within the motile cilia itself. 
 The expression of MS4A8B in human fetal lung sections was examined with the 
intention to profile its expression during lung embryogenesis. IHC staining for beta 
tubulin confirmed the appearance of cilia during 12-14 weeks gestation, these findings 
being in accordance with other studies146. MS4A8B expression however, was absent, 
which may suggest more latent roles for the protein in the human airways and that its 
expression may not be critical for early cilia development. The expression of MS4A8B 
in more latent stages of gestation were not examined due to the inherent difficulties 
associated with obtaining human fetal material. This limitation could perhaps be 
addressed through the use of animal models. In mice, publicly deposited gene 

expression data confirms positive MS4a8a transcript expression in the airways. 
However, it should be noted that the highest level of MS4a8a expression in mice is 
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found in the colon and intestines (data accessible from the European Bioinformatics 
Institute, www.ebi.ac.uk). Importantly, because MS4A8B protein homologs from both 
mice and rats do not possess an intracellular putative ITIM motif, caution should be 
taken in interpreting expression data from these animal models. An alternative would 
be to investigate MS4A8B expression in primates, as protein sequence analysis show 
that the MS4A8B homolog from chimpanzees share a 99% amino acid sequence 
identity to humans (Table 3.1).  
 Thus far, the expression profile of MS4A8B in the human airways is intriguing as 
it is only apparent along with the appearance of cilia and is not seen during early stages 
of ALI culture or in the fetal airways. However, as MS4A8B gene expression closely 

mimicked the appearance of both tektin and CBE1 in differentiating PBECs, its 
expression is likely induced by upstream transcriptional regulators of motile cilia 
development. Ciliogenesis in airway epithelial cells undergoing mucociliary 
differentiation is a tightly regulated process that is initiated by key transcription factors. 
The transcription factors (TFs) FOXJ1 and more recently, TP73 and GemC1, have 
been identified as primary drivers of multi-motile ciliogenesis in primary airway epithelial 
cells by upregulating the expression of multiple downstream cilia-associated genes 
involved in ciliary assembly, motility and structure147-151. In vivo mice knockout studies 
of these TFs resulted in pronounced loss of ciliogenesis and chronic respiratory tract 
infections associated with an absence of mucociliary clearance150-152. Conversely, 
overexpression of FOXJ1 or GemC1 into primary airway epithelial cells was able to 
significantly induce the expression of downstream ciliated cell genes149,151. Both cilia 
genes tektin and CBE1 have been shown to lie downstream and under regulatory 
control of these TFs148,149,153. The synchronous expression of MS4A8B alongside tektin 
and CBE1 likely suggests that its expression is also regulated by these TFs. It would 
be interesting therefore to investigate the kinetic relationship between MS4A8B 
expression and key transcriptional regulators of ciliogenesis in differentiating airway 
epithelial cultures.  
 Another possible explanation for the restricted expression profile observed for 
MS4A8B may involve epigenetic modulation. Epigenetics is defined as heritable 

regulation of gene transcription that does not involve modifications in genomic 
sequences68,154. The primary mechanisms of epigenetics include DNA modifications 
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(i.e. DNA methylation), histone modifications or DNA silencing by non-coding RNAs 
such as micro RNAs (miRNA)154,155. How big of a role epigenetic modification plays in 
ciliogenesis however, has not been fully established although some studies have 
highlighted the possibility of epigenetic involvement in the expression of some ciliary 
genes. The miRNAs mir-34/449 constitutes a family of 6 homologous miRNAs that are 
highly enriched in ciliated airway epithelial cells and are required for proper cilia 
development156. The expression of mir-34/449 is also upregulated in human PBECs 
undergoing mucociliary differentiation157. Functionally, mir-34/449 has been 
demonstrated to repress the expression of Cp110, a centriolar protein that suppresses 
cilia assembly. The removal of Cp110 is necessary to permit basal body maturation 

and docking to the apical cell membrane and subsequently ciliary outgrowth156,158. 
Knockout mice deficient for mir-34/449 have a significant reduction in motile cilia 
expression and exhibit symptoms associated with primary ciliary dyskinesia (PCD). 
Currently, studies investigating the effects of DNA methylation or histone modification 
on cilia gene expression are limited. A study investigating genome-wide methylation 
changes in small airway epithelial cells of smokers identified several ciliary genes that 
were differentially methylated compared to non-smokers159. However, the expression 
and subsequent functional consequence of how this affects overall motile cilia 
development and function has not been explicitly examined. Taken together, it is 
plausible that the lack of detectable MS4A8B expression observed during early stages 
of PBEC ALI differentiation and in human fetal lungs are a result of epigenetic 
regulation. Experimental technique such as RNA-Seq, chromatin immunoprecipitation 
(ChIP) and CpG island microarrays are some of the common approaches utilized to 
identify miRNA, histone modifications and DNA methylation respectively in target 
cells155. It would be interesting therefore to determine if epigenetic factors influence 
MS4A8B expression in PBECs undergoing mucociliary differentiation. 
  Cilia (both primary and motile cilia) are conserved organelles where both their 
cellular membrane and cytoplasmic compositions are distinctly different from the rest 
of the cell160,161. With over a thousand unique proteins involved in their formation and 
function, cilia are complex organelles critically involved in normal development, 

homeostasis and in disease162. The dogma whereby motile cilia serve simply to propel 
mucus and debris out of the airways via the mucociliary escalator has now been 
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expanded by recent studies demonstrating that motile cilia also possess 
mechanosensory traits. It is now understood that respiratory cilia are able to sense 
environmental alterations in the lung space and in turn respond through changes in 
their beat frequency14. This sensory capability is imparted through the expression of 
various surface receptors, ranging from G-coupled receptors163, TRPV4 cation 
channels16 and more recently bitter taste receptors15. Having shown that MS4A8B is a 
cilia-associated protein in the human airways, the presence of a putative ITIM motif is 
intriguing, suggesting the possibility of motile cilia involvement in propagating 
downstream inhibitory signals. While previously thought to be restricted to immune 
cells, ITIM-bearing molecules are now known to be expressed across numerous 

cell/tissue types. Other notable inhibitory receptors found on the airway epithelium 
include the IL-4 receptor α-chain (IL-4Rα)164,165 and the carcinoembryonic antigen-
related cell adhesion molecule-1 (CEACAM1)166, both of which contain an ITIM motif in 
their cytoplasmic domains. To date, there have not been reports of cilia-associated 
proteins that possess tyrosine-based motifs, which makes MS4A8B an interesting 
candidate to examine with regards to cilia functions and its contribution to overall airway 
epithelial cell biology.  
 Due to the lack of identified ligands for MS4A8B, it is unclear if MS4A8B may 
function as a typical ITIM containing receptor. Given its exposed localization on the 
respiratory cilia, it is plausible that MS4A8B may possess chemosensory roles in airway 
epithelial cells. Recent work by Greer and colleagues in mice demonstrate that MS4A 
proteins are expressed on sensory neurons of the olfactory epithelium and propose that 
they may serve as odorant receptors107. Here, transfection of MS4A proteins into 
HEK293 cell lines conferred calcium responses when these cells were exposed to 
various odorant molecules ranging from endogenous steroids, pheromones and fatty 
acids107. Interestingly, it was shown that the mouse MS4A8B homolog, MS4a8a, was 
activated by the steroid, 4-pregnen-11β, 21-diol-3, 20-dione 21-sulphate, albeit weakly. 
However, as the murine homolog lacks the intracellular putative ITIM motif, it would be 
interesting therefore to determine the sensitivity of the human MS4A8B to modulation 
by such compounds. How this work translates to the human MS4A8B however, 

especially in the context of cilia/lung function, remains to be investigated. Here, 
utilization of both MS4A8B-transfected BEAS-2B and HEK293 cell lines will be 
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important in determining whether MS4A8B expression may modulate cellular 
responses in these cells following activation with various exogenous stimuli (detailed in 
Chapter 5).  
 While MS4A8B expression in the normal lung is largely confined to the motile 
cilia, studies have reported that its expression is dysregulated in cancers such SCLC, 
prostate and colon cancer111-113. The relationship between cilia-associated genes and 
carcinogenesis is still poorly understood. A study conducted by Shpak and colleagues 
demonstrated that cilia-associated genes were differentially expressed across multiple 
cancer types. Interestingly, the dysregulation of certain cilia genes was not necessarily 
consistent across various cancers167. This observation is similar to MS4A8B expression 

being downregulated in colon cancer, but significantly increased (relative to control 
samples) in SCLC and prostate cancer. At this stage, it is unclear if the changes in 
MS4A8B expression contributes to carcinogenesis or is a secondary manifestation of 
other gene dysregulation. Assessment of cellular proliferation and migration in 
MS4A8B-transfected BEAS-2B cells will help determine if MS4A8B possesses 
oncogenic properties in these cells (detailed in Chapter 5).  
 In this chapter, I have identified the expression and distribution of the human 
MS4A8B in the normal airways. The findings here determined that MS4A8B is found 
only on ciliated airway epithelium within the normal airways and that it constitutes a 
component of the motile cilia. Whether its expression is altered or dysregulated in 
airway diseases such as asthma, COPD and during infections will be explored in 
Chapter 4. A survey across multiple cell lines determined that MS4A8B is only 
expressed in ALI-differentiated PBEC and BCi-NS1.1 cells. However, given the labor 
and time intensive requirements associated with the use of ALI cultures, as well as 
difficulties in their manipulation for various in vitro assays, it was decided to ectopically 
express MS4A8B in immortalized cell lines as an alternative cellular model to study its 
functions. The similarities in expression kinetics between MS4A8B and other cilia 
markers, tektin and CBE1, indicates that MS4A8B is closely associated with motile cilia 
formation and development. Its localization to the motile cilia and the presence of a 
putative ITIM motif suggests that MS4A8B may be involved in modulating cellular 

signals originating from the cilia, which will be explored in detail in the following 
chapters.  
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4.1 INTRODUCTION 
 

4.1.1 Abstract  
 

Apart from serving as a physical barrier in the lungs, the airway epithelium is 
also lined with respiratory cilia, which in conjunction with mucus secreted by goblet 
cells, form the mucociliary escalator that actively clears the airways of inhaled debris168. 
As the first point of contact of the airways, it is no surprise therefore that the mucociliary 
apparatus is a common site for particle deposition and the absorption of various gases 
and vapors. Various factors have been shown to impair the mucociliary apparatus, 
ranging from chronic airway inflammatory disorders (COPD, asthma, bronchitis), 
acquired ciliopathies (primary ciliary dyskinesia, cystic fibrosis), exposure to 
environmental pollutants and respiratory infections7,169,170. As identified in the previous 
chapter, the localization of MS4A8B to the motile cilia suggests that its expression and 
functions may be affected under such pathological conditions. With predictive protein 
sequence analysis revealing the presence of a putative ITIM motif at its C- terminal 
domain, I hypothesize that MS4A8B may possess immune regulatory roles in airway 
epithelial cells that is dysregulated in various lung conditions. This chapter therefore 
aims to determine MS4A8B expression in a variety of airway conditions.  
 

4.1.2 Impact of environmental pollutants on the airway epithelium 
 
 Multiple studies have demonstrated that exposure to environmental pollutants 
and infectious pathogens can negatively impact cilia development and function169,171. 
Most notably, cigarette smoke exposure results in cilia shortening, impairments in cilia 
development and reduced cilia beat frequency (CBF)84,85,172. A reduction in CBF was 

also demonstrated in mice models after exposure to organic dust extracts173. Similarly, 
in vitro studies of ALI-cultured PBECs obtained from both healthy and asthmatic donors 
show that exposure to diesel exhaust particles significantly attenuated CBF in these 
cells174. Nasal biopsies from residents in Mexico City exposed to high levels of air 
pollution also exhibited patches of de-ciliation, cilia shortening and squamous 
metaplasia175. To investigate the effects of environmental pollution on the expression 
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of MS4A8B, I will examine the effects of airborne ultrafine particles (UFP) commonly 
encountered in underground railway stations. UFPs have been shown to possess high 
concentrations of iron and other transition metals and are potentially toxic  to the airway 
epithelium due to their intrinsic capacity to produce reactive oxygen species (ROS)176. 
Ambient particles are categorized as ultrafine given that they have an average 
aerodynamic diameter of < 0.1 μM and due to their size, have a tendency to deposit 
and accumulate in the lower respiratory tract177. Furthermore, deposited UFPs are able 
to diffuse into the circulatory system, as these particulates have been found in various 
major organs throughout the body such as the lung, liver, kidney and brain178,179.  
 

4.1.3 Effects of aeroallergen exposure on the airway epithelium 
 
 Allergic rhinitis and asthma are most commonly triggered by aeroallergen 

exposure. In Australia, grass pollen exposure is a major causative allergen leading to 
the development of these respiratory disorders180. In Melbourne, grass pollen is also 
associated with sudden triggers of asthmatic exacerbations that is accompanied by 
locally occurring thunderstorms, a phenomenon more commonly referred to as 
“thunderstorm asthma”. This occurs when heightened moisture that precedes a 
thunderstorm causes pollen grains to swell and rupture, causing the rapid release of 
finer aeroallergens that more easily enters the respiratory tract. Combined with air 
currents generated during thunderstorms, this directs air containing a high 
concentration of allergenic particles towards populated areas that trigger thunderstorm-
associated asthma attacks in susceptible individuals181. A recent outbreak occurring in 
Melbourne, Australia, in November 2016 resulted in at least 9 deaths182. Upon 
inhalation, grass pollen on the mucosal epithelial surface become hydrated to rapidly 
release various harmful components such as proteases, inflammatory lipid mediators 
and reactive oxygen species (ROS)183,184. Inhalation of grass pollen may also elicit 
direct inflammatory responses from airway epithelial cells. In vitro exposure of ALI-
differentiated PBECs to grass pollen extract resulted in the release of various 

proinflammatory mediators such as IL-6/8 and TNF-a. Interestingly, the study also 

showed that PBECs derived from asthmatics produced a larger inflammatory response 
compared to non-asthmatic PBECs, which may explain why asthmatic individuals are 
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more prone to asthmatic exacerbations in response to grass pollen exposure185. Given 
the potential for grass pollen to elicit such deleterious effects on the airway epithelium, 
the study therefore sought to examine its effects on MS4A8B expression in ALI-cultured 
PBECs. 
 

4.1.4 Respiratory viral infection of the airway epithelium 
 
 Rhinovirus, respiratory syncytial virus (RSV) and influenza are primary 
etiological factors for the common cold and flu. Whilst typical clinical symptoms may 
range from mild to moderate, infection in compromised individuals, particularly those 
with asthma, can result in severe exacerbation of their respiratory condition that may 
necessitate hospitalization. Moreover, infection during childhood with either virus is 
strongly correlated with the development of asthma in later life186,187. Respiratory viral 

infections of airway epithelial cells result in a potent upregulation of antiviral cytokines 

such as the interferon family of cytokines (IFN-b/l/g), resulting from activation of Toll-

like receptors (TLR) expressed on airway epithelial cells4.  
 Infections of the airway epithelium by respiratory viruses also result in specific 
impairment of mucociliary clearance. Since motile cilia present as the first point of 
contact to respiratory viruses, it is perhaps not surprising that viruses have evolved to 
exploit the mucociliary barrier. Interestingly, respiratory viruses specifically target 
surface proteins expressed by ciliated airway epithelial cells for adherence, which 
facilitates host infection and subsequent viral replication188-191. Multiple detriments to 
cilia function occur following viral infection that includes loss of ciliated epithelial cells, 
reduced cilia beat frequency (CBF) and abnormal cilia ultrastructure191-194. Surprisingly, 
despite these clear pathological features, the processes behind these observations are 
not well understood. Such impairments to the motile cilia would be predicted to 

negatively impact mucociliary clearance and increase the risk of secondary infections 
by other viruses or bacteria. Given these detriments to the respiratory cilia, I sought to 
address the question if MS4A8B expression would be altered during respiratory viral 
infections by experimentally infecting ALI-cultured PBECs with rhinovirus strain 16 
(RV16).  
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4.1.5 COPD and asthma 
 
 Amongst airway respiratory disorders, COPD and asthma rank amongst the 
most prevalent of chronic respiratory diseases, affecting approximately 300 million and 
235 million people worldwide respectively3,195. It is understood that the airway 
epithelium plays a critical role in the initiation, propagation and exacerbation of both 
diseases196-198. Whilst reports have shown that the respiratory cilia exhibit various 
impairments in their development and functions under both conditions, the clinical 
significance of this detriment to disease burden is often overlooked169. In COPD, 
cigarette smoke is the major contributor to disease progression with chronic smokers 
being at significant risk for developing the disease. As detailed in Chapter 1, the clinical 
hallmarks of COPD are excessive mucus production and irreversible airflow obstruction 
resulting from destruction of the small airways171. Given the cytotoxicity associated with 
cigarette smoke, it comes as no surprise that the airway epithelium in COPD patients 
exhibit significant morphological alterations, with the pseudostratified epithelium being 
replaced with epithelial cells of a squamous phenotype in a process known as 
squamous metaplasia83. These cells display increased expression for cytokeratins and 
cell adhesion molecules with a reduction in ciliated cuboidal cell numbers83,199. Given 
the cytotoxicity associated with cigarette smoke, it is thought to be the major contributor 
to cilia defects, with smoke exposure rapidly impairing cilia motility200. Respiratory cilia 

have been noted to be shorter in regular smokers, and even shorter in smokers with 
COPD201. 
 Asthma is a chronic inflammatory airways disease with defining clinical features 
being variable airflow obstruction that is associated with airway hyper-
responsiveness198. Though several endotypes exist, atopy is commonly seen as a 
major underlying contributor to pathogenesis of the disease202. Multiple alterations to 
the respiratory cilia have been observed in asthmatics, although these defects are 
distinctly different to ciliary alterations observed in COPD. Shedding of ciliated epithelial 
cells, cilia ultrastructural defects and dyskinetic beat patterns have been reported in 
asthmatics203,204. Interestingly, unlike COPD, cilia length does not appear to be 
shortened in asthmatic patients204. Ultimately, the consequences of these ciliary 
defects observed in COPD and asthma result in the impairment of the mucociliary 
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escalator of the airways205. Given the significant changes to cilia development and 
function, it would be insightful to examine MS4A8B expression under both disease 
settings. To this end, expression studies were conducted in bronchial samples obtained 
from both COPD and asthmatic patients to determine if its expression was affected 
both at the mRNA and protein level.  
 

4.1.6 Primary ciliary dyskinesia (PCD) 
 
 Unlike the acquired ciliary defects as discussed above, PCD is a rare autosomal 
recessive disorder that affects the structure and functioning of motile cilia, resulting in 
an array of clinical manifestations, including recurrent respiratory tract infections, 
chronic otitis media, situs inversus (in approximately 50% of cases) and infertility206,207. 
PCD is a genetically heterogeneous disorder resulting from mutations of genes that 

encode for cilia or cilia-associated proteins. Today, genetic variants in more than 35 
genes have been identified to contribute to PCD, with this number being expected to 
increase as ongoing international effort continues to identify and characterize new 
PCD-associated gene mutations208,209. Due to the heterogeneity of the disorder, clinical 
diagnosis is challenging, commonly utilizing a combination of screening tools ranging 
from genetic testing, cilia function assessments, electron microscopy visualization and 
nitric oxide testing206. Having established that the expression of MS4A8B is tightly 
linked to motile cilia development in the airways, the prospect of it being involved in 
PCD is therefore of particular interest. To explore the potential involvement of MS4A8B 
in PCD, immunofluorescence staining was carried out on ALI-cultured PBECs obtained 
from PCD patients to determine if its expression was altered.  
 Thus, the body of work presented in this chapter aims to examine the potential 
dysregulation of MS4A8B expression in a variety of airway disorders. The findings 
presented here are necessary to establish the clinical relevance of MS4A8B in lung 
health and disease and will aid in our understanding of its possible functions in the 
human airways.  
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4.2 METHODS 
 
 The following methodologies detail studies that were conducted at the University 
of Southampton, UK, which were made possible by a European Respiratory Society 
Short-term Research Travel Fellowship award. Methods not specifically detailed here 
have been described in Chapter 2, Materials and Methods. 
 

4.2.1 Chronic IL-13 treatment of ALI-cultured PBECs 
 
 To examine the effects of chronic IL-13 treatment on well-differentiated PBECs, 
PBEC cultures were cultured under routine ALI conditions as detailed in Chapter 2, with 
the exception of recombinant human IL-13 (10 ng/ml) (Thermo Fisher, Waltham, USA) 
being added to the basal Transwell compartment from day 1 until day 21 of ALI culture. 
At the end of 21 days, cultures were either fixed for immunofluorescence staining or 
processed for mRNA isolation and cDNA generation followed by qPCR analysis.  
 

4.2.2 Collection and preparation of underground railway particulate 
matter (PM) 

 
 All samples used for this set of experiments were kindly provided by Dr. Matthew 
Loxham (Clinical and Experimental Sciences, University of Southampton, UK). 
Particulate matter (PM) collection was performed at a busy European mainline 
underground railway station using a versatile aerosol concentration and enrichment 
system (VACES) as previously described176. Collected PM were separated based on 
their sizes with aerodynamic diameter cutoff points of 10 μM (course), 2.5 μM (fine) 
and 0.1 μM (ultrafine). Ultrafine particles (UFP) were chosen as the PM of choice for 
these series of experiments as their composition has been shown to be iron-rich and 
possess increased ROS-generating ability compared to both coarse and fine particulate 
matter210. In vivo clearance of UFPs in the airways via the mucociliary escalator is also 
considerably slower as they tend to deposit deeper into the small airways given their 
small particle size177. UFPs were separated and collected as a suspension in ultrapure 
water. All collected PM were gamma irradiated to remove potential contaminants (i.e. 
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bacterial endotoxins). For in vitro treatment of PBEC cultures, healthy ALI-differentiated 
PBECs were grown in 24-well format Transwells and were apically challenged with 25 
μg/ml ultrafine underground railway PM suspended in BEGM growth medium for 24 
hours followed by qPCR analysis.  
 

4.2.3 Preparation of Timothy grass (Phleum pratense) pollen extract 
 
 All samples obtained for this set of experiments were kindly provided by Dr. 
Cornelia Blume (Clinical and Experimental Sciences, University of Southampton, UK). 
As the study had been conducted in the UK, pollen extracts derived from Timothy grass 
were used in this study as the grass is found natively across Europe. Whilst Rye grass 
(Lolium perenne) is more commonly found across Australia, Rye grass pollen shares 
similar grain sizes and allergenic protein composition to Timothy grass pollen, and is 

predicted to elicit similar cellular responses184,211.  
 Whole Timothy grass pollen was sourced from Allergon (Angelholm, Sweden). 
To generate pollen extracts (PE), 30 mg of whole pollen was made up in 1 ml of BEGM 
culture medium and incubated for 30 minutes at 37oC followed by clarification 
centrifugation as previously described185. The supernatant was harvested and sterile 
filtered using a low protein binding filter. Bacterial contaminants were removed with 
Detoxi-Gel Endotoxin Removing Gel (Thermo Fisher, Bonn, Germany) according to the 
manufacturer’s protocol. Prepared extracts were then stored at -80oC until use. For 
stimulation of cells, 21-day ALI differentiated PBEC cultures were washed apically with 
PBS followed by apical addition of 2 mg of PE prepared in BEGM. After 24 hours, 
cultures were washed once with PBS and the mRNA isolated for qPCR analysis.  
 

4.2.4 Rhinovirus infection of human airway epithelial cells  
 

4.2.4.1 Production of rhinovirus stocks 
  
 Rhinovirus strain 16 (RV16) stocks were generated by infection of monolayer 

cultured HeLa cells maintained in minimum essential medium (MEM) supplemented 
with 10% fetal calf serum (FCS), L-glutamine (4 mM), penicillin (100 U/ml) and 
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streptomycin (100 μg/ml). Briefly, rhinovirus stocks at a multiplicity of infection (MOI) of 
10 were added to monolayer cultured HeLa cells followed by incubation at room 
temperature for 1 hour on an orbital shaker to allow for viral attachment to cells. The 
culture medium was then aspirated and fresh culture medium added to the cells and 
the flask left to incubate at 37oC for 2 to 3 days until cytopathic effects were fully 
developed. The culture supernatant containing rhinovirus particles was harvested and 
any remaining intact cells were disrupted by 2 cycles of freezing and thawing. Cellular 
debris were pelleted by centrifugation at 300 x g for 10 minutes and the clarified viral 
stocks sterile filtered before storage at -80oC until needed. 
 

4.2.4.2 Titration assay to determine rhinovirus 50% tissue culture infective 
dose (TCID50) 

 
 The TCID50 assay was performed to determine the infectious titer per ml of the 
generated rhinovirus stock. HeLa cells were plated in 96-well culture plates and 
infected with varying concentrations of viral stock prepared through a 10-fold serial 

dilution (10-1 to 10-9). 50 µl of virus was added to HeLa cells followed by shaking on an 

orbital shaker for 10 minutes at room temperature. Cultures were then incubated for 3 
to 5 days at 37oC in 5% CO2 and cytopathic effects (CPE) were assessed through visual 
assessment of the cell monolayer after fixation in methanol and staining with 0.1% 
crystal violet. The TCID50 corresponding to the volume of virus stock added into wells 
was calculated using the following formula: 
 
Log10 TCID50 = L – d (s – 0.5) 
 
Where: 
L = Log10 of lowest dilution (e.g. x1 = 0) 
d = Log10 of difference between stepwise dilutions (e.g. x10 = 1) 
s = number of wells with observed CPE x 0.25 
 
For example:  

Volume of viral stock added = 50 µl  
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Number of wells with CPE = 26 
L = 0 
d = 1 
s = 6.5 
Log10 TCID50 = 0 – 1 (6.5 – 0.5) = -6 

TCID50 = 106 in 50 µl or 20 x 106 / mL 

 

4.2.4.3 Rhinovirus infection of ALI-differentiated PBECs 
  
 Following determination of the TCID50, ALI-differentiated PBECs were washed 
once apically and viral preparations added at a final concentration of 1 infectious unit 
per cell (1 MOI). Ultra-violet (UV) irradiated virus negative controls were generated by 
exposing live virus stocks to UV radiation at 1200 mJ/cm2 for 30 minutes. Following the 
addition of virus, cells were left to incubate for 1 hour at 37oC. After this period, the 
apical compartment was washed three times with sterile PBS and fresh culture medium 
added to the bottom compartment. Cells were then incubated at 37oC for 24 to 48 hours 
before being lysed and the mRNA processed for qPCR analysis.  

 

4.2.5 Quantification of MS4A8B expression in IHC-stained human airway 
biopsies 

 
 To quantify MS4A8B expression across the bronchial biopsies examined, the 
following methodology was performed: 1) MS4A8B and beta-tubulin staining across a 
matching field of view on serially-sectioned biopsies was quantified as a percentage 
area versus total epithelium area through the ImageJ image analysis software using a 
threshold detection method212. 2) MS4A8B percent area staining was normalized to 
beta-tubulin to account for possible loss of ciliated epithelium. In all measurements, 
staining with antibody isotype controls was performed and analysis was restricted to 
tissue areas of well-oriented and structurally intact epithelium. Measurements were 

undertaken on randomly presented and coded samples.  
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4.2.6 Primary ciliary dyskinesia (PCD) samples 
 
 PBEC cultures obtained from patients positively diagnosed with PCD were kindly 
provided by Prof. Jane Lucas (Pediatric Respiratory Medicine, University of 
Southampton, UK). Ethical approval for the study was granted by the Southampton and 
South West Hampshire Local Ethics Committee (UK). All patients with a clinical history 
consistent of PCD symptoms gave written consent for sampling and for their data to be 
used. Briefly, PBEC cells were obtained via bronchial brushings and were cultured at 
ALI for 28 days until well-differentiated and ciliated followed by fixation with ice-cold 
methanol for 15 minutes. Fixed samples were then processed as detailed in Chapter 2 
for whole-mount immunofluorescence staining (Section 2.9).  
  

4.3 RESULTS 
 

4.3.1 Examination of MS4A8B expression in asthma  
 
 IHC findings in the previous chapter demonstrated localization of the MS4A8B 
protein to the respiratory cilia lining the airways. As described above, evidence 
suggests that motile cilia development and functions are disrupted in bronchial biopsies 
of asthmatic and COPD patients. To investigate if the expression of MS4A8B was 
dysregulated in asthma, IHC staining was conducted on serially-sectioned bronchial 
biopsies from non-asthmatic, mild asthmatic and severe asthmatic patients. Results 
suggest that MS4A8B protein expression on the motile cilia was downregulated in 
severe asthmatics (Figure 4.1 C) when compared to non-asthmatic (Figure 4.1 A) and 
mild asthmatic (Figure 4.1 B) donors, as seen through a lower staining intensity. To 
account for the possibility that MS4A8B expression may be downregulated due to a 

general loss of cilia, sections were also stained with an anti-beta-tubulin antibody that 
served as a general stain for respiratory cilia (Figure 4.1). To provide a more accurate 
quantification of MS4A8B staining, the level of MS4A8B expression was quantified in 
relation to beta-tubulin using the ImageJ image analysis software. Although not 
statistically significant, a trend was observed for MS4A8B expression being 
downregulated in most of the severe asthmatic biopsies (Figure 4.2).  
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 To complement the findings observed in IHC staining of bronchial biopsies, 
MS4A8B gene expression was examined in 21-day ALI-cultured PBECs derived from 
non-asthmatic and severe asthmatic donors. This particular time point was chosen as 
it was previously shown that ALI-cultured PBECs achieve a good level of differentiation 
by this culture time point (see Chapter 3, Section 3.3.2). MS4A8B expression in severe 
asthmatics were compared against non-asthmatics. To ascertain if MS4A8B 
expression was differentially regulated from other ciliary genes, expression of the cilia 
markers, tektin and CBE1 were also measured (Figure 4.3). qPCR results show that 
both MS4A8B and tektin gene expression were largely similar between non-asthmatic 
and severe asthmatic PBEC cultures. A trend for CBE1 downregulation in severe 

asthmatic cultures was observed when compared to non-asthmatics although not 
statistically significant. Previous findings however, have shown that CBE1 gene 
expression was not significantly altered between severe asthmatic and non-asthmatic 
differentiated PBEC cultures142. However, given the low number of samples examined, 
a greater number of severe asthmatic PBEC cultures are required to confirm the 
findings here. 
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Figure 4.1 Comparison of MS4A8B and beta-tubulin expression across asthmatic 
bronchial biopsies of varying severities. 

(A) Non-asthmatic, (B) mild and (C) severe asthmatic bronchial biopsies were stained 
with anti-MS4A8B or anti-beta-tubulin antibodies. Beta-tubulin staining was utilized as a 
positive control to identify ciliated epithelium. Stained biopsies were obtained from 
sequentially cut sections to maintain consistency across staining. Images are 
representative of averaged staining across 7 – 10 independent donors per group.   
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Figure 4.2 Quantification of MS4A8B protein expression in IHC-stained 
asthmatic bronchial biopsies. 

ImageJ software-based quantification of MS4A8B expression (normalized to beta-
tubulin) demonstrates a reduction in its expression in severe asthma when compared 
to non-asthmatic and mild asthmatic bronchial biopsies. Data shown as the mean ± 
SEM. n= 7-10 per group. *p<0.05, One-way ANOVA analysis, Dunnett’s multiple post-
hoc test.  
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Figure 4.3 Comparison of MS4A8B gene expression in ALI-cultured PBECs from 
non-asthmatic and severe asthmatic donors. 

MS4A8B gene expression was quantified via qPCR across 21-day cultured PBECs 
from non-asthmatic and severe asthmatic donors. Results were expressed as the mean 
fold change ± SEM relative to non-asthmatic PBECs after normalizing to the 
housekeeping gene (UBC). For MS4A8B, non-asthmatics n=12, severe asthmatics 
n=7; for tektin and CBE1, non-asthmatics n=9, severe asthmatics n=3. *p<0.05, 
Student’s t-test.    
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4.3.2 MS4A8B expression is downregulated by chronic IL-13 exposure  
  
 Studies have implicated the important roles of the Th-2-derived cytokine 
interleukin (IL)-13 in multiple pathologic events for both asthma and COPD213,214. To 
examine the effects of a Th-2-skewed environment on MS4A8B expression, ALI-
differentiated PBECs from healthy donors were cultured in BEGM medium 
supplemented with IL-13 (10 ng/ml) for 21 days followed by qPCR analysis. Gene 
expression was then measured at weekly time points of 7, 14 and 21 days. The effects 
of chronic IL-13 exposure on other epithelial differentiation markers, tektin, CBE1 and 
MUC5AC were also examined. Chronic IL-13 exposure resulted in a significant 
reduction in both MS4A8B and tektin gene expression at day 21 of ALI culture when 
compared to non-treated controls (Figure 4.4). A trend for reduced CBE1 gene 
expression at 21 days when compared to non-treated cultures was also observed but 
was not statistically significant. IL-13 has also been associated with goblet cell 
hyperplasia, with previous studies demonstrating that chronic IL-13 treatment of ALI-
differentiated PBECs resulting in a robust upregulation of MUC5AC gene 
expression142,214. This effect however, was not seen in my results, with only a modest 
upregulation of MUC5AC gene expression (at days 7 and 21) following IL-13 treatment 
that was not statistically significant when compared to non-treated PBECs (Figure 4.4). 
This difference in findings may perhaps be explained by the higher concentrations of 

IL-13 used in other studies (20 ng/ml) and the relatively small study size of 3 
independent PBEC cultures.  
 IL-13 treated cultures (21 days) were also visually examined via whole-mount 
immunofluorescence microscopy to determine if the reduction in MS4A8B protein 
expression correlated with an overall decrease in cilia numbers. ALI cultures co-stained 
with anti-MS4A8B antibodies (Sigma Aldrich, St. Louis, USA) and anti-beta-tubulin 
antibodies show that IL-13 treated cultures had an overall reduction in ciliated cell 
numbers compared to non-treated controls (Figure 4.5).  
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Figure 4.4 Downregulation of MS4A8B expression in IL-13 treated PBECs. 

ALI-differentiated PBECs were chronically treated with IL-13 (10 ng/ml) for 21 days 
and gene expression measured at weekly time points. Results shown as the mean  
fold change ± S.D. relative to the 7-day non-treated controls after normalizing to the 
housekeeping gene (UBC). Mean expression data was obtained from 3 independent 
PBEC cultures. *p<0.05, One-way ANOVA analysis, Dunnett’s multiple post-hoc test.  
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Figure 4.5 Immunofluorescence imaging of ALI-PBECs chronically treated with 
IL-13. 

Whole-mount immunofluorescence staining for MS4A8B (red) and beta-tubulin (green) 
were conducted in 28-day ALI-cultured PBECs chronically treated with IL-13 (10 
ng/ml). Non-treated ALI-cultured PBECs were stained concurrently as negative 
controls. Representative images of 3 independent PBEC cultures are shown.  
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4.3.3 Grass pollen exposure in ALI-cultured PBECs and its effects on 
MS4A8B expression 

 
 Grass pollen has been recognized as a major allergenic trigger in Australia, 
leading to allergic rhinitis and asthma180. To investigate the effects of grass pollen on 
MS4A8B expression, healthy or severe asthmatic ALI-cultured PBECs were exposed 
to Timothy grass pollen extract (PE) (2 mg/ml) or vehicle (culture media) for 24 hours. 
MS4A8B gene expression was compared to the vehicle control. To ascertain if the 
expression of MS4A8B was differentially regulated from other ciliary genes, CBE1 and 
tektin gene expression were also measured. Whilst the sample size tested was 
relatively small, results demonstrate that MS4A8B expression in ALI-differentiated 
PBECs from non-asthmatics trended toward a downregulation after grass pollen 
exposure though this was not statistically significant. In ALI-differentiated cultures 
derived from severe asthmatic donors, MS4A8B expression was significantly 
downregulated following PE exposure (Figure 4.6 A). Both tektin and CBE1 genes also 
trended towards a downregulation in their expression although neither achieved 
statistical significance for both non-asthmatic and severe asthmatic ALI cultures (Figure 
4.6 B/C). Currently, the examination of cilia gene expression following grass pollen 
exposure has not been previously reported. The results presented here suggest that 
motile cilia expression is negatively affected by grass pollen exposure. 
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Figure 4.6 MS4A8B expression is downregulated in PBECs after grass pollen 
extract (PE) exposure. 

21-day ALI cultured non-asthmatic (n=4) or severe asthmatic (n=3) PBECs were 
exposed to grass pollen extract (2 mg/ml) or vehicle control for 24 hours followed by 
qPCR analysis. Data shown are the mean fold change ± SEM relative to the vehicle 
control after normalizing to the housekeeping gene (UBC). *p<0.05, Student’s t-test.   
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4.3.4 Exposure of ALI-cultured PBECs to ultra-fine particulate matter and 
its effects on MS4A8B expression 

  
 As previously discussed, exposure and inhalation of underground railway dust 
may be potentially harmful given their inherent ability to catalyze the generation of ROS, 
with in vitro studies demonstrating heightened inflammatory responses in airway 
epithelial cultures following exposure to underground railway dust215. Compositionally, 
mass spectrometry analysis of UFPs derived from underground railways reveal that 
they are notably rich in iron, this being the primary contributing factor in their ability to 
generate ROS176. Therefore, I sought to investigate the effects of UFP collected from 

an underground railway station on MS4A8B expression in ALI-cultured PBECs. To 
determine if any effects on PBECs elicited by UFPs were mediated through ROS 
generation, cells were also treated with an iron chelator, desferrioxamine (DFX) and 
the free radical scavenger, N-acetyl cysteine (NAC). Studies show that both 
compounds effectively reduce ROS activity216,217. 
 Although not statistically significant, UFP exposure of ALI-differentiated PBECs 
lead to a mean 2-fold increase in MS4A8B gene expression when compared against 
the vehicle control. Interestingly, the addition of NAC appeared to reverse the UFP-
mediated increase in MS4A8B gene expression, with this occurring to a larger degree 
with NAC at a concentration of 20 mM compared to 2 mM (Figure 4.7 A). The addition 
of NAC alone did not appear to significantly alter MS4A8B gene expression. The 
addition of DFX did not elicit a similar effect on MS4A8B expression as seen with NAC 
(Figure 4.7 A). The expression of the other cilia markers, tektin (Figure 4.7 B) and CBE1 
(Figure 4.7 C), were not significantly altered by UFP exposure although a modest 
decrease in CBE1 expression following UFP exposure was observed.  
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Figure 4.7 Expression of MS4A8B in ALI-PBEC cultures after challenge with UFP. 

The gene expression of (A) MS4A8B (B) tektin and (C) CBE1 were measured in ALI-
differentiated PBECs after challenge with UFP (5.6 μg/cm2) for 24 hours. The effect of 
the iron chelator desferrioxamine (DFX) and a free radical scavenger N-acetyl cysteine 
(NAC) on MS4A8B expression were also examined. Data shown are the mean fold 
change ± SEM relative to the vehicle control after normalizing to the housekeeping 
gene (UBC). *p<0.05, One-way ANOVA analysis, Dunnett’s multiple post-hoc test. 
(n=5). 
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4.3.5 Effects of rhinovirus infection on MS4A8B expression 
  
 Numerous studies have reported that rhinovirus infections can lead to severe 
exacerbations of symptoms in asthmatic patients72. The effect of rhinovirus infection on 
MS4A8B gene expression in ALI-cultured PBECs was therefore investigated. Fully 
differentiated ALI cultures of 21-days were infected with rhinovirus at a MOI of 1 for 24 
and 48 hours before being processed for qPCR. It was observed that MS4A8B 
expression was significantly reduced in non-asthmatic ALI cultures after infection with 
RV16 for 48 hours (Figure 4.8 A). Tektin and CBE1 expression in non-asthmatic ALI 
cultures however, were not significantly affected by RV16 infection (Figure 4.8 B/C). 
The downregulation of MS4A8B expression was more pronounced in severe asthmatic 
ALI cultures, with a significant downregulation in its expression at both 24 and 48 hour 
time points (Figure 4.8 A). CBE1 expression was also significantly downregulated at 
both 24 and 48 hours post-infection in severe asthmatics (Figure 4.8 C).  Whilst tektin 
expression was slightly reduced in severe asthmatic cultures 48 hour post-infection, 
this was not statistically significant (Figure 4.8 B).  
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Figure 4.8 The effects of rhinovirus infection on MS4A8B expression in ALI-
differentiated PBECs. 

21-day ALI-differentiated PBECs derived from either non-asthmatic (n=4) or severe 
asthmatic (n=3) donors were infected with rhinovirus 16 (RV16) for 24 and 48 hours 
followed by qPCR analysis for (A) MS4A8B, (B) tektin and (C) CBE1 expression. Data 
shown as the mean fold change ± SEM relative to the PBS control after normalizing to 
the housekeeping gene (UBC). *p<0.05, One-way ANOVA analysis, Dunnett’s multiple 
post-hoc test.  
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4.3.6 Examination of MS4A8B expression in COPD 
 
 It has been well established that the airway epithelium is phenotypically altered 
in COPD. These irreversible effects include goblet cell hyperplasia, airway wall fibrosis 
and loss of ciliated columnar epithelial cells218. To observe how MS4A8B expression 
may be altered in COPD, PBECs obtained from COPD patients were cultured at ALI 
and MS4A8B gene expression compared against healthy counterparts at weekly time 
points of 7, 14 and 21 days. The cilia markers, tektin and CBE1, as well as the goblet 
cell marker, MUC5AC, were also measured. qPCR results show that MS4A8B and 
tektin gene expression between healthy and COPD cultures were not significantly 
different at 14 days post-ALI culture but was dramatically downregulated at 21 days 
(Figure 4.9). CBE1 expression in COPD cultures was not significantly altered compared 
to healthy cultures at all time points. Whilst others have reported increased goblet cell 
expression in the airway epithelium of COPD patients3,219, the present results did not 
reflect this observation as the gene expression of MUC5AC was not significantly 
different between healthy and COPD PBEC cultures (Figure 4.9). This result may be 
attributed to the relatively small sample size of 3 independent cultures per group. 
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4.3.7 MS4A8B expression in primary ciliary dyskinesia (PCD) 
 
 Having established in the previous chapter that the expression of MS4A8B is 
closely associated with the development of motile cilia, its relevancy to ciliary disorders 
is therefore of particular interest. To identify its possible involvement in PCD, the 
expression of MS4A8B in ALI-differentiated PBECs derived from three individual 
patients diagnosed with PCD was examined. 28-day ALI cultures were fixed and co-
stained with anti-MS4A8B and anti-beta-tubulin antibodies, with the latter antibody used 
as a positive marker for general motile cilia expression. Curiously, of the three PCD 
cultures examined, airway epithelial cultures derived from patient #3 had significantly 

Figure 4.9 Expression of MS4A8B in ALI-differentiated PBECs derived from COPD 
patients. 

MS4A8B gene expression was measured at weekly time points in PBECs obtained from 
COPD patients (n=3) and compared against PBECs from healthy donors (n=3). Other 
epithelial differentiation markers, tektin, CBE1 and MUC5AC were also measured 
alongside MS4A8B. Expression shown as the mean fold change ± SEM relative to the 
7 day healthy controls after normalizing to the housekeeping gene (UBC). *p<0.05 One-
way ANOVA analysis, Dunnett’s multiple post-hoc test. 
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reduced levels of MS4A8B expression, as indicated by a significant reduction in 
MS4A8B immunoreactivity whilst cultures derived from patients #1 and #2 exhibited 
normal expression levels for MS4A8B protein expression (Figure 4.10). The reduction 
in MS4A8B expression was not due to a reduction in cilia numbers as staining with anti-
beta-tubulin antibodies clearly highlighted the presence of motile cilia (green). Routine 
clinical diagnosis of all three patients via TEM and high-speed video analysis concluded 
varying ciliary defects for each patient. Culture #1 exhibited a mixture of dyskinetic and 
static cilia whilst presenting with a normal ciliary ultrastructure. Interestingly, both PCD 
cultures from patients #2 and #3 (MS4A8B low) both exhibited outer dynein arm (ODA) 
ultrastructural defects and static cilia. Given the genetically heterogenous nature of 

PCD however, it is challenging to ascertain if the lack of MS4A8B was the primary 
cause of PCD in culture #3. Genetic profiling of these cultures via qPCR in future 
studies may provide additional insight.  
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Figure 4.10 Immunofluorescence assessment of MS4A8B expression in ALI-
differentiated PBECs derived from patients with PCD. 

Whole-mount immunofluorescence was conducted on ALI-PBEC cultures derived from 
3 individual patients diagnosed with PCD. Cultures were co-stained with anti-MS4A8B 
(red) and anti-beta-tubulin (green) antibodies. Anti-beta-tubulin antibodies were used 
as a positive control for the expression of cilia. Cell nuclei were stained with DAPI 
(blue).   
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4.3.8 Modulation of MS4A8B gene expression by exogenous stimuli in 
ALI-differentiated PBECs 

 
 To examine if MS4A8B gene expression was differentially regulated by various 
exogenous stimuli, 21-day ALI-differentiated PBECs were stimulated for 24 hours with 
exogenous mediators known to induce inflammatory responses in airway epithelial cells 
followed by gene expression analysis by qPCR. Gene expression was compared 

against non-stimulated controls. Interestingly, interferon-beta (IFN-b) stimulation 

resulted in a significant downregulation in MS4A8B and DNAH5 gene expression 
(Figure 4.11 A/D). Whilst not statistically significant, a trend for reduced MS4A8B 

expression was also noted following TNF-a treatment that was not observed in the 

other cilia associated genes examined. The expression of other differentiation markers 

(tektin, CBE1 and MUC5AC) also saw a trend for reduced expression following IFN-b 

treatment although this was not statistically significant (Figure 4.11 B/C/E). Due to the 
limited sample size tested, utilizing a greater number of PBEC cultures in future 
experiments will likely clarify these functional significances. MUC5AC gene expression 
was significantly upregulated following treatment with lipopolysaccharide (LPS) and 
also the Th2 cytokines, IL-4 and IL-13 (Figure 4.11 E), this observation being previously 
reported220-222. Gene expression for the proinflammatory cytokines IL-8 and IL-6 were 

strongly enhanced by TNF-a and IL-1a stimulation, this effect also being reported in 

PBEC cultures by others223,224.  
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Figure 4.11 MS4A8B gene expression in ALI-differentiated PBECs after cell 
activation with various stimuli. 

The gene expression of MS4A8B with other established markers indicative of PBEC 
differentiation were measured 24 hours post-stimulation with various inflammatory 
mediators. Data presented as the mean fold change ± S.D. relative to the non-
stimulated control after normalizing to the housekeeping gene (UBC). Results were 
derived from 3 independent PBEC cultures. *p<0.05, One-way ANOVA analysis, 
Dunnett’s multiple post-hoc test.   
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4.4 DISCUSSION 
  
 To date, studies of MS4A8B have largely focused on its involvement in cancers 
in conjunction with the use of murine models. Thus, its expression in the normal human 
airways especially in the context of various airway conditions is currently not known. I 
therefore sought to examine if the expression of MS4A8B may be dysregulated in 
common airway inflammatory conditions such as asthma and COPD. Furthermore, 
given its localization to the motile cilia, it was of interest to examine if its expression 
may be differentially regulated upon exposure of the airway epithelium to commonly 
encountered environmental factors such as aeroallergens, environmental pollutants 
and pathogens. Studies have associated decreased cilia function and ultrastructural 
abnormalities in respiratory disorders with an inflammatory burden203,225,226. The work 
conducted in this chapter is necessary to better establish the clinical relevancy of 
MS4A8B to overall lung health and to understand if alterations in its expression may 
result in functional consequences in the airway epithelium. 
 My IHC results presented here have identified a trend for reduced MS4A8B 
protein expression in severe asthmatics when compared against both non-asthmatic 
and mild asthmatic patient airway biopsies. With chronic inflammation of the airway 
epithelium being a central theme in asthma, there are significant and often irreversible 
alterations to the epithelium that includes decreased epithelial barrier integrity, 

increased infiltration of immune cells and goblet cell hyperplasia93,198,227. Regarding the 
asthmatic airway epithelium itself, the decrease in tight junction protein expression and 
sustained injury from proinflammatory mediators released from infiltrating eosinophils 
and T cells ultimately results in a fragile epithelial barrier70,75,228. Signs of epithelial 
shedding have been reported in asthmatics, with epithelial cells detected in 
bronchoalveolar lavage fluid (BALF) and bronchial biopsies of these patients229,230. 
Given these factors affecting the asthmatic epithelium, it was imperative to account for 
the potential loss of cilia resulting from epithelial shedding as this might affect the 
overall expression of MS4A8B in the bronchial biopsies examined. MS4A8B expression 
was therefore normalized to the total expression of epithelial cilia by staining with anti-
beta-tubulin antibodies. Hence, the IHC results presented would imply that the 
reduction in MS4A8B protein did not relate purely to a gross loss of ciliated epithelium. 
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However, it is yet unclear if the reduced expression of MS4A8B precedes the 
manifestation of asthma or is due to epithelial injury from repeated exacerbations. 
 A potential confounder of the IHC results was the use of inhaled corticosteroids 
(ICS) in the severe asthmatic cohort whilst none of the mild asthmatics were on ICS 
treatment. It is therefore plausible that ICS-dependent influences on MS4A8B 
expression exist in these results. However, the specific effects of ICS treatment on 
MS4A8B expression is currently not known. Despite the prevalence of ICS use in 
controlling asthma exacerbations, few studies have examined the direct effects of ICS 
treatment on respiratory cilia function and expression. Combined findings show that 
corticosteroid treatment of ciliated airway epithelial cells either have no effect or show 

a minimal reduction on cilia beat frequency (CBF) and are generally considered 
harmless to the motility of ciliated cells231-234 . Beyond this, no studies have explicitly 
examined both short- and long-term effects of ICS use on motile cilia development and 
whether steroids may influence the expression of cilia-associated genes. Early studies 
have previously observed that long-term treatment of moderate to severe asthmatics 
with ICS was able to restore ciliated cell numbers to levels comparable to non-asthmatic 
controls235,236. However, this increase in cilia expression was likely associated with 
reduced epithelial damage resulting from ICS treatment. It is clear therefore that more 
studies are required to properly establish the direct effects of ICS on cilia development. 
As such, the specific effects of ICS on MS4A8B remains to be determined. 
 To provide further insight into the apparent loss of MS4A8B protein expression 
in severe asthmatic bronchial biopsies, MS4A8B gene expression was measured in 
ALI-differentiated PBECs derived from non-asthmatics, mild asthmatics and severe 
asthmatics. Unlike IHC-based quantification of MS4A8B in bronchial biopsies, qPCR 
analysis allows for the quantification of MS4A8B gene expression in PBECs while 
avoiding artifacts due to epithelial loss from biopsy sampling procedures. However, no 
significant changes in gene expression for MS4A8B, tektin or CBE1 were observed in 
severe asthmatic PBECs compared to non-asthmatics. Interestingly, it was noted that 
CBE1 expression tended to be reduced in the 3 severe asthmatic cultures tested. 
Contrary to my findings here, a previous study investigating the gene expression of 

CBE1 from bronchial biopsies from asthmatics showed no significant differences in 
expression levels when compared against non-asthmatic samples142. However, the 
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study had compared CBE1 gene expression in freshly isolated PBECs obtained 
through bronchial brushings of volunteers, whilst my gene expression data was derived 
from ALI-differentiated PBECs that had been cultured ex vivo. This distinction may lead 
to significant differences in the interpretation of gene expression data as mRNA isolated 
from bronchial biopsies will likely encompass influences mediated by local tissue 
factors at the time of sampling. Given the relatively low numbers of severe asthmatic 
cultures tested however, current interpretation of these results are limited and more 
samples are thus required. 

Interestingly, it has been reported that the respiratory cilia in severe asthmatics 
are abnormal, exhibiting a myriad of defects such as decreased cilia beat frequencies, 

disorientation in beat direction and ultrastructural damage204. Whilst unproven at this 
point, it is possible that the reduction in MS4A8B protein expression observed in severe 
asthmatic biopsies may contribute to ciliary dysfunction. Further work is required to 
accurately determine if MS4A8B expression is downregulated in asthma. Quantification 
of MS4A8B protein expression in differentiated asthmatic PBEC cultures through IF 
staining and Western blot quantification will be helpful in this regard. Additionally, 
deeper insight into patient cohort details such as their endotypic classification and 
atopic status may reveal trends correlating to changes in MS4A8B expression. 

As detailed in Chapter 1, the current classification of asthma can be broken down 
into endotypes, a term used to indicate asthmatic subtypes that are defined by specific 
pathobiological mechanisms237. Though current endotyping of asthmatics can be 
generally divided between type 2-high and type 2-low inflammatory responses, more 
than half of all asthmatics present with underlying atopy that is associated with a Th2-
dominant airway environment93. These patients often present with elevated levels of 
IL-4 and IL-13. These ‘classical’ Th2 cytokines are often responsible for mediating 
phenotypic changes in the airways that is characterized by fibrosis, goblet cell 
hyperplasia, enhanced inflammatory cell infiltration and loss of ciliated epithelial 
cells213,238. To mimic the effects of an atopic lung environment on MS4A8B expression, 
ALI-cultured PBECs were chronically treated with IL-13 and this led to a significant 
reduction in MS4A8B gene expression. Furthermore, both tektin and CBE1 gene 

expression were also reduced after IL-13 treatment. I postulate that the reduction in 
MS4A8B expression may be due to a general reduction in ciliated cell numbers, with 
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this being confirmed in whole-mount IF staining of ALI-differentiated PBECs chronically 
treated with IL-13. Indeed, studies investigating chronic exposure of differentiated 
PBECs to IL-13 also show a reduction in ciliated cell numbers214,239,240. Whilst IL-13 has 
been frequently noted to induce MUC5AC gene expression, MUC5AC expression was 
not significantly enhanced in these results. This may be due to a relatively small sample 
size of primary cultures examined and a lower concentration of IL-13 (10 ng/ml) used 
in comparison to other studies (20 ng/ml)142,214,240. 

Grass pollen is a major trigger of allergic rhinitis and asthma in susceptible 
individuals, with the Australian population ranking amongst the highest in the world with 
regards to allergic rhinitis and asthma prevalence180. Upon inhalation, pollen grains 

become hydrated and release a variety of allergens and proteases, which are capable 
of eliciting strong inflammatory responses in the airways that may trigger asthmatic 
exacerbations184. Proteases released from pollen grains can also interfere with airway 
epithelial barrier functions and stimulate the release of proinflammatory mediators such 
as IL-8 from these cells183,185. My results demonstrate that MS4A8B gene expression 
was depressed in both healthy and severe asthmatic PBECs following exposure to 
grass pollen extract. Since tektin expression was also decreased, this may suggest a 
more general downregulation of cilia-related genes caused by grass pollen exposure. 
Given the scarcity of studies investigating the effects of pollen exposure on respiratory 
cilia, the exact causes behind this downregulation is not well understood. Whilst it has 
been demonstrated in an in vitro model, where exposure of murine airway epithelial 
cells to pollen extract resulted in cell detachment and cytotoxicity241, this is an unlikely 
explanation to the observed downregulation in MS4A8B gene expression as this has 
been previously normalized to the housekeeping gene. Since ALI-differentiated PBECs 
release a range of proinflammatory mediators after exposure to grass pollen extract, it 
is possible that these airway epithelial-derived mediators could impact the expression 
of MS4A8B185. There is also the possibility of unidentified pollen-specific factors 
contributing to this downregulation in gene expression. It is clear that more research 
investigating the effects of grass pollen on respiratory cilia are required.  

Air pollution is the leading cause of lung related disorders in developing 

countries, with epidemiology studies showing significant associations between air 
pollution and pulmonary conditions such as asthma, COPD and bronchiolitis242,243. 
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Normally, most inhaled debris are cleared out of the airways by mucociliary transport 
though there are instances where inhaled particulate matter are able to bypass the 
epithelial barrier and cause harm to the airways and other organ systems. As previously 
described, the diminutive size of UFPs makes it relatively easy for them to enter and 
deposit in the lower the airways. The effects of underground railway UFPs were 
examined in ALI-differentiated PBECs due to their intrinsic capacity to mount an 
inflammatory response in airway epithelial cells by catalyzing the production of 
ROS176,210. An interesting observation was that MS4A8B gene expression tended to be 
upregulated by UFP exposure, an effect not seen for the other cilia-associated genes 
tektin and CBE1. Furthermore, the addition of the antioxidant NAC, appeared to inhibit 

this upregulation in MS4A8B gene expression, suggesting that MS4A8B expression 
was potentially modulated by the effects of ROS. As MS4A8B contains a putative ITIM 
motif, it could be speculated that the increase in MS4A8B expression is a compensatory 
mechanism to suppress ROS-induced epithelial inflammation. In theory, addition of the 
metal chelator DFX should also lead to similar effects as seen in NAC treatment 
although this was not observed. A possible explanation may lie in the unique ability of 
NAC to increase intracellular expression of antioxidant enzymes such as heme 
oxygenase-1 (HO-1) and glutathione peroxidase (GPx)217, with these enzymes being 
responsible for mitigating the effects seen with UFP exposure on MS4A8B expression. 
Further work involving direct stimulation of ALI-PBECs with hydrogen peroxide (H2O2) 
followed by the addition of NAC or DFX may help elucidate the relationship between 
MS4A8B expression and ROS exposure. 
 Rhinovirus (RV) infections have been associated with severe asthmatic 
exacerbations in susceptible individuals, with RV infection in early childhood often 
being a strong predictor of asthma development in later life72,244. The constant 
movement of debris out of the airways by mucociliary transport serves as an important 
barrier in preventing colonization and infection by respiratory viruses. To overcome this 
defense, respiratory viruses such as RV, influenza and respiratory syncytial virus (RSV) 
express receptors that selectively bind to surface proteins on ciliated airway epithelial 
cells, thereby facilitating viral entry and replication188,245,246. For example, RSV has 

been demonstrated to bind to fractalkine receptor (CX3CR1) and human H3 influenza 
virus preferentially binds to sialic acid receptor α2,3, both of which are found on ciliated 
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airway epithelial cells246,247. Numerous studies have described detrimental effects of 
viral infection on cilia function, often resulting in cilia damage and loss191,248,249. As a 
result, mucociliary clearance is disrupted, which then promotes secondary bacterial 
infections. 

In my studies utilizing rhinovirus strain 16 (RV16) to infect ALI-differentiated 
PBECs, a significant downregulation in MS4A8B gene expression was seen in non-
asthmatic donors 48 hours post-infection. The downregulation of MS4A8B was even 
more dramatic in PBECs originating from severe asthmatic donors, being significantly 
reduced after 24 hours post-infection and even more so at 48 hours. Airway epithelial 
cells originating from asthmatics are more prone to viral infection when compared to 

their non-asthmatic counterparts250. Several factors have been attributed to increased 
RV infectivity of the asthmatic epithelium, one of which is that the asthmatic epithelium 
has an impaired interferon beta/lambda (IFN-β/λ) response to rhinovirus infection, 
which impedes apoptosis of infected cells thereby promoting viral replication73,251. 
Furthermore, it has been shown that the barrier function of the asthmatic epithelium is 
disrupted, with ALI-PBECs from asthmatic donors showing decreased transepithelial 
electrical resistance (TEER) measurements that correlates with reduced expression of 
tight junction proteins70,252,253. This results in the asthmatic epithelium being intrinsically 
‘leaky’, which may promote the spread of viruses to neighboring cells. Despite multiple 
reports demonstrating significant detriments in cilia function following viral infection of 
the airway epithelium, the mechanisms leading to this effect are still not well 
understood. RSV infection of ALI-differentiated PBEC cultures can result in a reduction 
in the gene expression of FOXJ1 and DNAI2, both genes being critically involved in the 
development of motile cilia191. This may be a possible explanation to the observed 
downregulation observed for MS4A8B and CBE1 in severe asthmatic PBEC cultures.   
 As detailed earlier, the pathogenesis of COPD is associated with chronic 
inflammation of the airways in response to repetitive exposure to noxious agents 
resulting in morphological alterations to the airway epithelium171. The observed loss in 
expression for MS4A8B, tektin and CBE1 in COPD-derived PBECs may suggest a 
more general reduction in cilia expression on the airway epithelium. The primary 

etiological factor for COPD is cigarette smoke although chronic insult by other noxious 
compounds can also contribute to disease onset and progression3. Exposure to 
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cigarette smoke extract (CSE) has been shown to dramatically affect cilia function and 
development, with significant downregulation in cilia-associated genes being 
observed85,254. Furthermore, transmission electron microscopy (TEM) analysis of ciliary 
ultrastructure in smokers and ex-smokers show abnormalities that are not observed in 
healthy non-smokers, which is likely to impart detrimental effects on cilia function255. 

A recent concept of cilia dysfunction in COPD has emerged, termed ciliophagy, 
where ciliary components are consumed by autophagic mechanisms256,257. This 
process is driven primarily by histone deacetylase 6 (HDAC6), which is responsible for 
mediating ciliary disassembly and resorption in response to airway epithelial injury such 
as during cigarette smoke exposure258,259. HDAC6 expression is also significantly 

upregulated in lung tissue samples from chronic smokers and COPD patients259. 
Ciliophagy may also be a possible explanation for the reduction in MS4A8B expression 
observed in ALI-cultured PBECs derived from COPD patients. Importantly, small 
molecule inhibitors of HDAC6 have been demonstrated to prevent cilia autophagy, 
restoring cilia length and functions in in vitro and in vivo models (murine) of cigarette 
smoke injury258,259. HDAC6 inhibitors may therefore hold therapeutic significance in the 
treatment of ciliopathies. It would be interesting to examine if HDAC6 inhibitors have 
the potential to restore MS4A8B expression in the various airway disorders that I have 
examined here.  
 Primary ciliary dyskinesia (PCD) is a genetically heterogeneous disorder 
affecting cilia, resulting in a host of disorders associated with cilia functions such as 
recurrent respiratory infections, organ laterality randomization (situs inversus), infertility 
and hydrocephalus. Such issues stem from ultrastructural defects in cilia axonemal 
structure, leading to impairment in cilia motility and function. Recent advancements in 
sequencing technologies such as next-generation and whole-genome sequencing 
have accelerated the identification of PCD-causative mutations, with more than 35 
identified genes to date208. These genes encode for protein components that make up 
various parts of the cilia ultrastructure, which include the basal body, radial spokes, 
microtubule scaffolds and the ciliary membrane. As MS4A8B expression was strictly 
localized to the ciliary axoneme, it was postulated if it might be a PCD-associated gene. 

Out of the three PCD cultures examined, only one culture (PCD donor #3) exhibited 
significantly diminished immunoreactivity for MS4A8B protein, this patient in particular 
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was diagnosed as having static cilia with an ODA defect. More than half of all PCD 
cases are a result of ODA defects, this being caused by mutations in genes encoding 
for ODA components260,261. The ‘classical’ genes responsible for ODA defects include 
DNAI1, DNAH5, CCDC114 and CCDC151209,260. However, given the heterogeneity of 
PCD, it is difficult to ascertain if the lack of MS4A8B expression was the sole cause of 
PCD, as clinical diagnosis of PBEC cultures from PCD donor #2 also presented with 
identical defects. As such, a larger sample size is needed to ascertain if a dysregulation 
in MS4A8B expression may contribute to PCD. Nonetheless, the preliminary findings 
here suggest a possible involvement of MS4A8B in the pathology in some cases of 
PCD. 

 Another airway disease where MS4A8B may be involved in its pathobiology is 
cystic fibrosis (CF). CF is an autosomal recessive disorder where mutations in the gene 
encoding for the cystic fibrosis transmembrane conductance receptor (CFTR) result in 
an abnormal buildup of airway mucus that significantly impedes the effectiveness of the 
mucociliary transport escalator, this resulting in clinical symptoms such as chronic 
airway infections and bronchiectasis262-264. The CFTR is a cAMP-regulated chloride ion 
(Cl-) channel expressed apically in airway epithelial cells and is responsible for 
maintaining proper airway mucus osmolarity263,265. CFTR dysfunction results in 
reduced secretion of Cl- ions into the mucus layer, leading to dehydration of the mucus 
and periciliary layers266,267. As a result, airway mucus in CF patients are abnormally 
thick, which impedes proper ciliary motility262. Whilst the pathophysiology of CF and 
PCD are entirely different, chronic airway infections are commonly observed in both 
disorders since mucociliary clearance of the airways is severely impeded. Interestingly, 
gross ultrastructural defects of the motile cilia have been observed in CF patients, 
including abnormal arrangement of microtubules, loss of inner dynein arms and 
compound cilia268. These ciliary abnormalities are likely due to acquired secondary 
defects resulting from repeated airway infections that are also observed in PCD 
patients269. Given how CF pathology directly impacts the function of the mucociliary 
transport and motile cilia, it would be interesting to examine the expression of MS4A8B 
during CF. Unfortunately, due to difficulties in sourcing bronchial material from CF 

patients during the course of the project, this aspect of MS4A8B expression was not 
investigated. The expression of MS4A8B in CF remains of great interest for future 
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studies of MS4A8B given its restricted expression to the motile cilia and its potential for 
airway epithelial immune regulation given the presence of an intracellular ITIM signaling 
motif. 

 Whilst the results presented thus far detail the potential dysregulation of 
MS4A8B expression under a variety of airway disorders, specific factors that may 
regulate the endogenous expression of MS4A8B in airway epithelial cells are still not 
known. The study therefore sought to identify if MS4A8B gene expression may be 
differentially regulated through activation of ALI-differentiated PBECs with various 

exogenous stimuli. Apart from stimulation with interferon (IFN)-b, where MS4A8B gene 

expression was reduced, no significant alterations in its expression was observed for 
the other stimuli used. However, as other cilia-associated genes (tektin, CBE1 and 

DNAH5) were also downregulated in their expression following IFN-b treatment, it was 

speculated that the IFN-b mediated decrease in MS4A8B expression may stem from a 

broader reduction in motile cilia expression. This observation has not been previously 
reported in the scientific literature. Whilst critical in its role in host protection against 

viral infections, the direct effects of IFN-b on motile cilia function are not known. As IFN-

b expression is rapidly induced in airway epithelial cells upon infection, my results 

suggest that this may lead to a downregulation in cilia-associated genes and negatively 
impact motile cilia expression or function. Though the results are still preliminary, this 
may be a possible explanation to virally-induced dysfunction of motile cilia, leading to 
the disruption of airway mucociliary clearance. It may therefore be insightful to examine 
the expression of MS4A8B and other cilia markers in ALI-differentiated PBECs 
following treatment with other members of the interferon family of cytokines such as 

IFN-g and IFN-l. 

 In this chapter, I have investigated the expression of MS4S8B in the human 
airways under various airway conditions and show that its expression along with other 
markers of motile cilia are often altered (results summarized in Table 4.1). Based on 
current observations however, it is difficult to ascertain if the dysregulation of MS4A8B 
expression is a primary contributing factor to disease onset or is due in part from 

epithelial damage sustained from disease pathology. Thus, a better understanding of 
MS4A8B and its functions at the signaling level is required to fully appreciate its 
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importance in airway epithelial cells. Nonetheless, the results presented in this chapter 
demonstrates that its expression is dysregulated in disease compared to healthy 
controls and is predicted to impart functional consequences to overall airway epithelial 
function. With an increasing number of studies describing important chemosensory and 
mechanosensory functions for motile cilia15,270, and with the presence of a putative-
ITIM motif on MS4A8B, it is therefore of interest to further investigate the functional 
roles of the protein in the airway epithelium.  
 
 
Table 4.1 Summary of MS4A8B expression across various airway conditions. 

 
*underpowered, trending observation; ↓ decreased expression; ↑ increased expression   
 
IHC, immunohistochemistry; IF, immunofluorescence; ALI, air-liquid interface; PBEC, primary bronchial 
epithelial cell; PCD, primary ciliary dyskinesia 
 

Airway condition MS4A8B 
expression Comments 

Severe asthma * ↓ 

Downregulated protein expression in 
severe asthmatic biopsies (IHC) 

 
No change in gene expression in ALI-

PBECs from severe asthmatics 

IL-13/IFN-b treatment ↓ Downregulated gene expression in ALI-
PBECs 

Grass pollen ↓ Downregulated gene expression in ALI-
PBECs 

Ultra-fine dust * ↑ Upregulated gene expression in ALI-
PBECs 

Rhinovirus infection ↓ Downregulated gene expression in ALI-
PBECs 

COPD ↓ Downregulated gene expression in ALI-
PBECs from COPD patients 

PCD * ↓ Downregulated protein expression in 
ALI-PBECs from 1 PCD patient (IF) 
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5.1 INTRODUCTION 
 
 My findings from previous chapters have established that MS4A8B is expressed 
on differentiated airway epithelial cells (AECs), with the protein being specifically 
localized to the respiratory cilia. Expression studies in Chapter 4 also show that 
MS4A8B expression was downregulated in various airway disease states and 
conditions ranging from atopic asthma, COPD, rhinovirus infection and exposure to 
grass pollen and ultrafine dust. Of other studies centered around MS4A8B, only one 
has examined its possible roles in the human airways albeit in the context of small cell 
lung carcinoma (SCLC)111. The functions of MS4A8B in AECs and how this relates to 
overall lung health therefore remains extensively undefined.  

In a noteworthy study conducted by Shah and colleagues, it was identified that 
motile cilia possessed chemosensory abilities through the expression of bitter taste 
receptors on the ciliary membrane15. Stimulation of differentiated human PBECs with 
bitter taste compounds increased intracellular calcium concentrations that augmented 
ciliary beat frequency15. The potential for motile cilia in regulating airway epithelial cell 
immune responses was demonstrated when the transcription factor serum response 
factor (SRF) was determined to localize to the motile cilia and was able to modulate IL-
8 release in airway epithelial cells following exposure to organic dust17. Coupled with 
the fact that MS4A8B contains a putative ITIM motif, it is not unreasonable to speculate 

that MS4A8B may also possess chemosensory or signaling functions within the 
respiratory tract in humans. Given the relative lack of studies focused on MS4A8B, 
greater understanding of the proposed functions of other MS4A members will hopefully 
shed light on the possible roles of MS4A8B in the human airways and its potential utility 
as a therapeutic target.  
 From their discovery in the late 1980’s, we are only recently beginning to 
understand the possible functions of MS4A proteins and their involvement in disease. 
Given their broad expression across multiple tissue systems, the primary functions of 
MS4A proteins are yet to be determined although review of the current literature reveals 
several overlapping characteristics of MS4A proteins that may relate to their overall 
functions. Studies have highlighted the propensity of certain MS4A members to homo-
oligomerize or physically associate with neighboring membrane proteins so as to form 
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part of a signaling complex or an ion channel100,120,271-273. A prime example of this is the 
physical association of MS4A1 (CD20) to the B cell antigen receptor (BCR), where it is 
thought to increase intracellular calcium influx and is important for B cell survival and 
differentiation100. Furthermore, MS4A1 has also been reported to form homo-oligomers, 
possibly to function as an ion channel100. MS4A2 is another notable example, being 
part of the high-affinity IgE receptor (FcεRI) complex and functions by augmenting 
intracellular signals through its ITAM motif as well as promoting trafficking of the FcεRI 
receptor complex to the cell surface274,275. MS4A4B, found primarily on regulatory T 
cells (Tregs), was shown through yeast split-ubiquitin screening and 
immunoprecipitation studies to associate with several Treg surface receptors including 

glucocorticoid-induced tumor necrosis factor receptor-related gene (GITR), Orai1 and 
another MS4A member, MS4A6B276. In a similar approach, yeast two-hybrid and 
immunoprecipitation experiments also show that MS4A3 binds to the cyclin-dependent 
kinase-associated (CDK-associated) phosphatase-CDK2 (KAP-CDK2) complex and 
that its C- terminal region is critical for binding to the KAP-CDK2 complex272. Based on 
these findings, together with the fact that immunoreceptor tyrosine-based motif-
containing proteins commonly exert their functions through physical associations with 
neighboring adaptor proteins121, it is plausible that MS4A8B may physically associate 
with local membrane proteins found on AECs to elicit its functions.  
 Another recurrent theme in MS4A biology is their involvement in cellular growth 
and differentiation processes, with several studies highlighting their involvement in 
cancers. Most of these observations stem from expression studies where 
overexpression or knock-down/out experiments resulted in observable changes in 
cellular proliferation and differentiation though the exact mechanisms by which MS4A 
proteins elicit this effect is largely unknown99,101,113,277. MS4A8B, along with many other 
MS4A members, have been reported to be restricted in their pattern of expression, 
being found only within specific cellular lineages or stages of cellular differentiation99. 
Several studies have also reported that dysregulation of this expression profile often 
correlates with cancers. For example, MS4A3 is selectively expressed on 
hematopoietic tissues and overexpression of the protein into the U937 cell line resulted 

in cycle arrest at the Go/G1 phase, likely through its interactions with the KAP-CDK2 
complex272. Whilst MS4A3 is generally expressed at low levels in hematopoietic cells, 
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microarray examination of MS4A3 expression across malignant tissues show a 
heightened level of expression277. MS4A12, found on colon epithelial cells, was 
identified through data mining of cDNA libraries for differentiation genes unique for 
colon epithelial cells. Profiling of colon tumor specimens show that MS4A12 expression 
was upregulated at least 10-fold in 63% (25 out of 40) of samples examined. 
Interestingly, RNAi-mediated knock-down of MS4A12 in the colon cancer cell line, 
LoVo, reduced cellular proliferation, motility and chemotactic invasion in response to 
epidermal growth factor stimulation101. 
 MS4A8B has similarly been implicated in cancers, with studies describing a 
dysregulated pattern of expression in the prostate, colon and lung cancer compared to 

normal tissues111-113. In prostate cancer biopsies, IHC staining revealed increased 
MS4A8B expression. Interestingly, in vitro assays demonstrate that when MS4A8B 
gene expression was knocked down in the LNCap prostate cancer cell line by siRNA, 
the cells exhibited growth arrest. Conversely, when MS4A8B was ectopically expressed 
in the RWPE-1 normal prostate epithelial cell line, these cells exhibited enhanced 
proliferation rates113. In the digestive tract, tissue samples from patients with colon 
carcinoma demonstrated a loss in MS4A8B expression when assessed via IHC112. This 
observation was confirmed in overexpression studies whereby transfection of MS4A8B 
into the murine colon carcinoma cell line, CT26, inhibited cell proliferation and 
migration112. In the airways, MS4A8B mRNA expression was upregulated in 50% (7 of 
14) of tissue samples obtained from SCLC patients and it was also detected in the 
SCLC cell line NCI H69. This apparent difference in MS4A8B expression pattern 
between different cancers (up in prostate and lung cancer, but down in colon cancer) 
may be a result of local tissue factors. Given the inherent genetic heterogeneity in 
cancers, resulting from an accumulation of genetic mutations, it is difficult to ascertain 
if the dysregulation observed in MS4A8B expression is a primary driver toward 
malignancy or is secondary to underlying genetic mutations. Together, current literature 
on MS4A8B suggests an involvement in the regulation of cellular proliferation, with this 
being likely being disrupted during cancer.   
 A key aspect of MS4A8B that has been overlooked by the literature is the 

presence of the putative ITIM motif at its intracellular C- terminal domain and how this 
may relate to its functions in the airway epithelium. Another important point to note is 
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the lack of a putative-ITIM motif on the mouse homolog of the protein, which may signify 
differing functions across species. Whilst previously understood to be restricted to 
immune cell populations, ITIM-bearing molecules are now known to be found across 
various tissue types. In the airway epithelium, notable inhibitory receptors include the 
IL-4 receptor α-chain (IL-4Rα)164,278 and the carcinoembryonic antigen-related cell 
adhesion molecule-1 (CEACAM1)166, both of which harbor an ITIM motif in their 
cytoplasmic domains. Cilia-associated proteins possessing tyrosine-based motifs have 
not been previously reported, making the presence of MS4A8B on the respiratory cilia 
particularly intriguing. This may suggest the potential for motile cilia involvement in 
regulating cellular signaling originating from the cilia. As identified in the previous 

chapter, the apparent loss of MS4A8B during airway inflammatory disorders may also 
impart detrimental effects on overall airway epithelial cell function. Given this, work 
presented in this chapter aims to determine the functions of MS4A8B in airway epithelial 
cells and in doing so, connects the work from previous chapters to provide insight if the 
loss of MS4A8B in airway inflammatory disease may contribute to disease 
pathogenesis.   
 

5.2 METHODS 
 
 Methods not specifically listed here have previously been described in detail in 
Chapter 2, Materials and Methods.  
 

5.2.1 Transient transfection of BEAS-2B cells and cell activation assays 
 
 BEAS-2B cells were seeded in 24-well tissue culture plates at 70,000 cells per 
well in antibiotic-free culture medium. The following day, cells were transiently 

transfected with 0.3 µg of plasmid DNA (GFP, MS4A8B-WT or MS4A8B-Y221F) with 1  

µl of Lipofectamine 2000® (Thermo Fisher, Waltham, USA) and left to incubate for 5 

hours before the transfection reagent was aspirated and replaced with fresh culture 
medium. For negative controls, Lipofectamine 2000® reagent was added without 
plasmid DNA. Cells were then left to incubate overnight to recover. The following day, 
cells were starved for 24 hours in serum-free culture medium. After starvation, cells 
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were stimulated with IL-4 (3 ng/ml) or TNF-a (1 ng/ml) for 24 hours and culture 

supernatants were harvested and assayed via ELISA for IL-8 and MCP-1 release. The 
ELISA protocol has been previously detailed in Chapter 2, Section 2.4.    
 

5.2.2 Rhinovirus infection of BEAS-2B cells  
 
 The following methodology describes studies that were conducted at the 

University of Southampton (UK), which was made possible by a European Respiratory 
Society Short-term Research Travel Fellowship award. 
 For the generation of rhinovirus stocks and determination of viral titer infectivity 
by 50% tissue culture infective dose (TCID50) assay, refer to methods previously 
detailed in Chapter 4 (section 4.2.4.1 and 4.2.4.2). For rhinovirus infection of BEAS-2B 
cultures, cells were seeded onto 24-well tissue culture plates at a density of 25,000 
cells per well in RPMI containing 10% FCS. The following day, the cells were serum 
starved with BEGM serum-free media for 24 hours followed by infection with RV16 
diluted in BEGM media at a multiplicity of infection (MOI) of 2.5 and 5 as previously 
determined by a TCID50 titration assay. UV-irradiated RV16 were also added to cells as 
a negative control. A higher MOI of 5 was used to determine whether MS4A8B 
expression may modulate BEAS-2B anti-viral responses in a MOI-dependent manner. 
Despite the higher MOI used, cell viability was not negatively impacted as determined 
by visual assessment of infected cultures under a light microscope. qPCR assessment 
also showed that the housekeeper gene cycle numbers were consistent between RV16 
infected and UV-irradiated controls (data not shown). After the addition of virus, culture 
plates were placed on a plate rocker for 1 hour at room temperature. After this 
incubation period, cells were washed twice with sterile PBS and 500 μl of fresh BEGM 
media added to wells and the cells returned to the incubator. After 24 hours, cells were 

washed with PBS and lysed using 200 μl of Trizol per well. Cell lysates were harvested 
and mRNA isolated for use in downstream gene expression analysis via qPCR. 
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5.3 RESULTS 
 

5.3.1 Immunoregulatory roles of MS4A8B in transiently transfected 
BEAS-2B cell lines 

 
 Having already shown that MS4A8B is restricted in its expression to ciliated 
epithelial cells, the use of ALI-differentiated PBEC cultures would therefore be an ideal 
culture model to further investigate its functions. However, the utilization of ALI-
differentiated PBECs poses several inherent limitations, namely in their limited lifespan 
in culture, prolonged culture periods and variability between donors. Moreover, the 
inherent difficulties associated with the transfection of primary cultures significantly 
limits their utility in the studies intending to genetically modulate MS4A8B gene 
expression (i.e. siRNA / CRISPR-Cas9)279. Given the need for a robust and renewable 

in vitro culture model, ectopic expression of MS4A8B in the BEAS-2B cell line was 
therefore undertaken. As detailed previously, cells were transfected with plasmids 
encoding for the full-length MS4A8B protein (MS4A8B-WT) and also a mutant variant 
of the MS4A8B protein that harbors a dysfunctional putative ITIM motif (MS4A8B-
Y221F).  
 Given the interest in exploring the possible immunoregulatory roles of MS4A8B 
in the airways, the release of IL-8 and MCP-1 from transiently transfected BEAS-2B 

cells were measured under resting and stimulated conditions (TNF-a or IL-4). ELISA 

assays of culture supernatants show that IL-4 stimulation of BEAS-2B cells led to a 
suppression in basal IL-8 release. It was observed that transient expression of 
MS4A8B-WT tended to reduce this IL-4 mediated suppression of IL-8 release, resulting 
in a net increase in IL-8 production (Figure 5.1 A). IL-8 production in MS4A8B-WT 
transfected cells was significantly higher following IL-4 stimulation when compared to 

MS4A8B-Y221F transfected cells (Figure 5.1 A). Stimulation of BEAS-2B cells with 

TNF-a strongly augments the production of IL-8 from these cells although the transient 

expression of MS4A8B-WT or MS4A8B-Y221F did not appear to affect this response 

(Figure 5.1 B). Both IL-4 and TNF-a stimulation also upregulated the production of 

MCP-1 from BEAS-2B cells although curiously, it was observed that the basal release 
of MCP-1 was reduced in all transfected cultures, this effect was not seen with the no-
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DNA controls cells (Figure 5.1 C/D). No significant differences in MCP-1 production in 

response to IL-4 and TNF-a stimulation were observed between the transfected cells 

(Figure 5.1 C/D). It is speculated that the general downregulation in MCP-1 production 
in the transfected cells may be caused by interferences in signaling pathways 

associated with MCP-1 production as an unintended side effect of transient DNA 
transfection and exposure to the transfection reagent. Indeed, studies have shown that 
DNA transfection of mammalian cells may result in unexpected side effects such as 
altered proliferation or cellular responses resulting from the transfection process280.  
  

A B 

C D 

Figure 5.1 Induction of IL-8 and MCP-1 cytokine production in transiently 
transfected BEAS-2B cells following cell activation. 

Transiently transfected BEAS-2B cells were stimulated with either IL-4 (3 ng/ml) or 
TNF-α (1 ng/ml) for 24 hours and the culture supernatant assayed for (A/B) IL-8 and 
(C/D) MCP-1 release via ELISA. Data presented as the mean ± SEM of 8 and 5 
independent experiments for IL-8 and MCP-1 release respectively. *p<0.05 One-way 
ANOVA analysis, Dunnett’s multiple post-hoc test. 
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5.3.2 Stable expression of MS4A8B in BEAS-2B cells suppresses 
proinflammatory mediator release 

  
 Whilst transient transfections of the BEAS-2B cell lines provided acceptable 
levels of transfection efficiencies for cytokine assays, exposure of these cells to lipid-
based transfection reagents may result in unwanted cell cytotoxicity. To avoid these 
issues, as well as to increase the percentage of cells positively expressing MS4A8B, it 
was decided to generate BEAS-2B clones stably expressing the plasmid constructs.  
 Following generation of stably expressing clones (3 clones per phenotype), 
clonal populations were FACS sorted based on GFP reporter expression to select for 

high expressing populations and were validated to be closely matched in terms of their 
expression of MS4A8B protein (see Chapter 3, Section 3.3.6.2). Having validated 
proper construct expression in the resultant clones, cells were stimulated with either 
tumor necrosis factor alpha (TNF-α), interferon beta (IFN-β) or interleukin (IL)-4 and 
the release of proinflammatory mediators IL-8 (Figure 5.2 A) and MCP-1 (Figure 5.2 B) 
measured. A variety of stimuli were used with the intention to identify if the expression 
of MS4A8B may modulate specific pathways associated with airway epithelial 
activation. Interestingly, BEAS-2B cells stably expressing MS4A8B-WT showed a 
general reduction in the basal production of IL-8 and MCP-1, with this being statistically 
significant when compared to GFP-only and MS4A8B-Y221F expressing cells (Figure 
5.2 A/B). Importantly, this suppression of cytokine production was lost in clones 
expressing the mutant variant of MS4A8B (MS4A8B-Y221F). When comparing IL-8 and 
MCP-1 responses in these cells following stimulation with different cytokines, the 
expression of MS4A8B-WT and MS4A8B-Y221F did not significantly affect the 
magnitude of stimulus-induced responses when compared to non-transfected and GFP 
only cells (Figure 5.2 A/B). This may suggest a more comprehensive dampening of 
proinflammatory cytokine release by MS4A8B instead, rather than specific regulation 
of signaling pathways. 
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Figure 5.2 Induction of IL-8 and MCP-1 cytokine production in stably transfected 
BEAS-2B clones following cell activation. 

BEAS-2B clones stably expressing MS4A8B plasmid constructs were stimulated with 
either TNF-α (10 ng/ml), IFN-β (10 ng/ml) or IL-4 (10 ng/ml) for 24 hours followed by 
measurement of (A) IL-8 and (B) MCP-1 release by ELISA. Data presented as the 
mean ± SEM of 4 independent experiments, with each phenotypic group representing 
the combined mean of 3 individual clonal populations (except for non-transfected 
BEAS-2B cells). Statistical significance between groups are shown in color for visual 
clarity. *p<0.05 One-way ANOVA analysis, Dunnett’s multiple post-hoc test. 
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5.3.3 MS4A8B expression does not alter cellular proliferation or migration 
of transfected BEAS-2B cells 

 
 With reports demonstrating the involvement of MS4A8B in cellular proliferation 
and migration, the study sought to investigate the effects of stable MS4A8B expression 
in the BEAS-2B cell lines. For proliferation studies, manual cell counts were performed 
on non-stimulated BEAS-2B cells that were used in cell activation assays. Cells were 
enumerated 24 hours after proliferating in serum-free conditions. Though not 
statistically significant, a trend whereby cell numbers of MS4A8B-WT expressing cells 
were higher when compared to non-transfected, GFP only and MS4A8B-Y221F cells 

was observed, suggesting that the expression of MS4A8B-WT may result in enhanced 
proliferation in these cells (Figure 5.3). 
 In addition to cellular proliferation, the study sought to ascertain if MS4A8B 
expression may influence the cellular migration of BEAS-2B cells by performing scratch 
wound assays on confluent monolayer cultures (Figure 5.4 A/B). No significant 
differences in migration rates were observed between MS4A8B-WT and MS4A8B-
Y221F clones when compared to GFP-only clones, with all 3 groups achieving 
complete wound closure by 14 hours (Figure 5.4 B). Curiously, all transfected cells 
exhibited enhanced migration rates compared to the non-transfected BEAS-2B cells, 
which may be due to the removal of G418 antibiotic from the culture medium, thus 
relieving selective pressure on these cells.    
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Figure 5.3 Effect of stable MS4A8B expression on BEAS-2B cell proliferation. 

Cellular proliferation in stably transfected BEAS-2B cell lines was determined via 
enumeration following a 24-hour starvation period. Cells were seeded at an initial 
density of 70,000 cells per well (24-well) as indicated by the dotted line. Cell numbers 
are shown as the mean ± SEM of 8 independent experiments, with each phenotypic 
group consisting of 3 independent clonal populations with the exception of non-
transfected BEAS-2B cells. *p<0.05 One-way ANOVA analysis, Dunnett’s multiple 
post-hoc test.   
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Figure 5.4. Effect of MS4A8B stable expression on BEAS-2B cell migration. 
Continued on next page.  
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5.3.4 MS4A8B expression suppresses rhinovirus 16 induced 

inflammation in transfected BEAS-2B cells  
 
 Given that rhinovirus infection of airway epithelial cells results in robust 
inflammatory responses, the effects of MS4A8B expression in stably transfected BEAS-
2B clones upon RV16 infection was examined. Each phenotypic group consisted of 2 
independent clones. The expression of virally-induced genes was measured 24 hours 
after infection with RV16 and compared against the respective sham-infected controls. 
Both non-transfected BEAS-2B and GFP-only transfected cells show robust up 
regulation of all genes examined, which has been previously reported281. Interestingly, 
the induction of IFN-β, IP-10 (CXCL10), RANTES (CCL5), IL-29 (IFN-λ) and IL-8 
following RV16 infection were significantly reduced in MS4A8B-WT transfected BEAS-
2B cells when compared to non-transfected BEAS-2B or GFP-only transfected cells 

B 

Figure 5.4 Effect of MS4A8B stable expression on BEAS-2B cell migration. 

(A) Representative images of BEAS-2B cells migrating into the wound area at 0, 6 and 
12 hours respectively. (B) Migration rates of 10% FCS-treated BEAS-2B cells stably 
expressing either GFP-only, MS4A8B-WT or MS4A8B-Y221F plasmids were assessed 
by scratch wound migration assay. Results shown as the combined mean of 4 
independent experiments, with each phenotypic group consisting of 3 clonal 
populations. Migration values are represented as the % migration relative to non-
transfected controls, with 100% indicating complete wound closure (dotted line).  
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(Figure 5.5 A-E). Curiously, BEAS-2B clones expressing MS4A8B-Y221F saw an even 
greater enhancement in IFN-β and RANTES gene expression compared to non-
transfected and GFP only controls upon RV16 infection (Figure 5.5 A/C). To determine 
if the reduced expression of virally-induced genes were a result of reduced viral load in 
infected cells, RV16 copy numbers were quantified in the BEAS-2B cells 24 hours post-
infection by qPCR. Results demonstrate that viral copy numbers in the MS4A8B-WT 
clones were not significantly different compared to all other phenotypes. As expected, 
cells infected with the sham control and UV-irradiated virus showed no viral RNA 
(Figure 5.6).  
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B A 

C D 

E 

Figure 5.5 Stable MS4A8B expression in BEAS-2B cells suppresses expression 
of virally-induced genes upon RV16 infection. 

The expression of genes induced upon RV16 infection in BEAS-2B cells were 
measured 24 hours post-infection via qPCR. Data represented as the mean fold 
change ± SEM of 3 independent experiments conducted on 2 independent clones per 
phenotype, excluding non-transfected BEAS-2B cells. Expression values per 
phenotypic group are relative to the respective sham-treated controls after normalizing 
to the housekeeping gene (UBC). */# p<0.05 One-way ANOVA analysis, Dunnett’s 
multiple post-hoc test.   
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5.3.5 The MS4A8B protein is capable of being tyrosine phosphorylated 
and this is impaired upon mutation of its putative ITIM motif 

 
 Functional assays conducted on transfected BEAS-2B cell lines demonstrate 
that site-directed mutagenesis of the key tyrosine residue within the putative ITIM motif 
of MS4A8B was able to reverse its suppressive effects on proinflammatory cytokine 
production. ITIM motifs are commonly phosphorylated by tyrosine kinases upon 
receptor activation, which enables them to recruit Src homology 2 domain-containing 
phosphatases that elicit downstream negative signals121. To ascertain if the integral 
ITIM motif in MS4A8B was capable of being tyrosine phosphorylated, phosphorylation 
experiments were conducted in the HEK293 cell line transiently expressing the 
MS4A8B expression constructs. Cells were treated with a general protein tyrosine 
phosphatase inhibitor, sodium pervanadate (Na3VO4), followed by IP of MS4A8B using 

Figure 5.6 Quantification of RV16 copy number in BEAS-2B cells 24-hours post 
infection. 

24 hours post-infection of BEAS-2B cells, RV16 copy numbers were quantified via 
qPCR using a standard stock with known quantities of RV16 cDNA. Data represented 
as the mean ± SEM of 3 independent experiments conducted on 2 individual clones per 
phenotypic group (except for non-transfected BEAS-2B cells). *p<0.05 One-way 
ANOVA analysis, Dunnett’s multiple post-hoc test.   
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a rabbit polyclonal anti-MS4A8B antibody and the resultant products visualized via 
SDS-PAGE utilizing an anti-phosphotyrosine antibody (clone 4G10). 
 Sodium pervanadate clearly resulted in a broad phosphorylation of tyrosine 
residues, with multiple bands observed in total cell lysates for HEK293 cells when 
probed with the anti-phosphotyrosine antibody (Figure 5.7 A). Immunoprecipitation of 
cell lysates with anti-MS4A8B antibodies identified the phosphorylation of tyrosine 
residues at approximately 53 kDa, which corresponds to the product size of the 
MS4A8B-GFP fusion protein (Figure 5.7 B). Interestingly, tyrosine phosphorylation was 
dramatically reduced in cells transfected with MS4A8B-Y221F (Figure 5.7 B), indicating 
that phosphorylation of the putative ITIM motif was significantly impaired as a result of 

site-directed mutagenesis. However, some phosphorylated tyrosine was still detectable 
in the MS4A8B-Y221F lysates (Figure 5.7 B), which likely indicates the existence of 
other phosphorylation sites on the protein. Curiously, sodium pervanadate stimulation 
resulted in a reduction in MS4A8B detection signal for both MS4A8B-WT and MS4A8B-
Y221F proteins (Figure 5.7 C), an effect I speculate may be attributed to 
phosphorylation inducing the loss of a dominant epitope that the polyclonal anti-
MS4A8B antibody recognizes. 
 The presence of a high molecular weight band was noted at approximately twice 
the size of the MS4A8B-GFP fusion protein (110 kDa) in the pull-down lysates of 
MS4A8B-transfected cells when probed with the anti-MS4A8B antibody (Figure 5.7 C). 
A possible explanation is that the MS4A8B protein may homo-oligomerize into 
multimers, or physically associate with other protein partners that are detergent 
resistant. Other MS4A proteins such as MS4A1, MS4A4B and MS4A6B have been 
reported to physically associate with themselves or other membrane proteins100,276. An 
extended boiling period of samples in SDS-PAGE buffer containing denaturing agents 
to ensure complete reduction of proteins may help ascertain if this is a cause. It is also 
possible that the MS4A8B protein may undergo post-translational modification, 
resulting in a higher molecular weight variant of the MS4A8B protein.  
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Figure 5.7 The MS4A8B putative ITIM motif can be tyrosine phosphorylated. 

(A) Transiently transfected HEK293 cells were stimulated with sodium pervanadate 
(Na3VO4) (10 μM) and total phosphorylated tyrosine residues determined via Western 
blot. (B) Following immunoprecipitation with anti-MS4A8B antibodies, phosphorylated 
tyrosine residues were clearly visible at a band size corresponding to the MS4A8B 
protein size and is markedly impaired in the MS4A8B-Y221F mutant. (C) 
Phosphorylation of MS4A8B proteins resulted in diminished signal detection with the 
primary anti-MS4A8B antibody used.  
 
Abbreviations: TCL, total cell lysate; IP, immunoprecipitation 
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5.3.6 MS4A8B expression does not modulate calcium flux in transfected 
HEK293 cells 

 
 Some MS4A members, notably MS4A1 and MS4A12, have been shown to 
possess ion channel properties, increasing calcium flux upon ectopic expression in in 
vitro studies101,282. To test the hypothesis if MS4A8B also possesses ion channel 
properties, calcium flux assays were conducted on stably transfected HEK293 cell lines 
in response to ionomycin, adenosine 5’-triphosphate (ATP) and a protease-activated 
receptor (PAR) 1 agonist (TFLLR-NH2). Ionomycin is a potent calcium ionophore that 
rapidly increases intracellular calcium influx283. ATP stimulation of HEK293 cells has 

also been shown to promptly increases intracellular calcium levels by activation the 
endogenously expressed P2Y-type purinoceptors284. HEK293 cells were also 
stimulated with a PAR1 agonist, as these cells have been shown to constitutively 
express the receptor, with activation leading to increased intracellular calcium levels285. 
 Results show that ectopic expression of MS4A8B on HEK293 cells did not 
significantly alter their intracellular calcium levels in response to any of the stimuli used 
(Figure 5.8 A-C). All transfected cells displayed a greater calcium influx in response to 
TFLLR stimulation compared to non-transfected cells although this was not statistically 
significant (Figure 5.8 C). Prior to baseline normalization of the fluorescence values, 
GFP-only transfected cells consistently exhibited a reduced baseline in their 
fluorescence readings (Figure 5.8 D). This is likely caused by the GFP-only 
transfectants possessing significantly higher GFP fluorescence levels compared to 
MS4A8B-transfected cells when assessed via fluorescence microscopy (detailed in 
Chapter 3, Section 3.3.6.1). It has been reported in the literature that cross-talk in 
fluorescence signals between GFP reporters and fura-2 may interfere with baseline 
readings in GFP expressing cells286. The use of a non-fluorescent construct reporter or 
long-wavelength calcium indicators such as rhodamine-based dyes in future may help 
avoid these issues. The baseline fura-2 fluorescence ratios between non-transfected 
and MS4A8B-transfected cells were similar since the level of GFP fluorescence in 
MS4A8B-transfected cells were significantly lower compared to GFP-only transfectants 

(Figure 5.8 D). 
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Figure 5.8 Calcium flux analysis of stably transfected HEK293 cell lines. 

Intracellular calcium mobilization was measured in stably transfected HEK293 cells 
following stimulation with (A) ionomycin (0.5 μM), (B) ATP (30 nM) or the (C) PAR1 
selective agonist TFFLR (10 μM). (D) Baseline fluorescence values before 
normalization. Results shown as the mean of 3 independent experiments. Error bars 
were omitted for visual clarity.  
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5.4 DISCUSSION 
 
 Previous studies on MS4A8B have associated it with malignancies such as 
prostate and colon cancer and in SCLC. However, its mechanistic functions and 
physiological regulation in the human airway epithelium have not been established. The 
body of work presented in this chapter aims to address these questions through 
functional studies of MS4A8B-transfected cell lines. 
 The restricted expression of MS4A8B to ciliated airway epithelial cells poses 
significant limitations in the utility of commonly utilized immortalized airway epithelial 
cell lines as these do not constitutively express the protein (detailed in Chapter 3). 
Whilst the use of ALI-cultured PBECs provides a more physiologically relevant culture 
model, these come with inherent limitations as previously highlighted. Given the need 
for a robust and reproducible in vitro culture model to repeatedly study the physiological 
effects of MS4A8B, transfection of MS4A8B into the BEAS-2B cell lines was therefore 
undertaken. Although the BEAS-2B cell line do not differentiate under ALI culture 
conditions to express cilia279, ectopic expression of MS4A8B grants the opportunity to 
examine the potential function of its putative ITIM motif through generation of a mutant 
variant of the protein that contains a dysfunctional ITIM motif (MS4A8B-Y221F).  
 With expression studies in Chapter 4 identifying a reduction in MS4A8B 
expression in airway inflammatory disorders such as asthma and COPD, the study 

sought to determine whether ectopic expression of MS4A8B in the BEAS-2B airway 
epithelial cell line may alter their responses to pathologically relevant stimuli such as 
TNF-α and IL-4. Both of these cytokines possess pleiotropic properties and their 
excessive production often leads to inflammatory responses that are hallmarks of 
various airway diseases165,287-289. In cell activation assays utilizing the BEAS-2B cell 
lines, IL-4 stimulation consistently resulted in the inhibition of basal IL-8 release from 
these cells. This observation has previously been reported by others as well290. 
Consequently, it was observed that MS4A8B-WT transfected BEAS-2B cells had a 
tendency to reduce this IL-4-mediated inhibition on IL-8 release, resulting in an 
enhanced net production of IL-8. This effect was not observed in cells transiently 
transfected with the mutant protein (MS4A8B-Y221F), where the putative ITIM motif 
was rendered dysfunctional through site-directed mutagenesis. This may suggest that 
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the putative ITIM motif contained in MS4A8B may be important in its capacity to limit 
the actions of IL-4. Differences in MCP-1 release between transfected cells were less 
clear though it was noted that baseline release of MCP-1 was lower in all transfected 
cells compared to the no DNA controls cells. Recent reports show that GFP expression 
in cell lines may lead to phenotypic modifications that can result in unintended effects 
such as altered cellular proliferation and cytokine responses291,292. However, since the 
stably transfected BEAS-2B cells did not show a reduction in basal MCP-1 production 
compared to non-transfected cells, this would imply that the effect was due to the 
transient transfection procedure. 
 Several aspects should be pointed out in these sets of experiments. Firstly, the 

level of transfection efficiency may have a significant impact on the observed effects 
mediated by MS4A8B. As shown in Chapter 3, the use of lipid-based transfection 
techniques in the BEAS-2B cell line achieved a transfection efficiency of approximately 
50%. An increase in transfection efficiency will likely improve or unmask the potential 
effects mediated by MS4A8B in these cells. Secondly, cells transfected with plasmid 
DNA were observed to exhibit some degree of cellular cytotoxicity compared to no DNA 
controls when viewed under a light microscope. A decrease in cell viability may obscure 
MS4A8B-mediated effects in these cells as cellular necrosis results in the release of 
intracellular contents (e.g. DAMPs) that leads to mounting of intracellular inflammatory 
responses. With the need to improve upon these aspects and to mitigate potential 
artifacts in the assays used, stably transfected clones were thus generated. In this 
system, the stable expression of MS4A8B-WT significantly reduced the ability of BEAS-
2B cells to release both IL-8 and MCP-1 basally, with the effect lost in clones expressing 
the mutant variant of the protein (MS4A8B-Y221F). This would suggest that the putative 
ITIM motif is indeed critical for MS4A8B function and that it may exert broader inhibitory 
effects on pathways associated with global cytokine production such as NF-κB and 
MAP kinases. Indeed, inhibitory molecules targeting these pathways have been shown 
to widely reduce inflammation293,294. Consequently, pathogenic bacteria such as 
Helicobacter pylori and Escherichia coli have been shown to mediate host cell invasion 
by translocating bacterial proteins that contain ITIM-like sequences into the host 

plasma membrane via the Type-IV bacterial secretion system295. These proteins 
interact with phosphatases such as SHP-1 to suppress MAP kinase and NF-kB 
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signaling pathways to inhibit proinflammatory cytokine production296. Having shown 
here that MS4A8B may possess the ability to regulate inflammatory mediator release, 
its expression on the motile cilia is interesting as this would suggest the ability of motile 
cilia to modulate airway epithelial immune responses.  
 Several studies on MS4A members including MS4A8B have highlighted their 
involvement in cellular proliferation and differentiation. However, the proliferation 
assays conducted in this study did not reveal significant differences in the growth rates 
of cells transfected with MS4A8B. Whilst a subtle enhancement in the growth rates of 
cells transfected with MS4A8B-WT was seen, this was not statistically significant 
compared to both non-transfected and GFP-only transfected controls. It should be 

pointed out however, that because the cell enumeration assays were conducted in 
conjunction with cell stimulation assays, the cells were cultured in serum-free 
conditions and this may have masked possible differences between their growth rates. 
The addition of growth factors such as FCS in future assays may help delineate 
possible differences. 
 Scratch wound migration assays conducted by Michel and colleagues show that 
forced overexpression of the mouse homolog MS4a8a into the murine colon carcinoma 
cell line, CT26, resulted in drastically reduced cellular migration rates112. In my studies 
however, no differences in migration rates between transfectants were observed. 
However, several differences in experimental conditions exist between our studies that 
may explain these observed differences in results. Firstly, the migration assays 
performed in my study were conducted in human rather than murine cell lines and 
secondly, MS4A8B functions were examined in transformed, non-cancerous airway 
epithelial cell lines whilst the study by Michel had utilized colon carcinoma cell lines. 
 It should also be noted that in the present study, all transfected cell lines 
exhibited enhanced migration rates versus non-transfected BEAS-2B cells. As the 
transfected cells were cultured in the presence of G418 antibiotic to maintain selective 
pressure, the removal of G418 throughout the course of the assay may have reduced 
their metabolic burden, thereby promoting cellular growth297. Whilst widely employed 
as a reporter gene, there have also been reports indicating that the use of GFP-based 

plasmid reporters may affect cellular growth in vitro292,298,299. While unlikely given that 
stably transfected GFP clones were mostly similar in their responses to non-transfected 
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controls in various assays, the possibility of this affecting the migration rates of BEAS-
2B cells cannot be ruled out. With immunotherapies (i.e. Rituximab) targeting MS4A1 
on malignant B cells effectively diminishing their numbers by apoptosis, it would be 
interesting to investigate if treatment of transfected BEAS-2B cells with anti-MS4A8B 
antibodies may affect their cellular proliferation and migration.  
 Rhinovirus infection during adolescence is a major risk factor for the 
development of asthma in later life and causes significant exacerbations in asthmatic 
individuals72. The initial infection of airway epithelial cells by rhinovirus results in rapid 
activation of innate immune responses. This occurs through recognition of viral 
components such as capsid proteins and rhinovirus-associated ss/dsRNA by pattern 

recognition (PRRs) such as retinoic acid inducible gene-I (RIG-I), melanoma 
differentiation associated gene-5 (MDA-5) and members of the toll-like receptor (TLR) 
family300. Receptor engagement leads to translocation of the transcription factor NF-κB 
into the nucleus where it induces the expression of various antiviral and inflammatory 
cytokines including type I (IFN-α/β) and type III interferons (IL-28A/B, IL-29), IL-6, IL-8, 
IP-10 and RANTES/CCL5 amongst many others. Many of these airway epithelial-
derived cytokines also serve as potent chemo-attractants for inflammatory cells such 
as neutrophils, NK cells and eosinophils301-303. Whilst their recruitment is necessary for 
viral clearance, excessive production of their cellular products such as proteases and 
reactive oxygen species (ROS) may also contribute to deleterious respiratory 
symptoms. Thus, a fine balance between anti- and pro-inflammatory states is required 
for adequate viral clearance whilst avoiding injury to the host. 
 Having shown that BEAS-2B cells stably expressing MS4A8B exhibited a 
reduced capacity to produce proinflammatory cytokines, the study sought to determine 
how these cells would respond to rhinovirus infection. Intriguingly, the expression of 
MS4A8B suppressed the induction of virally-induced genes upon infection whereas 
mutation of its putative ITIM motif (MS4A8B-Y221F) resulted in a heightened induction 
of IFN-β and RANTES expression compared to non-transfected cells. It is possible that 
the mutant MS4A8B-Y221F protein may be exerting a dominant negative effect on the 
induction of these genes. A hypothesis is that wild-type MS4A8B protein may interact 

with co-factors, forming part of a signaling complex to negatively regulate the 
expression of cytokine expression. The mutant protein may still be able to physically 
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interact with these co-factors, but fail to elicit negative regulation through its defective 
ITIM motif, leading to aberrant activation of pathways associated with cytokine 
expression.  
 Interestingly, the induction of IFN-β and IL-29 gene expression were also 
reduced in MS4A8B-WT transfected BEAS-2B cells. Both IFN-β and the recently 
identified IL-29 belong to the interferon family of cytokines and are implicated in 
conferring antiviral protection. IFN-β, a type I interferon, signals through the IFNAR1/2 
heterodimeric receptor complex whereas IL-29, a type III interferon, signals through the 
IL-28RA receptor. Whilst they differ in their receptors, both activate the IFN-stimulated 
gene factor 3 (ISGF3) transcription factor complex that results in transcription of 

classical anti-viral factors such as RNA-activated protein kinases, 2’, 5’-oligoadenylate 
synthase and Mx proteins304,305. Indeed, comparative cDNA analyses have shown that 
the gene repertoire induced by type I and type III interferons are predominantly 
similar306. Although the reduction in antiviral cytokine expression elicited by MS4A8B 
expression may translate to inadequate antiviral host responses during RV infection, 
neighboring cells such as lymphocytes, macrophages and fibroblasts are also capable 
of producing IFNs in response to infection to compensate for the reduced IFN 
expression in airway epithelial cells. It is also important to note that the following assays 
were conducted in transfected monolayer BEAS-2B cell lines and hence may not fully 
represent the in vivo differentiated airway epithelium. Future studies involving 
rhinovirus infection of MS4A8B-knockout differentiated PBEC cultures will help validate 
the immunoregulatory roles of MS4A8B during respiratory viral infections. 
 The role of IFNs during infection remains a contentious topic as they may also 
contribute to cytotoxicity and cell death. As IFNs intrinsically promote migration of 
inflammatory cells, autophagy and apoptosis, their overproduction during respiratory 
viral infections may mediate unwanted effects by inducing pathological damage 
associated with excessive inflammatory or autoimmune responses305,307. It is plausible 
that MS4A8B may function to regulate anti-viral cytokine expression in airway epithelial 
cells to avoid over-activation of inflammatory processes in the airways. As I have 
previously shown, MS4A8B expression is significantly reduced in ALI-differentiated 

PBECs following rhinovirus infection, either through virally-mediated processes or by 

IFN-b produced in response to infection (see Chapter 4, Sections 4.3.5 and 4.3.8). I 
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postulate that this reduction in MS4A8B expression deregulates its control over 
proinflammatory cytokine expression, resulting in enhanced inflammation of the 
airways. This could be interpreted in two ways, with the enhanced production of 
inflammatory cytokines being necessary for viral clearance. On the flipside, an 
uncontrolled production of cytokines could also lead to excessive inflammation of the 
airways. Hence, the expression of MS4A8B may function as an important regulator of 
airway inflammation status during rhinovirus infection. 
 Reports have shown that MS4A members such as MS4A1 and MS4A12 
possess ion channel properties, being able to increase intracellular calcium levels upon 
ectopic transfection into target cells101,308. It is known that calcium influx plays an 

important role in the modulation of cilia beat frequency in sperm flagella and bacterial 
flagella from Chlamydomonas and Paramecium, these being modulated by the ion 
channels CatSper309 and voltage-gated calcium channels310 respectively. In the airway 
epithelium, the expression of ion channels such as TRPV416 and transient receptor 
potential channel-M5 (TRPM5)15 have been identified in the motile cilia and 
demonstrate the ability to influence cilia beat frequency in response to stimuli by 
increasing intracellular calcium influx. Stemming from these observations, the study 
sought to investigate if MS4A8B may possess ion channel properties as well, perhaps 
to modulate cilia beat frequency. 
 Calcium assays conducted in the HEK293 cell line examined the effects of 3 
different stimuli acting on independent signaling pathways, with each stimuli resulting 
in increased intracellular calcium concentrations in the HEK293 cells. Whilst it is 
understood that the use of GFP as a gene reporter in these experiments may have 
interfered with the performance of the fura-2 calcium indicator, this issue is likely 
isolated to HEK293 cells expressing the GFP-only vector. I have previously shown that 
both BEAS-2B and HEK293 cells transfected with GFP-only plasmids consistently 
demonstrate significantly brighter GFP fluorescence levels compared to cells 
transfected with either MS4A8B-WT or MS4A8B-Y221F plasmids (see Chapter 3). 
Utilizing non-fluorescent reporters or rhodamine-based calcium indicators in future 
assays will help avoid this issue. Results generated from both MS4A8B-WT and 

MS4A8B-Y221F transfected HEK293 cells still hold merit as they suggest that MS4A8B 
expression in the HEK293 cells does not modulate baseline intracellular calcium 
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concentrations nor does it significantly alter intracellular calcium responses following 
stimulation compared to non-transfected controls. Whilst these results show that 
MS4A8B does not possess ion channel properties in the HEK293 cells, its ectopic 
expression in these cells may not fully represent the native intracellular environment 
encountered in differentiated airway epithelial cells. MS4A8B could still possess ion 
channel functions, but require accessory proteins found only in differentiated airway 
epithelial cells. It would be insightful therefore to knockdown the expression of MS4A8B 
natively in ciliated airway epithelial cells followed by examination of intracellular calcium 
concentrations in response to stimulation.  
 In ITIM-containing receptors, receptor activation results in tyrosine 

phosphorylation of the ITIM motif that provides a docking site for SH2 domain-
containing protein tyrosine phosphatases such as the SH2 domain containing 
phosphatidylinositol 5-phosphatase (SHIP) and the protein tyrosine phosphatases 
SHP1/2. These phosphatases are the primary effectors of inhibitory signaling by 
dephosphorylating various downstream signaling molecules. Typical actions of ITIM-
containing receptors involve direct attenuation of ITAM-containing receptor functions 
by dephosphorylating key effectors in the signaling pathway. A prototypical example is 

the low-affinity immunoglobulin G (IgG) receptor (FcgRIIB), found on B cells and 

myeloid dendritic cells and is responsible for inhibition of various ITAM-containing 
immune cell receptors121. Based on phosphorylation experiments in transiently 
transfected HEK293 cells, I demonstrate that the integral putative ITIM motif of 
MS4A8B is capable of being tyrosine phosphorylated, with site-directed mutagenesis 
of a key tyrosine residue within the motif significantly impairing this ability. This also 

signifies that the putative ITIM motif is a primary site of tyrosine phosphorylation on the 
protein. This finding is suggestive that the observed inhibitory effects on 
proinflammatory cytokine production in the BEAS-2B cells may be mediated through 
the putative ITIM motif, with mutation of the ITIM motif hindering MS4A8B’s capacity to 
propagate downstream inhibitory signals. Classical ITIM receptors often elicit negative 
regulation through physical association with neighboring signaling complexes121,311. 
With studies demonstrating physical associations of MS4A proteins with neighboring 
membrane proteins, efforts to identify potential binding partners of MS4A8B will be 
important in interpreting the inhibitory signaling mechanisms of MS4A8B. It is well noted 
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that the phosphorylation experiments in this study were conducted in non-airway 
epithelial cells and ‘forced’ stimulation with sodium pervanadate does not represent 
physiologically native conditions. Future phosphorylation studies involving the 
stimulation of airway epithelial cells with endogenously encountered ligands may be 
more revealing in the identification of cellular pathways that selectively phosphorylate 
the MS4A8B putative ITIM motif. 

Curiously, a reduction in MS4A8B protein immunoreactivity was observed on 
immunoblots upon phosphorylation by sodium pervanadate. The anti-MS4A8B 
antibody used for these experiments was raised against the C- terminus of the protein, 
which also covers the putative ITIM motif. I speculate that phosphorylation of the ITIM 

motif may have resulted in alterations in antibody epitope recognition, leading to the 
reduction of a detectable signal on Western blot. Utilization of antibodies raised against 
other regions of the MS4A8B peptide may therefore restore detection of the protein. 
Interestingly, abnormal phosphorylation of proteins involved in intracellular processes 
such as cellular differentiation and proliferation have been reported in the manifestation 
of cancers312. While speculative, it is plausible that the previously reported loss of 
detectable MS4A8B protein in IHC staining of colon cancer biopsies may be a result of 
the antibody being unable to detect a phosphorylated variant of the MS4A8B protein112. 
The antibody detailed in the study recognises an epitope that spans the C- terminal 
portion of the MS4A8B protein, which also covers the putative ITIM motif112. An 
alternative explanation is that phosphorylation of MS4A8B may cause the protein to 
physically migrate into lipid rafts that are detergent resistant, hence reducing the total 
available amounts of MS4A8B detected. Indeed, other MS4A members such as MS4A1 
and MS4A4 have been demonstrated to physically localize to lipid rafts upon cellular 
activation102,313,314. To address this possibility, detergents of varying stringencies may 
be used to see if this may alter the detectable amounts of MS4A8B protein on 
immunoblots.  
 Up to this point, efforts to study the functions of MS4A8B in the airway epithelium 
have mostly relied on the use of the ectopic expression of MS4A8B into the BEAS-2B 
cell line. Whilst the use of differentiated PBEC cultures permit the study of MS4A8B ex 

vivo, these come with inherent limitations as previously discussed and the decision to 
ectopically express MS4A8B into the BEAS-2B cell lines was therefore undertaken. Of 
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the various commercially available airway epithelial cell lines, the BEAS-2B line was 
chosen for use in in vitro studies as they provided higher levels of transfection 
efficiencies and reduced cytotoxicities compared to the A549, NuLi-1 and HBEC-6KT 
airway epithelial cell lines (see Chapter 3, Section 3.3.6.1). The BEAS-2B line was 
originally generated from immortalization of normal human primary bronchial epithelial 
cells using the AD12-SV40 virus and has since been used extensively as an in vitro 
model to study various aspects of airway epithelial biology because of its non-malignant 
phenotype and functional similarities to normal bronchial epithelial cells290,315-317. The 
utilization of BEAS-2B cells in my studies have their merits and limitations. An 
advantage of ectopically expressing MS4A8B was the opportunity to develop and 

express an ITIM-mutant variant of the MS4A8B protein (MS4A8B-Y221F), thus allowing 
for studies assessing the potential significance of the ITIM motif. This also granted the 
flexibility of adding a GFP tag to facilitate cellular localization of the MS4A8B protein 
within the cell. An obvious downside to using these cells however, is that they are not 
capable of mucociliary differentiation when cultured under ALI conditions279 and hence, 
do not natively express MS4A8B. Because of this, care should be taken whilst 
interpreting results derived from the BEAS-2B cells, since MS4A8B functions may be 
reflected differently between these two culture models. Ideally, the next step in 
understanding MS4A8B functions should involve knockdown or knockout studies of 
MS4A8B expression in ALI-differentiated PBEC cultures and the resultant loss-of-
function phenotypes observed. These studies are detailed in subsequent chapters 6 
and 7.  
 To sum up, the results presented in this chapter have identified a potential 
immunoregulatory function for MS4A8B in the airway epithelium. The findings shown 
here contribute significantly to our understanding of MS4A8B functions in the human 
airways and importantly, provide evidence that the motile cilia may possess immune 
regulatory functions. Site-directed mutagenesis of the putative ITIM motif contained 
within the MS4A8B sequence also demonstrates that it may be essential for MS4A8B 
function. The fact that many inflammatory diseases of the airways result in loss of 
MS4A8B expression (as presented in Chapter 4) may bring significant ramifications to 

disease pathology by means of uncontrolled inflammatory events. However, the exact 
cellular interactions in which MS4A8B exert these effects, remain unclear. The use of 
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CRISPR/Cas9-mediated knockout strategies in the multipotent BCi-NS1.1 cell line is 
therefore a logical step forward to better understand MS4A8B functions in the human 
airways. 
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CHARACTERIZATION OF THE 
MULTIPOTENT AIRWAY EPITHELIAL CELL 

LINE, BCI-NS1.1, AND ITS UTILITY IN 
STUDIES OF MS4A8B 
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6.1 INTRODUCTION 
 

The findings presented in Chapter 5 identified the potential ability of MS4A8B to 
regulate inflammatory responses in airway epithelial cells (AECs), with this effect likely 
being mediated through its putative immunoreceptor tyrosine-based inhibitory motif 
(ITIM). Given that MS4A8B expression is downregulated in a variety of pulmonary 
inflammatory disorders, I propose that MS4A8B is an important regulator of 
inflammatory status in the airway epithelium. Whilst the results generated thus far have 
been insightful to our understanding of the potential functions of MS4A8B, the majority 
of these assays were conducted in transfected cell lines that do not natively express 
the protein. Since MS4A8B is only expressed on ciliated AECS, the study was limited 
in its flexibility and scope to investigate the proteins functions as this necessitates the 
use of primary bronchial epithelial cells (PBECs) cultured under air-liquid interface (ALI) 
conditions. Ideally, the use of gene editing techniques to disrupt the expression of 
MS4A8B in well-differentiated AEC cultures would provide an ideal in vitro model to 
decipher its native functions through analysis of the resultant phenotype.  

Over the past 10 years, RNA interference (RNAi)-based techniques have been 
the method of choice for targeted gene disruption given its relative ease of use318,319. 
However, because RNAi fundamentally targets transcribed mRNA rather than DNA, 
generating a ‘true’ phenotypic knockout is not possible as the target gene may still be 

transcribed at low levels that are translated to functional proteins320. Recently however, 
newer techniques such as transcription activator-like effector nucleases (TALENS) and 
clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 systems 
have enabled researchers to directly and precisely target gene expression at the 
genomic level320-322. These two methods have the potential therefore to generate a 
complete loss-of-function phenotype for MS4A8B expression in differentiated airway 
epithelial cultures. The CRISPR/Cas9 system was adopted for use in knockout 
experiments of MS4A8B due to its increased targeting efficiency and ease of use over 
TALENS, with this aspect of the project being covered in detail in Chapter 7.  

Whilst the use of gene editing technologies such as CRISPR/Cas9 in theory 
should enable the generation of a MS4A8B-null phenotype in differentiated PBECs, the 
primary limitation associated with the use of these cells is their short lifespan in culture, 
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with cells often losing their differentiative capacity after 3 culture passages279. 
Circumventing this limitation would therefore necessitate the use of immortalized 
airway epithelial cell lines that maintain their differentiative potential through extended 
culture passages. Over the years, several immortalized AEC lines have been 
generated from human bronchial material through simian virus 40 (SV40)-mediated 
transformation or retroviral gene transfer of viral oncoproteins. Whilst cell lines such as 
16HBE14o-, Calu-3 and NuLi-1 have been reported to differentiate at ALI, their specific 
ability to produce multi-ciliated AECs are limited compared to PBEC cultures, thus 
making them unsuitable for routine studies investigating MS4A8B functions129,279,323-325. 
Modified culture techniques to extend the proliferative capacity of PBECs have also 

been devised, such as co-culturing with fibroblast feeder cells in conjunction to 
supplementation with Rho-associated protein kinase (ROCK) inhibitors326,327. Reports 
have shown that PBECs cultured under this methodology still possess a finite lifespan 
in culture, with reports showing a loss of cilia formation at passages 11 and above328,329. 
Moreover, PBECs cultured under these conditions acquire morphological differences 
and have enhanced proliferative rates that differ from the parental population326,330.  

Recently, a newly generated immortalized AEC line was generated through 
telomerase integration of PBECs obtained from a healthy adult volunteer, termed the 
BCi-NS1.1 cell line130. They are notable in their ability to differentiate under ALI 
conditions over multiple passages and express differentiation markers at similar levels 
to PBECs130. These characteristics make the BCi-NS1.1 cell line a potentially valuable 
tool to examine the actions of MS4A8B in its native state. I was fortunate to have 
received these cells as a gift from Dr. Matthew Walters (Department of Genetic 
Medicine, Weill Cornell Medical College, New York). Prior to detailing my preliminary 
findings involving CRISPR/Cas9 based knockout of MS4A8B in the BCi-NS1.1 cell line 
(presented in Chapter 7), the work presented in this chapter aims to establish the 
differentiative capacity of BCi-NS1.1 cells under ALI conditions, the expression kinetics 
of MS4A8B in these cells and their ability to respond to activatory stimuli. During the 
characterization process of these cells however, it was discovered that the motile cilia 
of differentiated BCi-NS1.1 cultures possessed a primary ciliary dyskinesia (PCD)-like 

phenotype. Resulting from this discovery, I have published a research manuscript 
detailing this aspect of the BCi-NS1.1 cell line331.  
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6.2 METHODS 
 
6.2.1 Culture and ALI-differentiation of BCi-NS1.1 cells 
 

 The culture and ALI-differentiation of BCi-NS1.1 cells are identical to methods 
used for primary bronchial epithelial cells and have been detailed previously (see 
Chapter 2, Sections 2.1.1 and 2.3).  
 

6.2.2 High-speed video capture and analysis of cilia beat frequency and 
pattern 

 
 Cilia beat frequency (CBF) measurements were performed with the assistance 
of Dr. Paul Griffin (Murdoch Children’s Research Institute, Melbourne, Australia). 
Videos of cilia beating were captured using the Photron Fastcam SA1.1 high-speed 
camera system (Photron Inc., San Diego, USA) attached to an Olympus inverted light 
microscope (Olympus Australia, Notting Hill, Australia). 28-day ALI-cultured BCi-NS1.1 
cells or PBECs were gently scraped off their transwells using a fine pipette tip and 

resuspended in 200 μl of BEGM culture media. 50 μl of cell suspension was then 
transferred onto a glass slide and covered with a cover slip prior to mounting onto the 
microscope, which was equipped with a heated stage set to 37oC. To quantify CBF, 
beat frequency was individually determined from 10 individual groups of cilia and the 
resultant values averaged. CBF was determined through the following calculation and 
results expressed in Hertz (Hz): 
 
  CBF = (500 / number of frames for cilia to achieve 10 beats) x 10 
  
 Cilia beat pattern was assessed through visual inspection of cilia viewed from 
the top and the resultant video recordings played back in slow motion using the Photron 
FASTCAM Viewer software (Photron, San Diego, USA).  

To determine the effects of exogenous stimuli on CBF, the cell suspension was 
incubated with either TNF-α (10 ng/ml), IL-1α (10 ng/ml) or ATP (10 μM) for 10 minutes 
prior to mounting on the microscope. For studies investigating the kinetic relationship 
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between IL-1α stimulation and CBF, cells were stimulated with IL-1α (10 ng/ml) and 
immediately mounted onto the microscope for imaging. CBF values were measured 
continually on a single group of cilia for a duration of 15 minutes. 

 

6.3 RESULTS 
 
 
6.3.1 PUBLICATION: Identification of an immortalized airway epithelial 

cell line with dyskinetic cilia 
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Abstract 

Primary ciliary dyskinesia (PCD) is an inherited, currently incurable condition. In the respiratory 

system, PCD causes impaired functioning of the mucociliary escalator leading to nasal congestion, 

cough and recurrent otitis media which commonly progresses to cause more serious and 

permanent damage including hearing deficits, chronic sinusitis and bronchiectasis. New treatment 

options for the condition are thus necessary.   

In characterising an immortalised human bronchial epithelial cell line (BCi-NS1.1), grown at an 

air/liquid interface to permit differentiation, we have identified that these cells have dyskinetic 

motile cilia. The cells had a normal male karyotype and phenotypic markers of epithelial cell 

differentiation emerged as previously shown. Cilia beat frequency (CBF), as assessed by high speed 

video microscopy, was lower than normal (4.4 Hz). Whilst changes in CBF induced by known 

modulators was as expected, the cilia displayed a dyskinetic, circular beat pattern characteristic of 

central microtubular agenesis with outer doublet transposition. This ultrastructural defect was 

confirmed by electron microscopy.   

We propose that the BCi-NS1.1 cell line is a useful model system for examination of modulators of 

CBF and more specifically could be used to screen for novel drugs with the ability to enhance both 

CBF and perhaps repair a dyskinetic cilia beat pattern. 
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Introduction 

Primary ciliary dyskinesia (PCD) is an inherited, currently incurable condition. In the respiratory 

system, PCD causes impaired functioning of the mucociliary escalator with mucus stasis and an 

increased propensity for infection (1, 2). In children, the condition commonly presents as neonatal 

respiratory distress and progresses to chronic nasal congestion and cough, rhinitis and recurrent 

otitis media. As PCD is both challenging to diagnose and manage, the condition commonly 

progresses to cause more serious and permanent damage including hearing deficits, chronic 

sinusitis and bronchiectasis(1, 3, 4). Whilst it is a relatively rare condition, being estimated to 

affect around 1 in 15,000 individuals (5), research into PCD also casts light onto mechanisms 

relevant to the treatment of far more common respiratory conditions with acquired cilia defects, 

such as those relating to exposure to cigarette smoke or viral infection. 

To date, variants in more than 35 genes have been linked to PCD although the number of 

identified genes is steadily increasing (6). These genes commonly encode for ciliary components 

involved in forming the intricate axonemal structure which comprises of microtubules, in a 

characteristic “9 + 2” formation, and associated motor proteins. Whilst mutations in some genes, 

such as DNAI1 and DNAH5 that encode for outer dynein arm components of the axoneme, leads 

to static cilia (7) mutations in other PCD-associated genes, such as those encoding radial spoke 

head (RSPH) proteins, result in motile cilia that possess an aberrant beat pattern (8, 9). 

As part of the diagnosis of PCD, nasal airway epithelial cell brushings are often collected and 

assessment of cilia beat frequency (CBF) and beat synchronicity are made (3). Whilst these primary 

cells can be expanded and cultured at an air-liquid interface (ALI) to permit further analysis of 

motile cilia dysfunction, there are drawbacks associated with their usage that includes their 

limited life span in culture and variability across donors. As such, they do not deliver a consistent 

and long-term resource that provides opportunities to mechanistically interrogate dysfunction in 
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PCD and screen possible drug rectifiers. The commonly used transformed continuous airway 

epithelial cell lines (e.g. BEAS-2B) are unable to differentiate suitably, even when grown at ALI 

(10), and are thus unsuitable for the study of motile cilia.  

Recent work has identified both genetic (11-13) and pharmacological (14, 15) approaches to 

modifying primary human airway epithelial cells to extend their lifespan. One such study used 

telomerase integration to immortalise human primary bronchial airway epithelial cells (hBECs) 

taken from a clinically normal donor, generating the BCi-NS1.1 line (13). These cells differentiated 

effectively at ALI over sustained passages making them a very useful model to better understand 

hBEC biology in general, including the regulation of motile cilia development and function. 

In this study, we have characterised properties of the motile cilia formed on ciliated epithelial cells 

upon differentiation of the BCi-NS1.1 line under ALI conditions. 

 

Methods & Materials 

Culture of BCi-NS1.1 and primary hBECs cells under air-liquid interface (ALI) conditions  

BCi-NS1.1 cells were kindly provided by Drs Mathew Walters and Ronald Crystal (Weill Cornell 

Medical College). Generation of the BCi-NS1.1 line has been previously described (13). BCi-NS1.1 

cells or hBECs from normal healthy volunteers (Lonza, Basel, Switzerland) were cultured according 

to a previous protocol (16) (see supplementary methods).   

 

Assessment of BCi-NS1.1 cell differentiation  

Cells were grown at ALI for up to 28 days, with transepithelial electrical resistance (TEER) 

measurements made (EVOM2 epithelial volt-ohm meter (World Precision Instruments, UK)) and 
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cells harvested weekly to permit kinetic analysis of BCi-NS1.1 differentiation by qPCR utilizing 

TaqMan™ probes (Thermo Fisher, Waltham, USA) (see supplementary methods).  

 

Measurement of BCi-NS1.1 and primary hBEC activation by inflammatory stimuli  

BCi-NS1.1 and primary hBEC responses to apically applied inflammatory stimuli (IL-1α (1 ng/ml), IL-

4 (10 ng/ml) or TNF-α (1 ng/ml)) were assessed at both the gene and protein levels. IL-8 release 

was measured by immunoassay (OptEIA, BD Bioscience, San Jose, USA). For qPCR analysis, total 

RNA was extracted from cells after 24-hour stimulation with the stimuli above as well as IFN-β (10 

ng/ml) (see supplementary methods).   

 

Patients and sample collection 

Collection and preparation of nasal epithelial samples from PCD patients is detailed in the 

supplementary methods. The patient group consisted of 8 individuals, 3 males and 5 females 

ranging from 1 to 72 years old (mean 32 ± 24 years) that had been clinically diagnosed to exhibit 

central microtubular agenesis through qualitative assessment of ciliary waveform and 

ultrastructure. Patient protocols were approved by The Royal Children’s Hospital (Melbourne) 

Human Research Ethics Committee (HREC 35132A) and conducted in accordance with the 

Declaration of Helsinki.  

 

Assessment of BCi-NS1.1 and primary hBEC cilia beat frequency (CBF) and cilia beat pattern 

Cilia beat frequency (CBF) measurements were captured using a high-speed camera system 

(Photron Fastcam, Photron Inc. San Diego, USA) attached to an inverted light microscope with a 
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heated stage set to 37 
o
C (Olympus, Notting Hill, Australia). ALI cultures (28-day), or patient 

brushings, were suspended in pre-warmed BEGM culture medium and transferred onto a glass 

slide followed by video capture and analysis. CBF (Hz) was determined from at least 10 individual 

groups of cilia and the resultant values averaged. Cilia beat pattern was assessed through visual 

inspection of cilia viewed both laterally and from the top.  

 

Axonemal ultrastructure analysis by transmission electron microscopy (TEM)   

Samples were prepared for TEM using standard methods (see supplementary methods). Intact, 

transversely sectioned cilium were quantified for the presence of ultrastructural features including 

the classic “9 + 2” microtubule configuration, inner and outer dynein arms, radial spokes and 

overall ciliary orientation. 

 

Immunofluorescence analysis and karyotyping of BCi-NS1.1 cells 

ALI cultured BCi-NS1.1 cells (28-day) were fixed in 10% neutral buffered formalin (NBF) and 

analysed by immunofluorescence after co-staining with anti-RSPH1 (Sigma Aldrich, St. Louis, USA) 

and anti-beta-tubulin (Abcam, Cambridge, UK) antibodies. Karyotyping was performed using both 

multicolour fluorescence in situ hybridisation (mFISH) and genomic microarray. Further details of 

these studies are provided in supplementary methods.   

 

Results 

BCi-NS1.1 cells differentiate into a polarized pseudo-stratified epithelium 
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Whilst the BCi-NS1.1 cells have been shown to differentiate reproducibly over numerous passages 

(13), we were keen to establish if this was similarly true in our setting where a modified culture 

protocol was implemented. Macroscopically, BCi-NS1.1 cells when grown at ALI, showed 

production of mucus and formation of motile cilia. This differentiation was confirmed by the 

formation of tight junctions, as measured generally by TEER (Figure 1A) and by qPCR with a 

modest up-regulation of tight junction protein (TJP) expression (Figure 1B). Several established 

markers of the formation of ciliated epithelium (Figure 1C-E) were also up-regulated over time, in 

keeping with the appearance of motile cilia on the epithelial surface. These results confirm and 

extend the pattern of differentiation of BCi-NS1.1 cells when cultured at ALI.  

 

Inflammatory stimuli induce up-regulation and release of a number of cytokines in BCi-NS1.1 

cells 

To test BCi-NS1.1 cell functional responses and how they compared to primary hBECs, 28-day ALI 

differentiated BCi-NS1.1 and primary hBEC cultures were treated with IL-1α (1 ng/ml), TNF-α (1 

ng/ml), IL-4 (10 ng/ml) or IFN-β (10 ng/ml) and after 24 hours cytokine gene and protein 

expression were measured by qPCR (Figure 2A/B) and immunoassay (Figure 2C) respectively. In 

both hBEC and BCi-NS1.1 cells, TNF-α and IL-1α enhanced IL-8 mRNA levels and protein production 

(Fig 2A, 2C). Such an effect has been previously observed in HBEC cultures (20, 21). However, basal 

release of IL-8 was higher in the two hBEC cultures used compared to BCi-NS1.1 cells. Stimulus-

induced IL-6 expression in BCi-NS1.1 cells was increased by all stimuli except IL-1α, where 

enhancement did not reach statistical significance (Figure 2B). In differentiated hBEC cultures, IL-6 

gene expression was enhanced by TNF-α and in particular by IL-1α stimulation but not in response 

to IL-4 or IFN-β (Figure 2B). 
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BCi-NS1.1 cells have lower than normal cilia beat frequency (CBF) that is modulated by a number 

of stimuli 

To date there have been no measurements made of CBF in BCi-NS1.1 cells. Using high-speed 

video-microscopy, BCi-NS1.1 CBF was measured at 4.4 Hz which is lower than normal when 

compared to our own measurements in hBECs (Table 1) and other published values for cultured or 

freshly isolated airway epithelial cells (17). Stimulation of cells with ATP (10 µM) and IL-1α (10 

ng/ml) led to an enhancement of CBF (Figure 3A) as has been previously reported using freshly 

isolated hBECs (18-20). The IL-1α -induced increase in CBF occurred steadily over a 10 minute 

period (Fig. 3B). Whilst others have reported that TNF-α stimulation produces a depression in CBF 

in freshly isolated human primary airway epithelial cells (19, 21), this was not observed in our 

studies with BCi-NS1.1 cells  (Fig. 3A).  

 

BCi-NS1.1 motile cilia display a dyskinetic beat pattern  

Strikingly, en face observation of the BCi-NS1.1 cells also revealed a dyskinetic ciliary beat pattern 

(CBP), whereby cilia beating exhibited a circular motion and lacked clear directionality (video 2). In 

contrast, CBP analysis of primary hBEC cells cultured under identical conditions show the classic 

“to-and-fro” beat pattern (video 1). This circular beat motion observed in BCi-NS1.1 cultures was 

consistently seen on each occasion where cells were examined over multiple passages and so does 

not represent an anomaly associated with a single ALI BCi-NS1.1 culture. The aberrant cilia motion 

has strong resemblances to some forms of PCD where clinical symptoms are not necessarily 

caused by cilia stasis or reduced CBF, but rather by dyskinetic cilia that ultimately results in limited 

mucociliary clearance.  
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This circular beat pattern has been observed in a subgroup of PCD patients and is commonly 

associated with central microtubular agenesis, whereby genetic mutations in radial spoke head 

proteins (RSPH) 1, 4A and 9 result in missing central microtubule pairs and on occasion, 

transposition of the outer microtubular doublets to the centre (9). Whilst CBF is not necessarily 

impeded, the resultant beat pattern lacks a productive directionality. Clinically, this deficit is only 

definitive upon both visual assessment of cilia motion under light microscopy viewed from the top, 

followed by transmission electron microscopy (TEM) examination of the cilia in transverse cross 

sections.  

 

BCi-NS1.1 dyskinetic beat pattern is associated with central microtubular agenesis 

To confirm that BCi-NS1.1 cells exhibited microtubular agenesis, 28-day ALI cultures were 

prepared for TEM analysis of their axonemal ultrastructure. In consecutive transverse sections 

through BCi-NS1.1 cilia, around 30% of the cilia displayed a clear loss of the central microtubular 

pair (Fig 4C and Table 1). Transposition of the peripheral microtubular doublets into the centre, 

generating an “8 + 2” microtubular arrangement, was also observed in around 8% of cilia (Fig 4E). 

In total, around 50% of the cilia cross-sections from BC1-NS1.1 cells showed microtubular 

abnormalities. In some longitudinal sections of the cilia, the central microtubule pair was absent 

throughout most of the axoneme (Fig 4D). In the same image, an apparent remnant of the central 

pair can be seen further towards the cell body. For comparison, TEM analysis of primary hBEC ALI 

cultures showed that nearly all motile cilia viewed retained the typical “9 + 2” microtubule 

arrangement (Fig 4A and Table 1). Longitudinal sections also clearly show the central microtubule 

pair running throughout the entire length of the cilia (Fig 4B). 
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Having determined that the BCi-NS1.1 cells exhibit central microtubular agenesis, we sought to 

ascertain whether the proportion of affected cilia were similar to those observed in primary cells 

taken from PCD patients diagnosed with central microtubular agenesis. Interestingly, 

quantification of ciliary microtubule abnormalities in this group of patients were strikingly similar 

to results obtained in BCi-NS1.1 cells (Table 1).  

 

BCi-NS1.1 cilia beat abnormality is not associated with the loss of RSPH1 expression  

Previous reports have identified that mutations in genes encoding for radial spoke head proteins 

(RSPH1, RSPH4A and RSPH9) result in cilia lacking the central microtubule pair (9, 22). As RSPH1 

gene mutations are the most common factor in this form of PCD (8), we tested if the lack of 

central pair expression in BCi-NS1.1 cells was due to a loss of RSPH1 expression through 

immunofluorescence staining of ALI-differentiated BCi-NS1.1 and hBEC cells. Staining with anti-

RSPH1 antibodies revealed that the motile cilia of differentiated BCi-NS1.1 cells express RSPH1 

protein (Fig E1A). RSPH1 localization to the cilia was further confirmed through co-staining with 

anti-beta-tubulin IV antibodies (Fig E1B and Fig E1C). ALI-differentiated hBECs stained essentially 

identically (data not shown). Isotype control antibodies showed no significant staining (data not 

shown).  

 

BCi-NS1.1 cells have a normal karyotype 

In the original characterisation of the BCi-NS1.1 line, a proportion of the cells were seen to be 

genetically unstable as seen by chromosomal translocations. We wished to determine if the BCi-

NS1.1 cells used in this study therefore represent a mutant sub-line. However, karyotyping 
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through both multicolour fluorescence in situ hybridisation (mFISH) (Fig E2) and genomic 

microarray (results not shown) revealed normal chromosomal patterning.  

 

Discussion 

Although rare, PCD causes significant morbidity. Unrelenting respiratory infections and congestion 

in paediatric patients often prompt clinical testing for the condition which, given its rarity, is 

commonly overlooked outside of specialist centres. This commonly provides a large window for 

the initiation of chronic respiratory tract damage and a greater propensity for secondary ciliary 

deficits associated with smoking and viral infections. New treatments options are thus needed 

that target cilia function perhaps enhancing beat frequency and normalising dyskinetic activity. 

This goal is hampered by the lack of suitable cellular models to examine airway motile cilia 

function. Primary hBECs typically do not have sustained differentiation capacity in culture and 

many immortal cell lines such as BEAS-2B do not differentiate under ALI conditions (10). Whilst 

other lines such as 16HBE14o-, Calu-3 and NuLi-1 have been reported to differentiate at ALI, their 

ability to produce multiciliated cells is very limited compared to hBEC cultures, thus making them 

unsuitable for routine studies investigating motile cilia functions (10, 23-26). In this study, we 

examined the suitability of a newly developed telomerase-immortalised hBEC line, BCi-NS1.1, as a 

model cellular system to examine cilia activity. 

BCi-NS1.1 cells were cultured at ALI using identical methods to those we use for primary hBECs. 

Whilst we noted lower TEER values than those of the original study, the cells nonetheless showed 

similar multipotent differentiation evident through tight junction formation and the expression of 

markers of ciliated and mucous cells. ALI-cultured BCi-NS1.1 cells also responded to a range of 

stimuli with up-regulation of cytokine expression in keeping with primary hBEC cells. This 
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demonstrates that the modified culture conditions from those of the original study did not 

dramatically affect cell phenotype or functionality.   

To our knowledge, CBF has not been previously measured in BCi-NS1.1 cells. Using high-speed 

video microscopy CBF was determined to be lower than normal (4.4 Hz). Whilst it has previously 

been reported that cultured airway epithelial cells have a somewhat reduced CBF compared to 

freshly isolated cells (17), CBF in the BCi-NS1.1 cells remains low in comparison to cultured hBECs. 

To determine if the BCi-NS1.1 cells could be used to assess modulators of CBF, we treated cells 

with a number of stimuli known to regulate CBF in airway epithelial cells. The elevated CBF in 

response to ATP and IL-1α was in keeping with previous studies (27). TNF-α has been previously 

shown to reduce CBF, albeit quite subtly (27, 28). This however was not observed in our study. 

This lack of response was not due to a general lack of sensitivity as BCi-NS1.1 cells were able 

respond to TNF-α as shown by their ability to upregulate IL-8 and IL-6 expression when stimulated 

with the cytokine. 

What was immediately obvious upon examining the ciliated BCi-NS1.1 cells was the abnormal 

directionality of their beat pattern. Rather than having a classical linear ‘to and fro’ pattern, cilia 

had a consistent circular motion that would be predicted to dramatically reduce the effectiveness 

of the mucocilliary escalator. This type of cilia dyskinesia is seen in around 15-30% of PCD patients 

(8, 29, 30). Although cilia motility is retained, patients with this form of PCD still present with 

chronic upper and lower respiratory tract symptoms and have early onset of bilateral 

bronchiectasis that is likely caused by the irregular and less productive beat pattern (31, 32). 

As required for clinical confirmation in such cases, TEM analysis of the BCi-NS1.1 cells revealed 

significant loss of the central microtubular pair in the cilia analysed. This is characteristic of certain 

microtubular defects known to occur in PCD, whereby mutations in genes encoding for the radial 

spoke head proteins (RSPH1, RSPH9 and RSPH4A) result in motile cilia lacking the central pair (8, 
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9). Immunofluorescence staining conducted on differentiated BCi-NS1.1 cells ruled out the 

possibility this effect was as a result of RSPH1 loss. It is however still plausible that the defect may 

be due to mutations in other genes encoding for components of the central pair (e.g. RSPH9). The 

phenotype observed in the BCi-NS1.1 cells is also reminiscent of embryonic nodal cilia, which 

naturally lack the central microtubule pair but have intact radial spoke proteins (33). 

However, in generating the BCi-NS1.1 cell line, the original hBEC donor was reported to be 

clinically normal. So where might this apparent discrepancy have arisen? Although unlikely given 

the rarity of PCD, it is possible that the donor had a subclinical form of PCD with central 

microtubular agenesis (32) that had eluded diagnosis given the difficulties in screening for this PCD 

subtype (34). As an alternative explanation, we sought to exclude that the BCi-NS1.1 cells we used 

had undergone significant chromosomal translocations. Karyotyping, through two methods, 

revealed normal chromosomal patterns although we cannot exclude more subtle polymorphisms 

or genomic rearrangements. It is possible that our culture conditions, perhaps through epigenetic 

modification, have introduced transcriptional changes that have generated the ciliary defect. As 

the BCi-NS1.1 cells are being very generously distributed to many laboratories it will be revealing 

to discover if others, perhaps using a range of culture approaches, observe a similar PCD-like 

phenotype. 

Regardless, the BCi-NS1.1 cells offer a unique resource to better understand PCD and perhaps 

screen for novel regulators of both CBF and CBP. Recently, automated methods for measuring cilia 

motion have been reported (35). It is conceivable that combined with the BC-NS1.1 cells, this 

method could be used in a medium-throughput drug screen to identify novel compounds that 

improve cilia beat frequency and directionality. Exemplifying this possibility, novel compounds 

such as HDAC6 inhibitors have been shown to have potential as enhancers of cilia function (36). 

Given the transformational success in treating cystic fibrosis of drugs that modulate expression 
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and activity of the CFTR, generating compounds that similarly target defective axonemal 

components in PCD should be seen as achievable. 

In conclusion, consistent with the original group that developed the BCi-NS1.1 cell line, we have 

shown that when grown at ALI these cells differentiate and behave similarly to primary hBECs. 

They are thus a useful model to examine the role of epithelial cells in diverse airway diseases. In 

characterising cilia function however, we have identified that BCi-NS1.1 cells have a dyskinetic 

phenotype related to a central microtubular defect. Whilst this suggests caution in using these 

cells to assess normal motile cilia function it however further enhances the utility of the BCi-NS1.1 

cells as a robust model to screen for new and much-needed compounds to treat PCD. 
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Figure Legends  

Figure 1. Assessment of BCi-NS1.1 cell differentiation capacity. A) Trans-epithelial electrical 

resistance (TEER) (Ohms x cm
2
) of ALI-cultured BCi-NS1.1 cells were measured at weekly time-

points. Results shown are the mean (± SEM) of 5 independent cultures from passages 11-15 

between day 7 to 28 of ALI culture. B-E) Gene expression levels for known markers of airway 

epithelial differentiation were measured via qPCR on 28-day ALI-cultured BCi-NS1.1 cells (passages 

10-15). Results shown are the mean (± SEM) of 4 independent cultures. *p<0.05 Student’s 2-tailed 

t-test. 

 

Figure 2. Activation of differentiated BCi-NS1.1 and hBEC cells with various inflammatory 

stimuli. 28-day ALI-differentiated BCi-NS1.1 and primary hBEC cultures were activated with 

various inflammatory stimuli for 24 hours followed by qPCR measurement of A) IL-8 and B) IL-6 

gene expression levels. C) IL-8 release was measured from harvested supernatants (24 hours) via 

ELISA. Results shown are the mean (± SEM) of n=4 independent passages of BCi-NS1.1 cells and 

n=2 independent cultures of primary hBECs with 2 independent experiments conducted per 

culture. */#/∆ p<0.05 One-way ANOVA analysis, Dunnett’s multiple post-hoc test. */# were 

determined by comparisons against respective unstimulated controls. 

 

Figure 3.  Modulation of BCi-NS1.1 cilia beat frequency in response to stimuli. A) CBF was 

measured from 28-day ALI cultured BCi-NS1.1 cells after a 10 minute incubation with ATP (10 µM), 

TNF-α (10 ng/ml) or IL-1α (10 ng/ml), (n=5). B) Time-dependent effect of IL-1α (10 ng/ml) 

stimulation on CBF relative to baseline (n=3). Results shown are the mean (± SEM). *p<0.05 One-

way ANOVA analysis, Dunnett’s multiple post-hoc test.  
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Figure 4. BCi-NS1.1 motile cilia lack a central microtubule pair. A) Motile cilia from primary hBEC 

cells show a normal ultrastructure of the classical “9 + 2” microtubule configuration. The image 

shown is a combined montage of 9 images (3 x 3). B) Longitudinal cross section of normal hBEC 

cilia clearly shows the presence of the central microtubule pair along the length of the cilia. The 

image shown is a combined montage of 9 images (3 x 3). C) Transmission electron microscopy 

(TEM) cross-section of BCi-NS1.1 cilia reveal missing central microtubule pairs (red 

arrows). D) Longitudinal cross section of BCi-NS1.1 cilia show a lack of the central microtubule pair 

(red arrow). A partially developed central pair can be seen near the base of the cilia (white arrow). 

The image shown is a combined montage of 4 images (2 x 2). E) Suspected transposition defect in 

the motile cilia of BCi-NS1.1 cells. An outer microtubule double pair has moved into the center of 

the ciliary axoneme (red arrow). Images are representative of 2 and 4 independent hBEC and BCi-

NS1.1 cultures respectively. 

 

Video 1. Cilia beat pattern of ALI-cultured primary hBECs. High-speed video microscopy of ALI 

differentiated hBECs cells show the classical “to-and-fro” beat pattern of the motile cilia. Red 

arrows highlight groups of cilia with clear beat directionality.  

 

Video 2. BCi-NS1.1 cilia have a dyskinetic beat pattern. High-speed video microscopy 

demonstrate that the motile cilia of ALI differentiated BCi-NS1.1 cells exhibit a dyskinetic beat 

pattern, where cilia beat in a circular motion. Red arrows highlight groups of cilia with a clear 

circular beat directionality.  
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Supplementary Online Methods 

Culture of BCi-NS1.1 and primary hBEC cells: Cells were cultured in BEGM medium containing 

bovine pituitary extract (52 μg/ml), hydrocortisone (0.5 μg/ml), insulin (5 μg/ml), transferrin (10 

μg/ml), epinephrine (0.5 μg/ml), triiodothyronine (6.5 ng/ml), gentamycin (50 μg/ml), 

amphotericin (50 ng/ml), epidermal growth factor (25 ng/ml) and all-trans retinoic acid (50 

nM). 

For ALI culture, cells were trypsinized and resuspended in BEGM with additives and then 

seeded onto 6.5 mm, 0.4 μm pore-sized collagen-coated transwell culture inserts (Corning, New 

York, USA) at a density of 7 x 10
4
 cells/well in 200 μl volumes. BEGM (500 μl) was also added to 

the bottom compartment. The following day, the apical medium was aspirated and fresh basal 

ALI medium (300 μl) added to the bottom of the wells. The ALI differentiation medium 

comprised of an equal volume of DMEM (containing L-glutamine (2 mM), penicillin (100 U/ml), 

streptomycin (100 μg/ml), non-essential amino acid (1% v/v), sodium pyruvate (1 mM) and BSA 

(1.5 μg/ml)) and BEGM. Basal ALI medium was changed daily for at least 28 days until cultures 

achieved complete mucociliary differentiation. 

 

Patient nasal epithelial sample collection: Following informed consent, nasal brushings were 

performed on PCD patients. Brushings were obtained from the inferior nasal turbinate using a 3 

mm sterile disposable cytology brush after subjects were determined to be free of respiratory 

tract infections and any exacerbation of respiratory symptoms for at least 30 days to exclude 
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possible contribution from secondary ciliary defects. Collected nasal epithelial samples were 

centrifuged and the supernatant aspirated and placed on a microscope slide for visual 

examination under high-speed video microscopy. Qualitative assessment of ciliary waveform 

was done separately and in a blinded fashion by 2 experienced PCD clinicians. Some cells were 

also prepared for electron microscopy as described below.  

 

Trans-epithelial electrical resistance (TEER) measurements: Hank’s balanced salt solution 

(HBSS; 100 μl) (Thermo Fisher, Waltham, USA) was added to the apical compartment and 

cultures equilibrated for 10 minutes in the incubator followed by TEER measurements. Apical 

HBSS was then aspirated to restore ALI conditions.  

 

Quantitative PCR analysis: Total RNA was extracted from ALI cultures using the Illustra 

QuickPrep mRNA purification kit (GE Healthcare, Little Chalfont, UK) as per the manufacturer’s 

instructions. The resultant RNA was quantified using a NanoDrop ND-1000 spectrophotometer 

(NanoDrop Technologies, Wilmington, USA). cDNA was then synthesized from 1 μg of total RNA 

using the high-capacity cDNA reverse transcription kit (Thermo Fisher, Waltham, USA) 

according to the manufacturer’s protocol. cDNA samples were then diluted 1:10 in nuclease-

free H2O for each PCR reaction. qPCR reactions were performed using a QuantStudio™ 6 Flex 

Real-Time PCR system (Thermo Fisher, Waltham, USA) and relative gene expression determined 

using the ΔCt method with UBC as the housekeeper gene. The following TaqMan gene 
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expression assays (Thermo Fisher, Waltham, USA) were utilised: specific for the following 

genes: CBE1 (Hs00375668_g1), MUC5AC (Hs00873651_mH), tektin-1 (Hs01070047_m1), 

TJP1/ZO-1 (Hs01551861_m1), UBC (Hs01871556_s1), IL-6 (Hs00174131_m1) and IL-8 

(Hs00174103_m1). 

 

Immunofluorescence staining of ALI-differentiated BCi-NS1.1 and primary hBEC cultures: ALI-

differentiated BCi-NS1.1 and hBEC cultures were washed twice with 200 µl PBS and fixed with 

10% neutral buffered formalin for 15 minutes at room temperature. Cells were then 

permeabilized with 0.1% Triton-X in PBS for 15 minutes at room temperature, followed by 

incubation with blocking buffer containing 2% BSA and 0.1% Tween-20 diluted in PBS for 1 

hour. After blocking, cells were co-incubated with anti-RSPH1 (HPA017382; 1:200 dilution) 

(Sigma Aldrich, St. Louis, USA) and anti-beta tubulin IV (ab11310; 1:200 dilution) (Abcam, 

Cambridge, UK) primary antibodies overnight at 4
°
C in a humidified container. The following day, 

cells were washed with PBS followed by co-incubation with secondary antibodies conjugated 

with either fluorescein isothiocyanate (FITC) or Alexa Fluor® 594 (Thermo Fisher, Waltham, USA) 

for 1 hour. After washing in PBS, cells were incubated with 4',6-diamidino-2-phenylindole (DAPI) 

for 10 minutes. Cells were then washed twice more with PBS and finally mounted onto glass 

slides for visualization. Cells were imaged on an Olympus fluorescence microscope (Olympus, 

Notting Hill, Australia). 

 

Cilia beat frequency (CBF) analysis: Video recordings of cilia beating was obtained through an 
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in-line high-speed video camera recorder set at 500 frames a second. Cilia beat was viewed and 

assessed in the Photron FastCam SA2 software (Photron Inc. San Diego, USA), which permits 

slow playback of recorded videos. CBF was determined using the following calculation and 

results expressed in Hertz (Hz): CBF = (500 (frames per second) / number of frames for cilia to 

achieve 10 beats) x 10. 

 

Preparation of samples for transmission electron microscopy (TEM) analysis and 

quantification: For ultrastructural analysis, cell samples were centrifuged and fixed in 2.5% 

glutaraldehyde in 0.1 M phosphate buffer followed by secondary fixation with osmium 

tetroxide. Samples were then dehydrated and embedded in Spurr’s low viscosity resin. 90-100 

nm sections were cut and imaged using a JEOL JEM 1400 Electron Microscope (JEOL, Japan). In 

addition to cilia with the classic “9 + 2” microtubule arrangement, incidences of cilia with extra 

microtubules, missing microtubules, compound cilia or missing central microtubules were 

noted. For each sample, a minimum of 100 cilia cross sections were counted across 10 different 

cells. The tips of cilia were ignored as this could skew analysis, as they are structurally different 

from the body of the cilia. 

 

Karyotype analysis: Standard cytogenetic methods were used for the preparation of 

metaphase-enriched cells. Chromosome painting multicolour fluorescence in situ hybridization 

(mFISH) was performed as described in Beh et al (Molecular Cytogenetics, 2016; 9:28. 
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DOI: 10.1186/s13039-016-0236-x). For genomic microarray, genomic DNA was isolated and 

purified from cells using the NucleoSpin Tissue genomic DNA extraction kit (Machery-Nagel, 

Germany). DNA samples were processed by the Illumina Infinium method using the 

HumanCytoSNP - 12 v2.1 (Illumina, San Diego, CA, USA) microarray platform and analysed using 

KaryoStudio v1.4 software (Illumina). 
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Figure E1. BCi-NS1.1 cilia express RSPH1 protein. Whole-mount immunofluorescence staining 

of 28-day ALI-cultured BCi-NS1.1 cells demonstrate localization of RSPH1 protein to the motile 

cilia (red). Beta-tubulin IV was stained as a positive control for motile cilia (green). Co-

localization of RSPH1 with beta-tubulin IV was observed in merged overlay images.  

 

Figure E2. BCi-NS1.1 cells exhibit a normal male karyotype. Fluorescence in situ hybridization 

(FISH) analysis of passage 11 BCi-NS1.1 cells demonstrate a normal male karyotype.   

 

 

Page 33 of 35  AJRCMB Articles in Press. Published on 26-February-2018 as 10.1165/rcmb.2017-0188OC 

 Copyright © 2018 by the American Thoracic Society 

Li Eon
210



	 	

Figure	E1	

RSPH1	 Beta-tubulin	IV	

Merged	

A	 B	

C	

Page 34 of 35 AJRCMB Articles in Press. Published on 26-February-2018 as 10.1165/rcmb.2017-0188OC 

 Copyright © 2018 by the American Thoracic Society 

Li Eon
211



	
	

	
	
	

Figure	E2	

Page 35 of 35  AJRCMB Articles in Press. Published on 26-February-2018 as 10.1165/rcmb.2017-0188OC 

 Copyright © 2018 by the American Thoracic Society 

Li Eon
212



213 
 

 
 In addition to the findings described in the publication, additional results 
presented in this chapter further profiles the expression of MS4A8B in ALI-differentiated 
BCi-NS1.1 cells and the potential regulation of its expression in these cells following 
activation with various inflammatory mediators.  
 

6.3.2 BCi-NS1.1 cells undergo mucociliary differentiation when cultured 
at ALI and express MS4A8B  

 
 Key to the utility of the BCi-NS1.1 cell line is their ability to undergo mucociliary 
differentiation when cultured under ALI conditions over extended passage numbers. 
Here, the gene expression of MS4A8B and other markers indicative of mucociliary 
differentiation were profiled in ALI-cultured BCi-NS1.1 cells between passages 10-14. 
qPCR results demonstrate that MS4A8B expression was inducible in BCi-NS1.1 cells 
upon mucociliary differentiation, with its expression increasing progressively at each 
weekly time point (Figure 6.1). Other differentiation markers such as tektin, CBE1 and 
DNAH5 indicative of motile cilia expression and MUC5AC for goblet cells were similarly 
induced in their expression over time (Figure 6.1). However, it was noted that the gene 
expression for tight junction protein 1 (alias zonula occludens-1, ZO-1) was not 
significantly induced upon mucociliary differentiation. To assess how the levels of 
MS4A8B and other mucociliary markers in differentiated BCi-NS1.1 cells compared to 
those of PBECs, the expression levels of differentiation markers between the two 
cultures were compared after 28 days in ALI cultures. As I have previously reported130, 

the level of expression for all mucociliary genes tested were largely similar, indicating 
that the BCi-NS1.1 cell line is suitably matched in terms of their differentiation profile to 
PBECs (Figure 6.2).  
 To confirm the cellular localization of MS4A8B protein on differentiated BCi-
NS1.1 cultures, whole-mount immunofluorescence (IF) staining was performed on 28-
day ALI-cultured BCi-NS1.1 cells. As expected, MS4A8B protein was detected on the 
motile cilia of differentiated BCi-NS1.1 cells (Figure 6.3 A) as previously observed with 
ALI-differentiated PBECs cultures. Purified rabbit serum was used as a negative control 
and showed no specific immunoreactivity (Figure 6.3 B).  
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Figure 6.1 BCi-NS1.1 cells differentiate under ALI culture conditions and express 
MS4A8B. 

qPCR performed on ALI-cultured BCi-NS1.1 cells at weekly time points (7, 14, 21 and 
28 days) show the expression of MS4A8B along with other established gene markers 
indicative of mucociliary differentiation. Results are expressed as the mean fold change 
± SEM relative to the control (7d) from 4 independent cultures (passages 10-14) after 
normalizing to the housekeeping gene (UBC). *p<0.05 One-way ANOVA analysis, 
Dunnett’s multiple post-hoc test.  
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Figure 6.2 ALI-differentiated BCi-NS1.1 cells express mucociliary genes at 
comparable levels to PBECs. 

The gene expression levels of mucociliary differentiation markers were compared 
between 28-day ALI-cultured BCi-NS1.1 cells and PBECs. Data shown are the mean ± 
SEM expression relative to the housekeeping gene (UBC) and were obtained from 4 
independent PBEC cultures and 4 independent BCi-NS1.1 cultures (passages 10-14). 
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6.3.3 ALI-differentiated BCi-NS1.1 cells have reduced TEER values 

compared to PBECs 
 
 As routine assessment of mucociliary differentiation status, TEER values were 
measured in ALI-cultured BCi-NS1.1 at weekly time points (7, 14, 21 & 28 days). 
Although a weekly increase in TEER values in BCi-NS1.1 cells was seen, this was 
significantly lower compared to ALI-differentiated PBEC cultures at 14, 21 and 28 days 
(Figure 6.4). These results also differ from TEER measurements of differentiated BCi-
NS1.1 cultures reported in the original paper, where the measured TEERs peaked at 

1000 W x cm2 at approximately 21 days post-ALI culture. Since qPCR analysis shows 

that the gene expression levels of TJP1 in ALI-differentiated BCi-NS1.1 cultures were 
not significantly different to those of PBECs, the reduced TEER values in the BCi-NS1.1 
cells may indicate that other tight junction proteins may be downregulated. 
  

A B 

Figure 6.3 BCi-NS1.1 motile cilia express MS4A8B protein. 

(A) Immunofluorescence staining of 28-day ALI-differentiated BCi-NS1.1 cells using anti-
MS4A8B polyclonal antibodies show specific staining for MS4A8B protein on the cilia 
(red). (B) Purified rabbit serum was utilized as a negative control as showed no specific 
immunoreactivity. Images representative of 2 independent experiments conducted on 2 
independent BCi-NS1.1 cultures (passages 11 and 12 respectively).   
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6.3.4 MS4A8B expression is downregulated by IFN-β in differentiated BCi-
NS1.1 cultures  

 
 To assess if MS4A8B expression was potentially modulated in differentiated 
BCi-NS1.1 cells following cell activation, 28-day ALI-cultured BCi-NS1.1 cells were 
stimulated with various cytokines for 24 hours followed by qPCR analysis. Interestingly, 
stimulation with interferon beta (IFN-β) (10 ng/ml) led to a significant downregulation in 
MS4A8B and other markers associated with cilia formation (Figure 6.5), this effect 
being previously observed in the differentiated PBEC cultures also (Chapter 4, Figure 
4.11). Apart from IFN-β, MS4A8B expression was not significantly altered by any of the 
other stimuli used. MUC5AC expression was significantly upregulated by IL-4 
treatment, which is in accordance with previous reports332. 
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Figure 6.4 Comparison of tight junction formation between ALI-differentiated BCi-
NS1.1 and PBEC cultures. 

BCi-NS1.1 TEER values were observed to increase over weekly measurements, 
indicating tight junction protein formation. The obtained TEER values for ALI-cultured 
PBECs were found to be higher than those of BCi-NS1.1 cells. Data shown are the 
average TEER ± SEM of 3 independent PBEC cultures and 4 independent BCi-NS1.1 
cultures (passages 10-14) respectively. For each culture, TEER readings were obtained 
from 8 transwell inserts per weekly time point. 
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Figure 6.5 MS4A8B gene expression in ALI-differentiated BCi-NS1.1 cells 
following cell activation with various stimuli. 

The expression of MS4A8B along with known markers of ALI differentiation were 
measured 24 hours post-stimulation with various inflammatory mediators. Results are 
shown as the mean ± SEM of 4 independent cultures (passages 10-14) relative to the 
non-treated control after normalizing to the housekeeping gene (UBC). *p<0.05 One-
way ANOVA analysis, Dunnett’s multiple post-hoc test.  
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6.4 DISCUSSION  
 
 My findings in this chapter, and those from the integrated manuscript, 
characterize the BCi-NS1.1 cell line in terms of their ability to differentiate and their 
cellular responses following activation with various endogenous stimuli. Results here 
show that they retain the ability to undergo mucociliary differentiation over extended 
passages, as shown by their increased expression of differentiation markers when 
cultured under ALI conditions. The assessment of BCi-NS1.1 differentiation capacity in 
these studies were performed up to passage 14, although the original study has 
reported that these cells maintain their differentiation potential well over 40 passages. 
Although the BCi-NS1.1 cells share similarities to PBECs in terms of their differentiation 
profiles and cellular responses following cell activation, they consistently exhibited 
lower TEER measurements. These values were also found to be lower compared to 
those initially reported in the original manuscript130. However, this finding does not 
appear to negatively impact the differentiation ability of the BCi-NS1.1 cultures since 
the expression levels of other differentiation markers appear normal. Furthermore, the 
development of fully motile cilia is not impeded despite exhibiting lowered TEERs 
throughout the ALI-differentiation process. Since qPCR analysis of TJP expression 
levels were not significantly different between BCi-NS1.1 and PBEC cells, this may 
indicate a downregulation of other tight junction protein members such as occludins, 

junctional adhesion molecule-A (JAM-A) and claudins instead.  
 Several factors may explain the lowered TEERs observed in the BCi-NS1.1 
cells. The first possibility may be differences in culture conditions, as the culture 
medium formulation used in these studies were modified from what was described in 
the original study. However, this is unlikely to significantly alter cellular biology as this 
culture protocol is widely adopted by various respiratory research groups and has been 
established to reliably maintain and differentiate PBEC cultures at ALI279,333. The culture 
and maintenance of BCi-NS1.1 cultures adhering to the methodology described in the 
original paper may help determine if this is a likely cause. Another explanation might 
be to do with heterogeneity of the cell line, where clonal evolution of a proliferative-
dominant phenotype has replaced the native cell population. This phenomenon is well 
documented in various cell lines and may result in significant differences in cellular 
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biology between cell passages despite having originated from the same parental cell 
line334-336. However, it is believed that these BCi-NS1.1 cells represent a relatively 
stable phenotype given that their TEER values remained consistently low over multiple 
culture passages. Further assessment of the expression of other tight junction protein 
genes through qPCR may help explain this observed reduction in TEERs. 
 Despite exhibiting reduced TEERs and an aberrant cilia beat motility, the 
expression of MS4A8B and other cilia-associated genes in the BCi-NS1.1 cells were 
similar to those seen in differentiated PBEC cultures. Importantly, characterization of 
these cells show that they maintained apical expression of motile cilia and MS4A8B 
protein expression over repeated passages, making them a favorable culture model to 

examine the functions of MS4A8B natively. Interestingly, stimulation of ALI-
differentiated BCi-NS1.1 cells with IFN-β caused a significant downregulation in 
MS4A8B gene expression along with other cilia-associated genes. This response was 
similarly observed in ALI-differentiated PBECs following IFN-β stimulation (previously 
detailed in Chapter 4, Section 4.3.8). It was determined that the downregulation in cilia-
associated genes was not linked to cell death as a result of IFN-β treatment as cycle 
numbers of the housekeeping gene (UBC) were similar to non-stimulated controls. 
 The specific downregulation of cilia genes following IFN-β treatment has not 
been previously documented in the literature. Studies have reported significant 
impairment to motile cilia function in the airways following infection by respiratory 
viruses such as rhinoviruses, respiratory syncytial virus and influenza, with symptoms 
ranging from cilia stasis, loss of cilia and cilia ultrastructural abnormalities191,245,246,337. 
The negative effects of respiratory viral infection on motile cilia function would be 
predicted to impede mucociliary clearance in the airways and increase the risk of co-
infection with pathogenic bacteria. Surprisingly, despite these obvious alterations to the 
motile cilia, the underlying mechanisms affecting motile cilia expression and function 
are not well understood. Since viral infection of airway epithelial cells rapidly induces 
the expression of antiviral cytokines such as interferons, my results observed in both 
differentiated PBEC and BCi-NS1.1 cultures suggest that released IFN-β may 
downregulate the expression of cilia-associated genes, perhaps contributing to cilia 

loss. As discussed in Chapter 4, several strains of respiratory viruses preferentially 
infect ciliated airway epithelial cells, with studies demonstrating selective viral binding 



221 
 

to surface proteins found on the motile cilia. Examples include respiratory syncytial 
virus binding to the G-coupled transmembrane chemokine receptor (CX3CR1) and 
rhinovirus binding to the cadherin-related family member 3 (CDHR3) membrane 
protein245,338,339. Knowing that these respiratory viruses exploit motile cilia as an entry 
point to infect airway epithelial cells, I hypothesize that the downregulation of cilia-
associated genes caused by AEC-derived IFN-β may be a compensatory mechanism 
to limit the spread of virus by reducing the expression of available motile cilia for viral 
binding. With inhaled IFN-β therapy being proposed as a potential solution to restore 
antiviral activity in asthmatics340, it would be interesting therefore to investigate the 
effects of treatment on ciliated cell expression and function.  

 A unique and unexpected finding of the BCi-NS1.1 cells was that the motile cilia 
of differentiated cultures exhibited a PCD-like phenotype, beating in a circular motion 
as opposed to the typical “to-and-fro” pattern seen in normal respiratory cilia. This 
characteristic feature of the BCi-NS1.1 cells has been described in detail in the 
integrated manuscript. Although the original paper described the cell line as being 
‘normal’, being derived from a clinically healthy volunteer, the question remains as to 
why these cells exhibit a PCD-like phenotype. In addition to the above reasons such as 
differences in culture conditions and clonal heterogeneity, it is plausible that the 
immortalization process in generating these cells had altered the expression of genes 
associated with cilia development/function, with this ciliary feature having eluded the 
original authors. Cilia beat analysis requires specialized imaging equipment in the form 
of high-speed video capture and is not normally utilized routinely outside of cilia-
focused laboratories and PCD diagnostic clinics. It is also plausible that the volunteer 
has a subtype of PCD that had eluded clinical diagnosis. Being a heterogeneous 
disease, PCD symptoms often present with varying levels of severities and it may be 
challenging to delineate this from often mild, repetitive courses of respiratory tract 
infections. If this was the case, genomic sequencing of original bronchial samples from 
the patient would be particularly revealing.  
 Given the scarcity of immortalized airway epithelial cell lines available that 
differentiate under ALI culture conditions, the BCi-NS1.1 cell line, despite its PCD-like 

phenotype, remains a valuable tool to study MS4A8B functions by providing a 
physiologically relevant in vitro model. Having established their ability to differentiate 
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over extended passages, I next intend to generate a MS4A8B knockout cell line using 
CRISPR/Cas9 to investigate its functions natively. I envisage that phenotypic 
characterization of the resultant knockout will provide with meaningful insight into the 
functions of MS4A8B. This culture model will also enable us to understand how the loss 
of MS4A8B expression observed in the airway epithelium in situ (as reported in Chapter 
4) may contribute to disease severity. 
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GENERATION OF A MS4A8B GENE 
KNOCKOUT IN THE BCI-NS1.1 CELL LINE 

THROUGH APPLICATION OF 
CRISPR/CAS9 TECHNOLOGY  
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7.1 INTRODUCTION 
 
 The majority of in vitro assays presented in this study investigating the functions 
of MS4A8B have been based on its ectopic expression in the BEAS-2B and HEK293 
cell lines. This approach was adopted due to the restricted pattern of expression of 
MS4A8B, being found only on well-differentiated primary bronchial epithelial cells 
(PBECs). Whilst air-liquid interface (ALI)-differentiated PBECs were able to reliably 
express MS4A8B, the scope of experiments utilizing these cultures were limited due to 
their short lifespan in culture. As previously demonstrated in Chapter 6, I highlighted 
the importance of the BCi-NS1.1 cell line as an in vitro culture model to study MS4A8B 
function given their ability to differentiate under ALI conditions over extended 
passages130, which overcomes the primary limitation associated with the use of PBECs. 
This valuable trait opens up new avenues to investigate the functions of MS4A8B from 
the viewpoint of knocking out its expression in a polarized airway epithelial culture 
model. At the time of writing, gene knockout studies in well-differentiated bronchial 
epithelial cultures have not been previously reported. This is due to their limited growth 
potential, and is further complicated by the additional steps needed to reliably 
differentiate them at ALI. Whilst RNA interference (RNAi)-based knockdown of target 
genes have been previously attempted in polarized airway epithelial cultures, the 
fundamental nature of RNAi-based techniques means that target gene expression is 

reduced and not entirely eliminated. Thus, some target RNA may still be translated into 
functional proteins at lower levels341,342. In experimental situations where complete 
knockout of target genes is desired, the use of recently developed gene editing 
technologies such as transcription activator-like effector nucleases (TALENS) and 
clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein (Cas)9 based techniques are better suited320. By combining the 
ability to perform targeted gene knockouts and the extended differentiative lifespan of 
the BCi-NS1.1 cell lines, this presents a novel step forward in studying MS4A8B 
function through the generation of a MS4A8B knockout cell line that retains the capacity 
to differentiate under ALI conditions.   
 RNAi is an endogenous pathway unique to eukaryotes where gene expression 
is regulated by small RNAs343. Up until the inception of TALENS and more recently, 
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CRISPR/Cas9, RNA interference (RNAi) based techniques over the past 10 years have 
largely dominated in vitro and in vivo manipulation of target gene expression. Given the 
targeting specificity of RNAi, it has garnered significant therapeutic interest in the 
development of RNAi-based drugs to treat various conditions ranging from age-related 
macular degeneration, cancer and viral infections318,344,345. The basis of RNAi gene 
knockdown is the formation of small interfering RNAs (siRNAs) that contain regions 
homologous to the target mRNA. These siRNAs are produced endogenously in 
eukaryotic cells through intracellular processing of long double stranded RNAs 
(dsRNAs) to form a 21 base pair dsRNA that pairs with the targeted homologous 
sequence. The targeted mRNA is then subjected to degradation through a biochemical 

process involving the RNA-induced silencing complex (RISC) thus avoiding translation 
of the functional protein319. Experimentally, RNAi in cells may be induced by the 
exogenous addition of chemically synthesized siRNAs of approximately 21 nucleotides 
in length. Alternatively, RNAi can be induced by addition of short hairpin RNAs 
(shRNAs) that will be similarly processed in the cell to generate siRNAs343. Stable 
expression of siRNAs in target cells may also be achieved through the use of viral 
delivery platforms that integrate into the host genome. In vivo applications of RNAi have 
been successfully conducted in mouse models using various methods such as 
pronuclear DNA injections, viral transduction and homologous recombination 
techniques346-348.  
 Whilst RNAi-based assays promise the attractive ability to specifically target 
genes for knockdown, there exists inherent limitations associated with this method as 
mentioned earlier. Because the fundamental operation of RNAi occurs at the post-
transcriptional level, target gene function is reduced but often not eliminated. The target 
gene must also be transcriptionally activated in target cells in order for RNAi to occur. 
Therefore, RNAi-based gene editing is a transient process as siRNAs are eventually 
lost in targeted cells over a few generations resulting in the restoration of target gene 
function. This issue may be partially alleviated through the stable expression of siRNAs 
although fundamentally, generation of a true gene knockout is not possible in this 
system. Other complications involving the use of RNAi techniques include side effects 

associated with the introduction of exogenous RNAs. This has been demonstrated to 
induce antiviral defenses in mammalian cells mediated through TLR signaling349. Off-
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target effects of RNAi treatment is also a well-known issue, with RNAi molecules being 
capable of silencing multiple off-target genes due to non-specific binding350,351. In this 
regard, technologies such as TALENs and CRISPR/Cas9 offers advantages over RNAi 
as gene disruption is mediated by direct targeting of DNA sequences. Moreover, 
studies have shown that these gene editing technologies provide lower off-target 
frequencies compared to RNAi320. 
 In 2007, unique DNA-binding domain containing proteins, termed transcription 
activator-like effectors (TALEs), were discovered in the Xanthomonas species of 
bacteria, many of which cause plant diseases352. The fundamental mechanism of 
TALE-DNA binding is mediated by an array of highly conserved 33 to 35 amino acid 

repeats. Contained within each TALE repeat, are two hypervariable residues at 
positions 12 and 13 (known as repeat variable diresidue, RVD) that are responsible for 
specific binding to a single DNA base322,353,354. Subsequently, the protein sequences 
corresponding to binding of specific DNA bases were deciphered in 2009 by two 
separate groups, which showed that the hypervariable residues NN, NI, HD and NG 
specifically recognized the DNA base pairs guanine, adenine, cytosine and thymine 
respectively355,356. This led to the revelation that custom engineered TALE chimeras 
fused with restriction nucleases (TALENs) such as FokI could enable for the first time, 
specific targeting of any nucleotide sequence within the genome357,358. Since the FokI 
endonuclease is only catalytically active as a dimer, a pair of TALENs must be 
constructed to position the pair of FokI nucleases at adjacent genomic sites, which 
allow them to introduce DNA double stranded breaks (DSBs)357. Whilst this requires 
the generation of two TALENs per gene target, this grants greater target specificity 
since DSBs can only occur after specific binding and close positioning of both FokI 
nucleases.  
 Target gene disruption in the mammalian cell mediated by TALENs occurs when 
the host attempts to repair the DSB mediated by nucleases. Two endogenous repair 
mechanisms exist in the mammalian system, which are non-homologous end joining 
(NHEJ) or homology directed repair (HDR). Of the two, NHEJ occurs more frequently 
and involves re-ligation of the DSB. However, NHEJ is highly error-prone and often 

leads to small nucleotide insertions or deletions that may lead to disruption of the 
codon-reading frame, ultimately knocking out the gene of interest. Alternatively, cells 
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can also repair DSBs through HDR, which is a precise repair pathway that requires a 
donor template that can come either endogenously from the cell in the form of a sister 
chromatid or introduced exogenously as synthetic DNA oligonucleotides359. Here, 
introduction of a DNA segment with complementary ends to the flanking regions of the 
DSB will lead to annealing of the DNA fragment. The HDR repair process is highly 
appealing to researchers as this allows for genome engineering through the precise 
insertion of DNA sequences at the targeted site. Although HDR occurs less frequently 
compared to NHEJ, technical advancements in the field have led to the development 
of methods and reagents that direct host repair towards HDR instead of NHEJ360.  
 Naturally, the discovery of TALENs-mediated genome editing garnered huge 

interest both as a research tool and for its therapeutic potential in gene therapy. This 
quickly led to a flurry of studies exploring the utility of TALENs in treating various 
diseases ranging from hereditary disorders such as Duchene muscular dystrophy, HIV 
infection and cancers361-363. The first reported clinical success using TALENs was 
achieved when two infants with B cell leukemia were treated using donor-derived 
chimeric antigen receptor T cells (CAR T) that had been genetically modified using 
TALENs to render them immunologically inert to the host’s immunity364,365. Here, 

simultaneous gene disruption of CD52 and the T cells receptor a chain via TALENs 

significantly reduced the risk of graft-versus-host-disease (GVHD), thus enabling the 
generation of a “universally compatible” bank of donor T cells365. Often, obtaining 
sufficient numbers of autologous T cells from infants or heavily treated cancer patients 
for CAR T therapy is not possible, which makes gene-modification of donor-sourced T 
cells to improve host compatibility a favorable option. Despite the enormous therapeutic 

potential of TALENs, the technology is not without its limitations. Since the TALENs 
array encodes for multiple proteins, the gene coding sequence is invariably large (~ 5 
kb per TALEN), which makes vector packaging and therapeutic delivery challenging. 
Moreover, in vitro assembly of gene vectors encoding for TALENs in E. coli is difficult 
given the highly repetitive nature of TALE consensus sequences366. The cost of 
TALEN-based technologies are also high, given the complexity of protein domains 
construction required for each gene target354. Combined, these factors make gene 
editing using TALENs both labor and time intensive. By the time newer methodologies 
were devised to improve the efficiency of TALENs assembly and vector delivery, the 
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CRISPR/Cas9 technology was fast emerging as a promising alternative to genome 
editing.  
 Since its inception in 2013, the CRISPR/Cas9 system has received considerable 
interest from researchers as a tool for genome editing due to its simplicity and high 
editing efficiencies over existing gene editing technologies367,368. This also translated 
to vast therapeutic potential, with CRISPR/Cas9 being seen as a promising alternative 
to TALENs-based therapies. Both in vitro and in vivo studies show promise in the 
treatment of inherited disorders, cancers and in antiviral therapy368. The first 
CRISPR/Cas9 human clinical trials to treat sickle cell anemia and re-targeting of patient 
cancers through genetic reprograming of CAR T cells are slated to begin in 2018369,370. 

The origins of the CRISPR/Cas system stem from a bacterial adaptive immunity that 
relies on RNA-guided nucleases to destroy invading foreign DNA frequently 
encountered during viral infections371,372. Three types of CRISPR systems have been 
identified in bacteria and archaea, with the Type II CRISPR system from Streptococcus 
pyogenes being the best studied and formed the basis of CRISPR/Cas9 based genome 
editing in mammalian systems373. 
 All three systems consist of a cluster of CRISPR-associated (Cas) genes and a 
distinctive array of short repeat elements termed “protospacers”. These protospacer 
elements contain DNA sequences incorporated from previous viral infections and 
together, make up the CRISPR RNA (crRNA) array. When a bacterial colony is re-
infected with the same viral strain, complementary transcripts from these repeats 
quickly direct Cas nucleases such as Cas9 to the invading DNA and destroy them by 
inducing DSBs, thus conferring bacterial immunity against the virus374. In order for Cas9 
to distinguish between self and foreign DNA, the nuclease will only cleave the target 
DNA if it contains a protospacer adjacent motif (PAM), which is a 2 to 6 base pair DNA 
sequence downstream of the target DNA sequence. In the case of Cas9, this sequence 
is typically NGG, where N denotes any nucleotide and G is a guanine nucleotide374,375 
(Figure 7.1). 
 The adaptation of the CRISPR/Cs9 system in mammalian cells constitutes of 
three minimal components: Cas9 nuclease, the crRNA array that encodes the guide 

RNA, and an auxiliary trans-activating crRNA (tracrRNA) that facilitates processing of 
the crRNA that guides Cas9 to recognize specific DNA targets376. Current 
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CRISPR/Cas9 tools often combine both crRNA and tracrRNA duplexes to form a single 
guide RNA (sgRNA) chimera and researchers simply need to design a complementary 
20 base pair sgRNA sequence to the desired gene of interest. As described above, a 
requirement of the Cas9 nuclease is that gene targets must lie within close proximity of 
an NGG PAM site. Whilst this limitation does not significantly restrict the target scope 
of CRISPR/Cas9 tools, since the 5’-NGG-3’ PAM sequence in the human genome 
occurs approximately every 8 to 12 base pairs374, there are occasions where the motif 
may be difficult to identify if the gene target lies in an AT-rich region373. An alternative 
solution is to use other Cas homologs with different PAM sequence requirements 
(discussed later). sgRNA-mediated homing of the Cas9 nuclease to DNA target sites 

results in the introduction of DSBs, which subsequently initiates either NHEJ or HDR 
host-mediated repair processes as previously detailed.  
 With regards to knocking down the expression of MS4A8B to better study its 
functions in the differentiated airway epithelium, several factors favor the use of 
CRISPR/Cas9 over RNAi and TALENs. As previously detailed, the fundamental 
limitation of RNAi-based gene editing is that it can only target actively transcribed 
mRNA. Because of this, MS4A8B gene function remains active, likely resulting in some  
low level expression of the MS4A8B protein. MS4A8B knockdown is also transient, and 
experimental outcomes therefore will depend heavily on MS4A8B protein turnover 
periods. Compared to TALENs, CRISPR/Cas9 offers a more straightforward approach 
to generating MS4A8B knockouts in the BCi-NS1.1 cell line that is both time and cost 
effective. In CRISPR/Cas9, the Cas9 nuclease is “reusable” and subsequent targeting 
of other genes simply requires the synthesis of new sgRNAs whereas TALENs requires 
the complete re-synthesis of TALEN arrays that are unique for each DNA target. Given 
these reasons, generating a MS4A8B knockout using CRISPR/Cas9 is therefore a 
logical approach to studying MS4A8B function in the BCi-NS1.1 cell line. Whilst the 
proposed approach of CRISPR/Cas9 mediated gene disruption in the differentiated 
airway epithelium is novel, several potential complications may arise from this. The first 
concern is in the ability of the BCi-NS1.1 cells to retain their ability to differentiate at 
ALI following treatment and secondly, the potential off-target effects inherent in 

CRISPR/Cas9 based gene editing. The work presented in this Chapter therefore details 
my efforts in generating a MS4A8B knockout in the BCi-NS1.1 cell line and the 



230 
 

subsequent characterization of the resultant cells to elucidate the functional 
consequences of MS4A8B disruption in AECs function.  
 
 
 

 
 

 

NHEJ HDR 

PAM 

Figure 7.1 Targeted gene editing by CRISPR/Cas9. 

In vitro CRISPR/Cas9 mediated gene editing in mammalian cells is mediated by two 
primary components, comprised of the Cas9 nuclease and a chimeric single guide RNA 
(sgRNA). User defined sgRNA oligonucleotides complimentary to the gene of interest 
guides Cas9 to initiate a site-specific double stranded break (DSB). Target sites must 
lie in close proximity to a PAM site in order for Cas9 to mediate a DSB. The host cell 
attempts to repair this DNA break through NHEJ or HDR, with the former process being 
dominant but highly error-prone. This results in disruptions in the open reading frame 
that ultimately interferes with translation of a functional protein. 
 
Abbreviations: PAM, protospacer adjacent motif; NHEJ, non-homologous end joining; HDR, homology-
directed repair 
  
Image adapted from Davis, E. (2014). Genome Editing: Which Should I Choose, TALEN or CRISPR? 
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7.2 METHODS 
 

7.2.1 Lentiviral constructs 
  
 To maximize transfection efficiency of the BCi-NS1.1 cells, a lentiviral based 
delivery of the CRISPR/Cas9 constructs was used as lentiviral vectors are able to infect 
both dividing and non-dividing cells377. Two constructs (sourced from Dr. Marco Herold, 
Walter and Eliza Hall Institute of Medical Research, Parkville, Australia) were utilized 
to achieve CRISPR/Cas9-mediated gene disruption in the BCi-NS1.1 cells. For the 
constitutive Cas9 (S. pyogenes) endonuclease expression, a modified pFUGW 
lentiviral construct was utilized, where Cas9 expression was linked to a mCherry 
fluorescent reporter protein to facilitate cell sorting (termed FUCas9Cherry) (Figure 
7.2)377. The second construct expressing the user-defined sgRNA sequences was 
inducible by doxycycline (termed pFH1UTG) (Figure  7.3)378. The doxycycline inducible 
system was chosen to limit potential off-target effects, since sgRNA transcription is 
switched on only in the presence of doxycycline135. In the absence of doxycycline, 
constitutive expression of a Tet repressor blocks sgRNA transcription. Upon addition 
of doxycycline, the Tet repressor is inhibited and sgRNA expression is initiated378. The 
sgRNA lentiviral constructs contained an eGFP reporter that is constitutively expressed 
via a T2A-based bicistronic expression to facilitate cell sorting. 
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Figure 7.2 Vector map of the Cas9 expression construct. 

Cas9 is constitutively expressed in the FUCas9Cherry vector. Here the Cas9 cassette 
is linked via a T2A self-cleaving peptide to the mCherry reporter protein (red). 
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Figure 7.3 Vector map of the doxycycline-inducible sgRNA expression construct.  

For the dox-inducible expression of sgRNA, the pFUGW plasmid was modified to contain 
the H1-Tet-sgRNA cassette (termed pFH1tUTG), which was inserted upstream of the 
ubiquitin (UBC) promoter. User-defined sgRNA sequences are inserted into the gRNA 
scaffold (red). The eGFP reporter is constitutively expressed bicistronically as it is linked 
to the self-cleaving T2A peptide cassette. 
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7.2.2 Single guide RNA (sgRNA) design 
 
 The Massachusetts Institute of Technology (MIT) CRISPR design software 
(www.crispr.mit.edu) was used for the design of sgRNAs. 24-bp oligonucleotides 
containing the sgRNA sequences were synthesized (Integrated DNA Technologies, 
Singapore) and include a 4-bp overhang for the forward (TCCC) and complementary 
reverse strand (AAAC) to facilitate cloning into the Bsmb-I site of the lentiviral 
constructs. The specific sgRNA sequences used in this project are detailed in Table 
7.1. In addition to designing sgRNAs to target MS4A8B, the human dynein axonemal 
heavy chain 5 (DNAH5) gene was also targeted to serve as a control for successful 
CRISPR/Cas9 mediated knockout in the BCi-NS1.1 cells. DNAH5 encodes for the 
axonemal heavy chain dynein and is an important component of the motile cilia motor 
machinery. Mutations in this gene are commonly observed in primary ciliary dyskinesia 
(PCD) and results in static cilia379.  
 
Table 7.1 CRISPR/Cas9 single guide RNA (sgRNA) oligonucleotide target 
sequences. 

 
 
7.2.3 Lentiviral production, transduction and single-cell cloning of BCi-

NS1.1 cells 
 
 To generate lentiviral titers, 1.5 million HEK293T cells were seeded onto 10 cm 

petri dishes followed by transfection with 1.2 μg of lentiviral packing constructs (pCMV 
delta R8.2) combined with either Cas9 or sgRNA vectors (1.2 μg) using Lipofectamine 
2000® (Thermo Fisher, Waltham, USA) according to the manufacturer’s instructions. 
After 48 hours, virus-containing cell supernatants were harvested and subjected to 
centrifugation at 1000 rpm  for 10 minutes to remove cellular debris followed by filtration 
with a 0.45 μm sterile filter. Polybrene (5 μg/ml) was added to viral titers to increase 

Gene target sgRNA oligonucleotide sequence Sequence length 

MS4A8B C G C A A G T C C A C C T A G T T C C 19 bp 

DNAH5 A G C G G G C T C T T T T G G A T G C G 20 bp 
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transduction efficiency by neutralizing surface charge repulsion between the viral 
envelope and the host cell membrane.  
 For viral transduction of BCi-NS1.1 cell lines with the Cas9 expressing 
constructs, 200,000 cells were seeded onto 6-well tissue culture plates and allowed to 
adhere overnight followed by addition of 2 ml Cas9 viral vectors that were previously 
generated. The culture plate was then centrifuged for 45 minutes at 37oC to facilitate 
viral binding to the cells and was returned to the incubator for a further 6 hours. After 
this incubation period, the transduction medium was aspirated and fresh culture 
medium added to the cells. 48 hours post transduction, Cas9 transduced cells were 
FACS sorted to enrich for high expressing populations based on their mCherry reporter 

expression. This stable polyclonal population was expanded in culture and termed BCi-
NS1.1-Cas9 cells. 
 For targeted gene disruption, the BCi-NS1.1-Cas9 cells were subsequently 
transduced with lentivirus containing the sgRNA constructs following identical protocols 
used to generate the BCi-NS1.1-Cas9 cells. Because the sgRNA constructs were 
doxycycline inducible, sgRNA transduced cells were treated with doxycycline (1 μg/ml) 
for 48 hours to induce sgRNA expression followed by cell sorting based on GFP 
reported expression to enrich for high expressing populations. Bulk sorted cells were 
allowed to recover following the cell sort and expanded in culture prior to being 
subjected to single cell sorting to generate clonal populations. For single cell sorting, 
BCi-NS1.1 cells transduced with MS4A8B or DNAH5 sgRNAs were sorted into 96-well 
plates based on dual positive expression for mCherry and GFP reporters using a 
FACSCalibur flow cytometer (Becton Dickinson, North Ryde, Australia) (Figure 7.4). 
The cells were allowed to expand and where clones emerged, were validated for 
positive target gene disruption by Sanger sequencing. 
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BCi-NS1.1 BCi-NS1.1-Cas9 

Step 1. 

BCi-NS1.1-Cas9 BCi-NS1.1 KO 

Step 2. 

BCi-NS1.1 KO 

Step 3. 

Clonal expansion Clonal population 

Figure 7.4 Generation of CRISPR/Cas9 stable knockout cell lines. 

The following illustration describes the workflow to generate stable knockout cell lines in 
the BCi-NS1.1 cell line utilizing CRISPR/Cas9 gene editing techniques. 1) BCi-NS1.1 cells 
were infected with lentiviral constructs expressing the Cas9 endonuclease (mCherry 
tagged) followed by population enrichment via FACS sorting. 2) The resultant polyclonal 
population of Cas9 stable BCi-NS1.1 cells were infected with lentivirus containing sgRNA 
sequences specific for either MS4A8B or DNAH5 genes (GFP tagged) followed by cell 
sorting based on dual mCherry and GFP expression. 3) Following expansion, cells were 
then single-cell sorted into 96-well plates and allowed to expand to generate single-cell 
clonal populations. 
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7.2.4  DNA Sanger sequencing of single cell clones  
 
 To detect for the presence of nucleotide insertions or deletions (indels) in sgRNA 
targeted regions of transduced BCi-NS1.1 clones, Sanger sequencing was performed 
on genomic DNA (gDNA) isolated from these clones. gDNA extraction and purification 
was performed using the PureLink genomic extraction kit (Thermo Fisher, Waltham, 
USA) per the manufacturer’s instructions. 20 ng of purified gDNA and 10 pmol of gene 
specific primers that flanked the sgRNA target region (Table 7.2) were utilized per 
reaction and samples were sequenced at the Melbourne Translational Genomics 
Platform (University of Melbourne, Parkville, Australia). The resultant sequencing data 
was analyzed using the Mutation Surveyor software (SoftGenetics, Pennsylvania, 
USA). 
 
Table 7.2 PCR oligonucleotide primers utilized for Sanger sequencing of 
CRISPR/Cas9 edited BCi-NS1.1 clones. 
 

 
N.B. lower case letters signify gene intron   
  

Gene name Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

MS4A8B G A A T T C G A T G A C T T C A G C A G T T C C T T C A C A T T C G A C A C C A A A C T A G G T 

DNAH5 a a t c c a c t t g a g a a c a g c a g t t t c C T G A T T C C C T T C A A G A A T G G C A T C 



238 
 

7.3 RESULTS 
 

7.3.1 FACS analysis of transfected BCi-NS1.1 cells  
 
 Following lentiviral transduction with Cas9 and sgRNA containing vectors, the 
resultant stably expressing BCi-NS1.1 cell populations were subjected to FACS 
analysis to assess their level of construct expression (Figure 7.5 A/B). Results 
demonstrate that BCi-NS1.1 cells transduced with the Cas9 expression vector 
expressed the mCherry reporter, which was not found on non-transfected controls 
(Figure 7.5 A). To generate a targeted gene knockout, the BCi-NS1.1-Cas9 cells were 
next transduced with the lentiviral vectors containing either MS4A8B or DNAH5 
sgRNAs. Both sgRNA-targeted cultures retained constitutive expression of the Cas9 
endonuclease at comparable levels to the BCi-NS1.1-Cas9 population (Figure 7.5 A). 
As the sgRNA expression constructs co-expressed an eGFP reporter, the virally 
transduced cultures clearly show positive GFP expression that was absent for both the 
non-transfected BCi-NS1.1 and BCi-NS1.1-Cas9 cultures (Figure 7.5 B). Transduction 
efficiency for the vectors expressing the guide RNAs was close to 100% since GFP 
expression was observed in all cells. These results demonstrate that lentiviral 
transduction of the BCi-NS1.1 cells results in a very high-level of transduction efficiency 
and construct expression.  
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Figure 7.5 FACS analysis of BCi-NS1.1 transduction efficiencies. 

BCi-NS1.1 cells infected with lentivirus containing the Cas9 and sgRNA constructs 
were subjected to FACS analysis to assess their level of construct expression. (A) All 
transduced BCi-NS1.1 cells expressed Cas9, which was detectable via the mCherry 
reporter. (B) Both sgRNA-containing vectors targeting either MS4A8B or DNAH5 genes 
co-expressed an eGFP reporter. Non-transduced BCi-NS1.1 cells were utilized as 
negative controls for both mCherry and eGFP expression.  
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7.3.2 Assessment of BCi-NS1.1-Cas9 cell mucociliary differentiation   
 
 Prior to characterization of the CRISPR/Cas9 clones, the study sought to 
establish if constitutive expression of Cas9 might affect the cellular characteristics of 
the BCi-NS1.1 cell line. Since the primary criteria for choosing the BCi-NS1.1 cell line 
for CRISPR/Cas9 studies is their inherent ability to differentiate over extended cell 
passages, it is therefore imperative to assess if they retain this ability having gone 
through the transduction process. qPCR analysis of BCi-NS1.1-Cas9 cells cultured at 
ALI over a 4-week period show a clear induction in MS4A8B gene expression that 
increased at each weekly time point. Additionally, other epithelial markers indicative of 
mucociliary differentiation were also upregulated in their expression (Figure 7.6). The 
gene expression levels observed for BCi-NS1.1-Cas9 cells were also similar to non-
transfected BCi-NS1.1 cells as previously detailed (Chapter 6, Figure 6.1). Trans-
epithelial electrical resistance (TEER) measurements of differentiating BCi-NS1.1-
Cas9 cultures show of a similar increase compared to parental BCi-NS1.1 cells, this 
being indicative of increasing tight junction protein formation (Figure 7.7). Beating 
motile cilia were also observed from 21 days post-ALI culture in the Cas9 cells when 
viewed under an optical light microscope (data not shown). Together, these data 
demonstrate that the BCi-NS1.1-Cas9 cells retain proper differentiative capacity whilst 
constitutively expressing the Cas9 nuclease.  
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Figure 7.6 BCi-NS1.1-Cas9 cells express MS4A8B when cultured at ALI. 

BCi-NS1.1-Cas9 cells retain the capacity to differentiate when cultured at ALI 
conditions. The gene expression of MS4A8B, along with other known markers of 
mucociliary differentiation are increased over weekly time points. Results expressed as 
the mean fold change ± SEM relative to the control (7d) from 3 independent cultures 
after normalizing to the housekeeping gene (UBC). *p<0.05 One-way ANOVA analysis, 
Dunnett’s multiple post-hoc test.  



242 
 

  
  

A 

Figure 7.7 TEER assessment of BCi-NS1.1 differentiation capacity following 
CRISPR/Cas9 gene knockout. 

 Transepithelial electrical resistance (TEER) of ALI-differentiated BCi-NS1.1 cells 
were measured at weekly time points. (A/B) Both BCi-NS1.1 and BCi-NS1.1-Cas9 
cells showed increasing TEER values over the ALI culture period. (A) In MS4A8B 
CRISPR/Cas9 targeted clones, F10/F11 clones retained similar TEER values to both 
BCi-NS1.1 and BCi-NS1.1-Cas9 cells. No TEER increases were observed for D4 and 
H10 clones. (B) No increases in TEER values were observed in all DNAH5 
CRISPR/Cas9 targeted clones. Results shown are the mean ± SEM of 4, 3 and 2 
independent cultures for BCi-NS1.1, BCi-NS1.1-Cas9 and CRISPR/Cas9 treated cells 
respectively. 

 
 

B 
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7.3.3 Assessment of BCi-NS1.1-Cas9 cell activation in response to 
inflammatory stimuli  

 
 Having determined that the BCi-NS1.1-Cas9 cells retained the capacity to 
differentiate under ALI culture conditions, I next assessed their cellular responses 
following cell activation with proinflammatory cytokines TNF-α (1 ng/ml), IL-4 (10 ng/ml) 
and IFN-β (10 ng/ml) and compared them to the non-transduced parental BCi-NS1.1 
cell line. qPCR analysis of BCi-NS1.1-Cas9 cells shows that both TNF-α and IFNβ 
stimulation significantly upregulated IL-6 gene expression to a similar degree to the 
non-transduced BCi-NS1.1 cells (Figure 7.8 A). However, IL-4 stimulation in the BCi-

NS1.1-Cas9 cells did not appear to upregulate IL-6 gene expression significantly as 
seen in the non-transduced BCi-NS1.1 cells (Figure 7.8 A). IL-8 gene expression in 
both non-transfected BCi-NS1.1 and BCi-NS1.1-Cas9 cells was significantly 
upregulated by TNF-α stimulation (Figure 7.8 B). These results demonstrate that BCi-
NS1.1-Cas9 cells retain largely similar cellular responses to the parental BCi-NS1.1 
cells following cell activation. Combined with their mucociliary differentiation profile, this 
shows that the transduction and constitutive expression of Cas9 does not appear to 
significantly alter the cellular characteristics of the BCi-NS1.1-Cas9 cell line. 
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Figure 7.8 Assessment of BCi-NS1.1-Cas9 cellular responses following 
activation with inflammatory stimuli. 

28-day ALI differentiated BCi-NS1.1 and BCi-NS1.1-Cas9 cells were activated with 
either TNF-α (10 ng/ml), IL-4 (10 ng/ml) or IFN-β (10 ng/ml) for 24 hours followed by 
qPCR analysis of (A) IL-6 and (B) IL-8 gene expression. Data shown as the mean fold 
change ± S.D. relative to the unstimulated control (dotted line) after normalizing to the 
housekeeping gene (UBC). Results were obtained from 4 and 3 independent cultures  
for BCi-NS1.1 and BCi-NS1.1-Cas9 cells respectively. */D p< 0.05 Two-way ANOVA 
analysis, Dunnett’s multiple post-hoc test. 
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7.3.4 Clonal expansion and Sanger sequencing of CRISPR/Cas9 edited 
BCi-NS1.1 cells 

 
 Having established that the BCi-NS1.1-Cas9 cells retained similar cellular 
differentiation profiles and cellular responses to parental BCi-NS1.1 cells, targeted 
gene disruption for either MS4A8B or DNAH5 was performed by transduction of BCi-
NS1.1-Cas9 cells with lentivirus containing the sgRNA expression constructs. 
Following transduction, the resultant polyclonal parent populations were single cell 
sorted into two 96-well plates and allowed to expand over 2 weeks. Resulting from this, 
4 and 5 individual clones were generated from the MS4A8B and DNAH5 population 

respectively. The low number of clones generated is thought to be caused by reduced 
cell viability resulting from the cell sorting procedure and perhaps also that these cells 
do not proliferate efficiently from individual cells. 
 To assess if we had successfully disrupted the targeted genes in these clones, 
genomic DNA was isolated from the cells and subjected to Sanger sequencing using 
designed primers that flanked the sgRNA target site (Table 7.2). The sequencing 
results reveal that one (Clone F10) out of four MS4A8B clones had a confirmed 
sequence disruption, with multiple base pair deletions observed downstream of the 
sgRNA target region (Table 7.3). Translation of the sequence revealed a frameshift 
mutation, yielding an unrecognized peptide when queried through the Basic Local 
Alignment Search Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/blast.cgi) (Table 7.3). 
However, analysis of the sequencing results (Mutation Surveyor Software, 
SoftGenetics, State College, USA) show that the disruption observed in the F10 clone 
was of a homoallelic deletion and functional MS4A8B protein may still be translated 
from the non-affected allele. Having determined that CRISPR/Cas9 editing in this clone 
resulted in a monoallelic deletion of the MS4A8B gene, this clone was therefore 
designated Clone F10-/+.  
 In the DNAH5 clones, two out of five clones were determined to contain a biallelic 
deletion in a single base pair near the 3’ end of the sgRNA target region (Table 7.3). 
Translation of both gene sequences identified a premature stop codon downstream of 

the sgRNA target region, resulting in a truncated protein that is predicted to be non-
functional. These clones were designated D6-/- and C11-/- respectively. The remaining  
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MS4A8B and DNAH5 clones sequenced retained an intact target gene sequence, 
indicating that CRISPR/Cas9 gene editing was not successful in these cells. 
 
 
Table 7.3 Sanger sequencing of BCi-NS1.1 cell lines following CRISPR/Cas9-
based gene knockout. 

 
Abbreviations: -/+, heterozygous deletion; -/-, homozygous deletion; AA, amino acid 
 
N.B. Green font = sgRNA target sequence; Red dashes = nucleotide deletion; Red font = mistranslated 
amino acid sequences; * = stop codon 
 
 
 
7.3.5 Assessment of mucociliary differentiation in CRISPR/Cas9 edited 

clones  
 
 To assess the effect of a monoallelic MS4A8B deletion in the F10-/+ clone and 
biallelic DNAH5 deletion in the D6-/- and C11-/- clones with regards to mucociliary 
differentiation, these clones were cultured at ALI followed by qPCR expression for 
known markers of airway epithelial differentiation. Clones with an intact gene sequence 
as determined by Sanger sequencing were also cultured alongside to serve as 
experimental controls as these cells have gone through identical procedures and 
conditions as the gene edited clones (transduction, cell sorting and clonal expansion). 
It was observed that all DNAH5 clones, regardless of their gene deletion status, did not 

297- CACGTGCCCCTGTATCCAAACAGCCAGCCGCAAGTCCACCTAGTTCCTGGGAACCCACCTAGTTTGGTGTC -367 MS4A8B WT mRNA reference 
sequence 

CACGTGCCCCTGTATCCAAACAGCCAGCCGCAAGTCCACCTA-------C----G--A----------------GT--------TGTC BCi-NS1.1 MS4A8B clone F10-/+ 

(mRNA) 

32- HVPLYPNSQPQVHLVPGNPPSLV -54 MS4A8B WT translated AA 
reference sequence 

HVPLYPNSQPQVHLRVVECEWAA BCi-NS1.1 MS4A8B clone F10-/+ 

(AA) 

104- GACTGAAGGGAGAGAAGGAAGCCAAGCGGGCTCTTTTGGATGCGAGGCATAACTACTTATTTGCAATTGTGG -175 DNAH5 WT mRNA reference 
sequence 

GACTGAAGGGAGAGAAGGAAGCCAAGCGGGCTCTTTTGGA⎻GCGAGGCATAACTACTTATTTGCAATTGTGG BCi-NS1.1 DNAH5 clone D6-/- 
(mRNA) 

GACTGAAGGGAGAGAAGGAAGCCAAGCGGGCTCTTTTGGAT⎻CGAGGCATAACTACTTATTTGCAATTGTGG BCi-NS1.1 DNAH5 clone C11-/- 
(mRNA) 

22- LKGEKEAKRALLDARHNYLFAIV -44 DNAH5 WT translated AA 
reference sequence 

LKGEKEAKRALLERGITTYLQLWLPVWT* BCi-NS1.1 DNAH5 clone D6-/- 

(AA) 

LKGEKEAKRALLDRGITTYLQLWLPVWT* BCi-NS1.1 DNAH5 clone C11-/- 

(AA) 
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differentiate under ALI conditions. Visual observation under an optical light microscope 
also showed no morphological changes in cell size and shape that is commonly seen 
when these cells are cultured at ALI conditions. TEER measurements of these cultures 
also remained low, with no increases in readings observed for the duration of their 
culture, indicating the lack of tight junction protein formation (Figure 7.7 B). 
 For the MS4A8B clones, only the monoallelic knockout F10-/+ and another that 
contained an intact MS4A8B gene, termed F11+/+, were successful in differentiating at 
ALI as indicated by the increase in gene expression levels of the differentiation markers 
(Figure 7.9 A/B). TEER values of these two cultures also show similar readings to the 
non-transfected BCi-NS1.1 and BCi-NS1.1-Cas9 cells when grown at ALI (Figure 7.7 

A). This result demonstrates that a partial knockout of the MS4A8B gene does not 
appear to affect the ability of BCi-NS1.1 cells to undergo mucociliary differentiation. 
Curiously, whilst Sanger sequencing of genomic DNA from the F10-/+ clones show a 
monoallelic deletion of the MS4A8B gene, mRNA transcript levels were not reduced 
and was expressed at similar levels to BCi-NS1.1-Cas9 ALI cultures (Figure 7.6). 
Factors that may contribute to this observation include the annealing positions of PCR 
primers relative to the sgRNA target region and primers annealing to mRNA transcribed 
off the non-affected allele (further details in discussion). The remaining two clones 
(D4+/+ and H10+/+) had an intact MS4A8B gene despite being targeted with MS4A8B 
sgRNAs. However, both clones did not appear to differentiate well as no increases in 
mucociliary gene marker expression were observed over the ALI culture period (Figure 
7.9 C/D). TEER measurements for D4+/+ and H10+/+ ALI cultures also showed no 
increase throughout the ALI culture period (Figure 7.7 A). 
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Figure 7.9. Assessment of mucociliary differentiation in MS4A8B-CRISPR/Cas9 
targeted cells. Continued on next page. 
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Figure 7.9. Assessment of mucociliary differentiation in MS4A8B-CRISPR/Cas9 
targeted cells. Continued on next page. 
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Figure 7.9. Assessment of mucociliary differentiation in MS4A8B-CRISPR/Cas9 
targeted cells. Continued on next page. 
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Figure 7.9 Assessment of mucociliary differentiation in MS4A8B-CRISPR/Cas9 
targeted cells. 

(A) MS4A8B monoallelic disrupted BCi-NS1.1 cells (clone F10-/+) were cultured at ALI 
for 28-days followed by assessment of mucociliary differentiation via qPCR. (B-D) 
Mucociliary differentiation was also assessed in non-edited cells (clone F11, D4 and 
H10), which all contained an intact MS4A8B gene sequence following CRISPR/Cas9 
treatment determined by Sanger sequencing. Gene expression data is expressed as 
the mean fold change relative to the 7d control after normalization to the housekeeping 
gene (UBC). n=1 
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7.3.6 Assessment of MS4A8B protein expression in ALI-differentiated 
MS4A8B-/+ cells  

 
 Following assessment of mucociliary differentiation in MS4A8B CRISPR/Cas9 
target cells, the protein expression of MS4A8B resulting from a monoallelic gene 
disruption in the F10-/+ clone was next determined. Total cell lysates were prepared 
from 28-day ALI cultured BCi-NS1.1 cells. Following a Bradford quantification of protein 

concentrations, equal amounts of lysate (40 µg protein) were subjected to SDS-PAGE 

and the blots probed with a rabbit polyclonal anti-MS4A8B antibody (HPA007319, 
Sigma-Aldrich). Results show that MS4A8B protein expression was significantly 
reduced in the F10-/+ clone compared to both BCi-NS1.1-Cas9 and the F11+/+ positive 
control cells (Figure 7.10 A). Faint bands corresponding to the MS4A8B protein size 
was seen in cell lysates from both H10 and D4 clones (Figure 7.10 A). The loss of 
MS4A8B protein expression in clones H10 and D4 is likely due to poor differentiation 
when cultured at ALI conditions. The presence of a high molecular weight band of 
approximately 85 kDa was also observed in all samples (Figure 7.10 A). This band has 
been observed in previous Western blot assays when using this anti-MS4A8B antibody 
(see Chapter 5, Figure 5.7 C). It was previously speculated that this band may 
correspond to the MS4A8B protein forming multimers or perhaps represent an 
unidentified, higher molecular weight splice variant that shares a similar antibody 
epitope. GAPDH protein expression was also examined to serve as a loading control 
and was determined to be equal across all samples (Figure 7.10 B). 
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Figure 7.10 Assessment of MS4A8B protein expression in ALI-differentiated BCi-
NS1.1 cells following CRISPR/Cas9 knockout. 

(A) Clonally expanded BCi-NS1.1 cells were differentiated at ALI for 28 days followed 
by assessment of MS4A8B protein (26 kDa) expression via Western blot. (B) Anti-
beta-tubulin (36 kDa) antibodies were utilized as a control for sample loading. n=1 
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7.3.7 Effect of MS4A8B heterozygous knockout on cellular activation 
 
 Having shown that ALI-differentiated F10-/+ cells have a greatly reduced protein 
expression of MS4A8B, yet retain their ability to differentiate at ALI, I next sought to 
determine how the reduction in MS4A8B expression may affect its cellular responses 
following activation with inflammatory stimuli. For these experiments, cells were 
differentiated at ALI for 28-days followed by stimulation with either TNF-α (1 ng/ml), 
IFN-β (10 ng/ml) or IL-4 (10 ng/ml) for 24 hours followed by qPCR analysis of IL-6 and 
IL-8 gene expression. Although not statistically significant, it was observed that ALI-
differentiated F10-/+ cells stimulated with TNF-α and IFN-β trended towards a greater 
induction of IL-6 gene expression when compared to non-transfected BCi-NS1.1, BCi-
NS1.1-Cas9 and the F11+/+ clones (Figure 7.11 A). The gene expression of IL-8 also 
tended to be higher in the F10-/+ clones following TNF-α stimulation compared to the 
other phenotypic groups (Figure 7.11 B). However, since the results presented for 
these assays were conducted on only 2 independent ALI cultures, repeated assays are 
thus required to validate these findings.   
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Figure 7.11 Effect of MS4A8B monoallelic knockout on IL-6/8 mRNA expression 
in ALI-differentiated BCi-NS1.1 cells following cell activation. 

28-day ALI-differentiated BCi-NS1.1 cells were stimulated with TNF-α (1 ng/ml), IFN-β 
(10 ng/ml) and IL-4 (10 ng/ml) for 24 hours followed by qPCR measurement of IL-6 and 
IL-8 gene expression. Gene expression for each group was normalized to the house 
keeper gene (UBC) and expressed as the mean fold change ± S.D. relative to the 
respective unstimulated control (dotted line). Expression data were derived from 4, 3 
and 2 independent cultures for BCi-NS1.1, BCi-NS1.1-Ca9 and F10/F11 cells 
respectively. 
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7.4 DISCUSSION 
 
 The emergence of CRISPR/Cas9, with its ease of use, higher gene editing 
efficiency and lowered cost compared to previous gene editing techniques, makes it a 
favorable choice amongst researchers for genome editing purposes. Despite this, it 
remains a challenge to conduct gene editing in primary cells and as such, most in vitro 
CRISPR/Cas9 studies have largely been conducted in immortalized cell lines to 
circumvent the common issue of limited proliferation capacity associated with primary 
cell lines. Other issues commonly encountered involving the use of primary cells for 
genome editing include low transfection efficiencies and an increased sensitivity to 
transfection and selection methods279. Combined, these factors hinder efforts to 
successfully conduct such studies in primary airway epithelial cells. Because the native 
expression of MS4A8B in the human airways is found only on differentiated airway 
epithelial cells, efforts to knockout its expression in vitro therefore necessitates genome 
editing in PBECs followed by differentiation in ALI culture. Although culture methods 
have been devised to extend the proliferative capacity of PBECs in ALI culture, such 
as co-culturing with irradiated fibroblasts and supplementation with Rho kinase 
inhibitors326, these culture techniques add complexity to the existing culture process. 
For these reasons, the BCi-NS1.1 cell line was chosen as the in vitro model of choice 
to implement CRISPR/Cas9 gene editing given their ability to differentiate over 

extended passages and their easy integration into our existing culture methodologies 
currently used for ALI-differentiation of PBECs. 
 Although CRISPR/Cas9 promises a higher degree of genome editing, studies 
have also shown that Cas9 endonuclease expression in eukaryotic cells can result in 
potential off-target effects or induce unwanted cellular responses associated with the 
transfection of Cas9 endonucleases and sgRNAs380. Characterization of the BCi-
NS1.1-Cas9 cells show that they behave similarly to the parental BCi-NS1.1 cells with 
regards to their mucociliary differentiation profiles, TEER measurements and cellular 
responses following exogenous stimulation.  This is an important step forward in the 
establishment of this cell line for future CRISPR/Cas9 based gene editing studies. 
However, it is understood that there remains the anomaly of a dyskinetic cilia beat 
pattern unique to this cell line as described in Chapter 6, which may perhaps serve as 
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a useful tool in the study of primary ciliary dyskinesia (PCD). Given the scarcity of 
available airway epithelial cell lines that possess the ability to differentiate over 
sustained passages however, the BCi-NS1.1 still remains as the most suitable choice 
for these experimental requirements. 
 Whilst the BCi-NS1.1-Cas9 cells behaved as expected, the subsequent step 
involving the transfection of sgRNAs targeting either MS4A8B or DNAH5 yielded some 
unexpected results in the generated clones. The first challenge faced were the low  
number of clones obtained following single cell sorting. This was suspected to be 
caused by unfavorable conditions faced by the BCi-NS1.1 cells during the sorting 
process and perhaps that they do not proliferate well from single cells. Having 

determined that lentiviral transduction of the BCi-NS1.1 cells resulted in a high level of 
transfection efficiency, a simpler approach may perhaps be achieved by performing a 
limiting dilution from the parent population. 
 The second issue encountered was the apparent loss of differentiative ability 
observed in a large number of clones. All five DNAH5 targeted clones and two out of 
four MS4A8B targeted clones did not differentiate at ALI. This is believed to have been 
caused by several factors, the first being random integration of the viral vector into the 
host genome, thus interrupting essential genes required for mucociliary differentiation. 
Another possibility is heterogeneity of the parental BCi-NS1.1 population from which 
the clones were generated from, this resulting in clones that possess varying degrees 
of differentiation capacity. The third explanation is CRISPR/Cas9-mediated off-target 
disruption of genes required for mucociliary differentiation. Whilst CRISPR/Cas9 
targeting is thought to be highly specific, studies have shown that potential off-target 
activity may still occur on random DNA sequences despite a 3 to 5 base pair mismatch 
in the PAM-distal portion of the sgRNA sequence381,382. It is also possible that the BCi-
NS1.1 cell line is more susceptible to off-target mutation, as a study has demonstrated 
that different human cell types yielded varying off-target mutation frequencies383. 
Although on-target gene mutation is relatively easy to assess, most commonly 
performed via Sanger sequencing of the target region, detection of off-target mutations 
however, is more challenging since the number and location of off-target mutations are 

difficult to predict. It would be particularly revealing therefore to assess the generated 
clones using next-generation sequencing platforms that allow for genome-wide 
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detection of off-target mutations384, which may help explain their inability to differentiate 
at ALI.   
 The initial inclusion of DNAH5 as a target for CRISPR/Cas9 editing was to serve 
as a positive control to assess for successful gene disruption. Clinical observations of 
PCD patients with DNAH5 mutations as well as in vivo studies of DNAH5 knockout 
mice show static motile cilia throughout ciliated tissues in the body379,385. Whilst 
sequencing results demonstrate that two DNAH5 targeted clones harbored a biallelic 
disruption, the restricted expression of DNAH5 to the motile cilia necessitated the 
prolonged culture of BCi-NS1.1 cells at ALI in order to assess for successful gene 
disruption. The choice of DNAH5 as a positive control gene therefore made swift 

validation of CRISPR/Cas9-mediated gene disruption unfeasible. In hindsight, targeting 
of housekeeping genes where the translated protein is constitutively expressed without 
requiring ALI differentiation would be favorable. A potential control target would be the 
hypoxanthine phosphoribosyltransferase (HPRT) gene, with the encoded HPRT 
enzyme being central in the physiological production of purine nucleotides via the 
purine salvage pathway and is responsible for catalyzing the conversion of 
hypoxanthine to inosine monophosphate and guanine to guanosine 
monophosphate386. Cells expressing HPRT are naturally sensitive to treatment with the 
anti-cancer drug, 6-thioguanine (6-TG), which is converted to a toxic form, 6-
thioguanosine-monophosphate by the enzyme387. Therefore, HPRT loss of function as 
a result of CRISPR/Cas9 gene disruption will confer 6-TG resistance in positively edited 
cells388. The addition of 6-TG into the cell culture medium will allow for easy 
assessment of cells successfully edited by CRISPR/Cas9. Therefore, the HPRT gene 
may be an ideal positive control gene to determine optimal conditions for efficient 
CRISPR/Cas9 editing in the BCi-NS1.1 cells. 
 Although a ‘true’ MS4A8B knockout cell line was not generated in this instance, 
my results show that a monoallelic disruption of the MS4A8B gene in the F10-/+ clones 
resulted in a significant reduction in MS4A8B protein expression. This reduction in 
protein expression is unlikely to be caused by a lack of mucociliary differentiation as 
experimental evidence shows that the F10-/+ clones retain similar differentiation 

characteristics and exhibit increased TEER measurements compared to non-
CRISPR/Cas9 edited cells. These results may indicate that a reduced expression of 
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MS4A8B protein does not impair airway epithelial differentiation. However, due to time 
constraints whilst conducting these experiments, I was unable to fully assess the impact 
of a MS4A8B monoallelic disruption on the development and function of motile cilia. 
Further experiments such as immunofluorescence staining of ALI-differentiated 
cultures using markers for motile cilia (beta-tubulin IV), high-speed video analysis of 
cilia motility and cilia ultrastructural analysis by transmission electron microscopy 
imaging are thus required to validate this. 
 Interestingly, it was observed that MS4A8B mRNA transcript levels in the F10-/+ 

clones were not reduced despite these cells having a monoallelic disruption in the 
MS4A8B gene. The MS4A8B sgRNA was designed to target exon 2 of the MS4A8B 

gene whilst the Taqman qPCR probe anneals on the fourth and fifth exon boundaries 
downstream. It is possible that despite a genomic disruption in the MS4A8B gene, 
mRNA transcription is unimpeded as the upstream MS4A8B gene promoter has not 
been affected. In this regard, nonsense mRNA may still be transcribed but remains 
detectable by the Taqman probe despite being translated to a non-functional MS4A8B 
protein. It is also possible that the probe could still read normal mRNA transcripts off 
the non-disrupted allele. Studies have shown that inactivation of a single allele may 
result in increased mRNA transcription from the remaining monoallele as a form of 
compensation389,390. Combined, these factors may contribute to the observation of 
‘normal’ MS4A8B mRNA transcript levels detected in the F10-/+ knockout clones.   
 Regarding the roles of MS4A8B in immune regulation of airway epithelial cells, 
the knockdown in its protein expression appears to result in an enhanced IL-6 and IL-
8 response to inflammatory stimulation that was not observed in the control BCi-NS1.1 
cell population. Given that these results are currently underpowered however, there is 
a clear need for further validation of these findings. Nonetheless these results are in 
agreement with previous observations in the stably transfected BEAS-2B cells, where 
the ectopic expression of MS4A8B resulted in diminished production of 
proinflammatory cytokines. These two findings suggest that MS4A8B may serve to 
regulate airway epithelial cell function by imposing a ‘braking’ mechanism on the 
expression of proinflammatory cytokines. However, it is acknowledged that these 

experiments stem from a single clone, and that CRISPR/Cas9 editing resulted in a 
knockdown of MS4A8B expression rather than a complete knockout. Hence, the 
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experimental outcomes may differ with a MS4A8B null condition. Future work will 
involve efforts to generate additional CRISPR/Cas9 edited clones that harbor a 
complete MS4A8B knockout phenotype.  
 Since gaining popularity as a gene editing tool in mammalian systems, multiple 
advances in the field of CRISPR/Cas have led to improved gene editing efficiency and 
reduced off-target effects. These benefits could be implemented in future studies to 
improve experimental outcomes. Although the Cas9 nuclease from S. pyogenes has 
been the de facto nuclease of choice for CRISPR/Cas genome editing, its utility may 
soon be superseded by new Cas9-modified variants or other homologous Type II 
nucleases. A Cas9 nickase mutant, termed Cas9n, was generated through mutation of 

the RuvC catalytic domain and is only able to create single-strand nicks in the target 
DNA rather than complete cleavage391. By using a pair of off-set sgRNAs, Cas9n can 
be guided to simultaneously nick both target strands to create a DSB. This method has 
been shown to reduce the frequency of off-target effects as opposed to using a single 
Cas9 nuclease to induce DSBs391. Other Cas9 variants have also been developed that 
reduce non-specific interactions with the target DNA (i.e. eSpCas9392 and SpCas9-
HF1393) or possess altered PAM requirements that offers greater targeting flexibility to 
researchers394. 
 As previously mentioned, the Cas9 nuclease is derived from the Type II CRISPR 
system. Recently, a nuclease from the Type V system, called Cpf1 has been 
discovered and has shown similar genome editing capabilities in addition to several 
unique features395. Perhaps the most defining feature of the CRISPR/Cpf1 system is 
that it does not require an auxiliary tracrRNA component to cleave target DNA. This 
simplifies the gene editing process as well as lowering the costs of synthesizing 
oligonucleotides given that the sgRNA length is significantly shorter than that of the 
traditional CRISPR/Cas9 system (43 vs. ~100 nucleotides). The Cpf1 nuclease also 
recognizes AT-rich PAM sequences instead of GC-rich regions favored by Cas9, and 
therefore provides an alternative solution in situations where the DNA target region is 
AT-rich395. More promising, is a study showing that genome editing in human cell lines 
using CRISPR/Cpf1 retains similar on-target specificity as CRISPR/Cas9, but with the 

advantage of reduced off-target mutation rates396. An increasing number of Cas 
nucleases have been discovered and characterized over recent years and will 
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undoubtedly improve genome editing possibilities of the CRISPR/Cas system373. 
 Refinements in sgRNA design have also been made to improve genome editing 
success. A study has demonstrated that using truncated sgRNAs of 17 to 18 base pairs 
instead of the typical 20 base pair in the CRISPR/Cas9 system can significantly reduce 
off-target effects whilst retaining on-target efficiency397. Various chemical modifications 
to sgRNAs have also been performed by various labs to further improve their targeting 
efficiencies398,399. Lastly, various delivery methods of either Cas9 or sgRNAs have been 
shown to affect editing efficiencies. Transient delivery of both recombinant Cas9 
proteins and sgRNAs in the form of a ribonucleoprotein (RNP) complex into target cells 
through electroporation or lipid-based transfection techniques was able to improve 

editing efficiency as this prevented prolonged Cas9 activity that may result in aberrant 
DSBs400,401. 
 My initial aim prior to embarking on these series of experiments was to generate 
MS4A8B knockout cell lines in airway epithelial cells capable of mucociliary 
differentiation as a proof of concept study. Although various experimental challenges 
were faced along the way, I was successful in inducing a targeted MS4A8B gene 
disruption in the BCi-NS1.1 cell line. This represents a ground breaking and novel 
approach to the study of airway epithelial cell biology and holds potential as an in vitro 
model in the study of various airway disorders. Using this approach, the functions of 
various genes may be interrogated in a culture model that is more physiologically 
relevant compared to the traditional use of undifferentiated monolayer airway epithelial 
cultures. Importantly, as is the case with MS4A8B, this experimental approach allows 
for the study of airway epithelial genes that are exclusively expressed in the 
differentiated epithelium. With the current explosion of interest surrounding 
CRISPR/Cas based genome editing, improved tools and techniques will undoubtedly 
make gene editing increasingly accessible and reliable to researchers in the field. 
 
 
  



262 
 

 
 
 
 
 
 

Chapter 8  
 

 
 

 

GENERAL DISCUSSION 
  



263 
 

8.1 Overview:   
 
 Over the course of this project, I sought to characterize the expression and 
function of MS4A8B, a relatively uncharacterized membrane protein belonging to the 
larger MS4A protein family. MS4A8B possesses several unique features that make it 
an interesting candidate to study with regards to its functional contribution to lung health 
and disease. First, predictive sequence analysis reveals a putative ITIM motif at its 
intracellular C- terminal domain, with in vitro studies presented here demonstrating that 
the motif is capable of being tyrosine phosphorylated and may function to suppress 
proinflammatory cytokine production. Secondly, MS4A8B expression in the human 
airways is highly restricted to the motile cilia and is only induced upon mucociliary 
differentiation of the airway epithelium. Though the combined findings in this project 
have yet to fully unravel the core functions of MS4A8B in the human airways, I 
nonetheless identify key features of this protein that were previously unknown. Given 
the expression of MS4A8B to the motile cilia, my findings also identify possible 
immunoregulatory functions of the motile cilia that extend beyond their classically 
viewed mechanical functions. 
 This chapter aims to consolidate our current understanding of MS4A8B functions 
in the airways by collectively examining results from this thesis and other currently 
available data with regards to MS4A8B. I will also discuss future directions to more fully 

elucidate the function of this novel membrane-spanning protein through the use of new 
experimental techniques. Lastly, I will consider the significance of the research 
described and how this contributes to the wider respiratory research community.  
 

8.2 Elucidating the relationship between MS4A8B expression and 
function 

 
 The MS4A family of proteins currently consists of 18 identified members in 
humans that collectively possess a wide pattern of distribution across the body, being 
found in both hematopoietic and non-hematopoietic tissues109,402. The current 
consensus for individual MS4A members that relates to their expression, is that they 
tend to have a restricted pattern of expression, often being found in specific cell types 
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or even at specific stages of cellular differentiation99. Key examples of this are the 

founding members MS4A1 (CD20) found only on mature B cells and MS4A2 (FceRIb) 

found on mast cells and basophils109. Regarding MS4A8B, current data suggests an 
apparent broad pattern of expression across various organs. qPCR assessment 

identified MS4A8B transcript expression across different organ systems including the 
brain, respiratory tract and reproductive organs of both sexes110. Its protein subcellular 
localization across these tissues however, appears to be largely restricted to the motile 
cilia. This observation holds true in the human airways, with my results demonstrating 
MS4A8B protein expression on the respiratory cilia. Utilizing the publicly available 
expression database (The Human Protein Atlas138), MS4A8B protein expression can 
be found on human tissue sections from brain, testes and ovaries following IHC staining 
with anti-MS4A8B antibodies. In the brain, MS4A8B protein specifically localizes to the 
motile cilia found on ependymal cells lining the ventricles. MS4A8B protein 
immunoreactivity is also seen in the testes, presumably in the flagellar tails of sperm 
cells as these organelles share similar ultrastructural arrangements to respiratory cilia 
(9 + 2 microtubule arrangement)403. In the female reproductive organs, MS4A8B 
expression is observed on the motile cilia lining the oviduct and fallopian tubes. Beyond 
ciliated tissues however, a study has shown MS4A8B expression on the apical surface 
of the colon epithelium in humans and mice, where it is thought to be involved in the 
maintenance and differentiation of colon epithelial cells112. Although it is known that 
hair-like projections known as microvilli line the gastrointestinal tract, these are 
distinctly different from motile cilia both in terms of structure and function13. Unlike 
motile cilia, microvilli are non-motile cellular membrane projections that are comprised 

structurally of actin filaments rather than microtubules. Microvilli line the intestinal walls 
and aid in nutrient absorption by increasing the intestinal luminal surface area404. 
 The expression of MS4A8B becomes broader still if we account for murine 
studies on the homolog, MS4a8a. Schmieder and colleagues show that MS4a8a 
expression was induced in a subset of macrophages known as tumor associated 
macrophages (TAMs), these cells being shown to promote tumorigenesis in murine 
models of mammary carcinoma and melanoma405. However, the study did not look at 
human samples so the expression of MS4A8B in this setting is not known. Although 
my expression studies in normal human peripheral blood RNA did not detect MS4A8B 
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transcripts, this does not rule out the possibility of MS4A8B expression on specific 
subsets of immune cell populations. Recently, a study conducted by Greer revealed 
that multiple murine MS4a homologs, including MS4a8a, were expressed on sensory 
endings of olfactory neurons in mice. More importantly, they show that these proteins 
may possess receptor functions, with both in vivo and in vitro stimulation with ligands 
such as pheromones and lipids leading to cellular activation in the form of increased 
intracellular calcium signaling107. Since the study was focused on murine models, the 
expression and function of human MS4A proteins in olfaction requires confirmation. 
The overlap in expression between MS4A8B and the murine homolog, MS4a8a, are 
poorly characterized since few murine-based studies have confirmed their findings in 

the human counterpart. Given the current expression data in murine models, it is yet 
unclear if MS4a8a shares similar expression profiles to human MS4A8B in the murine 
airways.  
 Due to its broad level of expression across different tissues, the question 
remains whether MS4A8B performs similar functions broadly across all tissues where 
it is expressed or instead possess specific functions that are unique to its tissue 
localization. Since MS4A members have the propensity to form multimers with 
neighboring membrane proteins, MS4A8B may function as part of a larger signaling 
complex. Should this be the case, its individual functions may be consistent regardless 
of where it is expressed, but the net functional output may be different depending on 
interactions with local membrane proteins. Another possibility is that the MS4A8B gene 
may encode for different isoforms through alternative splicing, this resulting in MS4A8B 
variants that may function differently according to the local tissue environment despite 
being structurally similar406. Evidence in the MS4A2 gene show that it encodes for at 
least 2 unique isoforms with differing functions to the classical protein407,408. Given the 
absence of studies investigating this aspect of MS4A8B, it would be insightful therefore 
to determine potential promoters of MS4A8B gene expression and if there exist splice 
variants of this protein. 
 

8.3 Receptor functions of MS4A8B?  
 
 It is yet unknown if the human MS4A8B protein may possess receptor functions 
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for endogenously encountered ligands, or perhaps requires protein-protein interactions 
with accessory proteins to properly function. Based on findings by Greer, where the 
mouse homolog was sensitive to stimulation with steroids (4-pregnan-11b,21-diol-3,20-
dione,21-sulfate)107, the expression of MS4A8B on the motile cilia may function as a 
chemical sensor although this requires validation. However, since the mouse homolog 
lacks the intracellular putative ITIM motif, care should be taken in interpreting results 
between these two species. As per canonical ITIM-containing receptor activity, perhaps 
MS4A8B functions involve both ligand-receptor interactions as well as physical 
associations with neighboring accessory proteins. An example of such interactions was 
observed in the ITAM-containing MS4A2, where it was determined to be a receptor for 

endogenously produced complement component, C3a peptides409. Binding of C3a and 
its derivatives to MS4A2 was shown to disrupt its physical association with the Src 

family protein tyrosine kinases Lyn and Fyn, thus inhibiting FceRI receptor 

phosphorylation and mast cell activation409.   
  

8.4 Possible functions of the MS4A8B ITIM 
 
 A prominent feature of the human MS4A8B protein is the presence of its 
intracellular ITIM motif. As with most ITIM-containing receptor interactions, my initial 
hypothesis was that MS4A8B in the airways may antagonize the functions of ITAM-
containing receptors by recruiting inhibitory signaling molecules such as SHIP-1 and 
SHP1/2 following activation. However, the expression of ITAM-containing receptors in 
airway epithelial cells has not been well characterized. Two proteins have been 
identified in airway epithelial cells that possess ITAM-like sequences and functions, 
which are ezrin and the C-type lectin domain family 7-member A (Dectin-1). Ezrin is an 
actin-binding protein and is a member of the ezrin-radixin-moesin (ERM) cytoskeletal 

protein family that are responsible for bridging the actin cytoskeleton with membrane 
proteins124. In airway epithelial cells, ezrin has been shown to function as an adaptor 
protein by binding with intracellular adhesion molecule 1 (ICAM-1)410. Once complexed, 
ezrin becomes tyrosine phosphorylated and recruits tyrosine kinase Syk that binds to 
its tandem SH2 domains. This process leads to ITAM-mediated signal activation and 
the production of inflammatory cytokines410,411. 
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 Dectin-1 belongs to the C-type lectin family of membrane receptors and also 
contains an ITAM-like signaling domain. It is a pattern recognition receptor (PRR) of 
the innate immune system and is responsible for the detection of β-glucan found on 
pathogenic fungi122. Ligand binding to Dectin-1 results in the recruitment of Syk kinase 
and the subsequent activation of the NF-kB signaling pathway leading to 
proinflammatory mediator release and phagocytosis48,122. Whilst it is uncertain if 
MS4A8B may functionally antagonize the activation of these ITAM-containing receptors 
via its putative ITIM motif, it is interesting that both ezrin and Dectin-1 expression can 
be found on the motile cilia of the bronchial airway epithelium122,412. Since both ezrin 
and Dectin-1 mediated signaling results in the induction of proinflammatory cytokine 

release, it would be tempting to suggest that the expression of MS4A8B on the motile 
cilia may serve to inhibit inflammatory pathways associated with these ITAM-containing 
proteins. Alternatively, it is possible that the inhibitory effects of MS4A8B are a result 
of bystander inhibition by the protein indirectly attenuating cellular pathways associated 
with the expression of various proinflammatory cytokines. In this instance, MS4A8B 
may function to inhibit cell signals independently of interactions with ITAM-containing 
receptors. 
 Interestingly, certain strains of pathogenic viruses have been shown to express 
ITAM-bearing proteins that alter the host’s cellular functions to promote host survival, 
which facilitates viral replication and dissemination. Examples of viruses that contain 
ITAM-like motifs are the Kaposi’s sarcoma-associated herpesvirus, Epstein-Barr virus 
and the bovine leukemia virus98. Whether the expression of the ITIM-containing 
MS4A8B on the airway epithelium serves to antagonize these viral ITAMS as a form of 
innate immunity warrants further investigation.  
 

8.5 Animal models for MS4A8B studies 
 
 A primary reason behind the lack of mouse models used in this study is the 
absence of the integral ITIM motif on the mouse homolog. With results shown here 
clearly demonstrating that the putative ITIM motif of the human MS4A8B protein is 
capable of being tyrosine phosphorylated, and clear functional differences exist 
between cells expressing either MS4A8B-WT or the mutant protein MS4A8B-Y221F 
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(see Chapter 5), this signifies that the ITIM motif is of importance to MS4A8B functions. 
As detailed in Chapter 3, other animal homologs of MS4A8B that possess the putative 
ITIM motif are swine and primates.  However, due to the scarcity of available airway 
epithelial cell lines from these animals, as well as the difficulties in their procurement 
and housing, their utility as animal models to study MS4A8B would be unfeasible. 
Should in vivo murine studies of MS4A8B be conducted, it would be imperative to 
generate transgenic mice that express a humanized MS4A8B protein in order to retain 
the putative ITIM motif. The generation of transgenic mice using CRISPR/Cas9 based 
techniques has recently been shown to be more efficient whilst significantly reducing 
cost and waiting times compared to traditional methods413-415. Given the versatility of 

the CRISPR/Cas9 technology, selective deletion of the murine MS4a8a gene followed 
by replacement with the human MS4A8B or even the in vivo generation of an ITIM-
mutant variant is now possible414,416,417. This method may therefore be a favorable 
option in generating transgenic, humanized MS4A8B murine models to better 
investigate the proteins functions.  
 

8.6 Current in vitro models of MS4A8B 
 
 In its current state, cell culture models to study human MS4A8B function in the 
airways are scarce. The expression studies presented here show an absence of 
constitutive MS4A8B expression in commonly utilized airway epithelial cell lines. Based 
on the literature, only certain SCLC and prostate cancer cell lines constitutively express 
MS4A8B although these cell systems are not ideal given their malignant and non-
airway epithelial origins. To examine the actions of MS4A8B, it was therefore a 
mandatory requirement to either ectopically express MS4A8B into airway epithelial cell 
lines or differentiate primary airway epithelial cells at air-liquid interface (ALI) in order 
to induce MS4A8B expression natively. Whist the ALI culture model is the most ideal 
representation of the in vivo airway environment, long-term use of primary cultures can 
be resource and time intensive, thus significantly limiting the scope of subsequent in 
vitro assays. A partial solution to this issue is the use of the aforementioned BCi-NS1.1 
cell line, which alleviates the shortcomings associated with the limited lifespan of 
primary airway epithelial cells130. However, I have recently shown that the motile cilia 
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of the BCi-NS1.1 cells possess an inherent PCD-like phenotype with a yet to be 
determined origin331. A review of the literature reveals a scarcity of alternative airway 
epithelial cell lines that are capable of mucociliary differentiation. The VA10 airway 
epithelial cells line, which was generated from normal human primary bronchial 
epithelial cells by oncogenic transformation with human papillomavirus (HPV) 16, has 
been demonstrated to differentiate well under ALI conditions and also express fully 
motile cilia418,419. However, few publications other than those arising from the original 
authors have been published thus far, which may indicate the lack of distribution of the 
cell line amongst other research groups. Thus, there remains an unmet need for 
immortalized airway epithelial cell lines capable of long-term mucociliary differentiation.  

 

8.7 BCi-NS1.1 cells as a model for PCD studies? 
 
 During my characterization of the BCi-NS1.1 cell line, it was discovered that they 
exhibited a unique PCD-like phenotype. The motile cilia of these cells lacked a central 
microtubule pair that resulted in a circular beat pattern331. However, due to limited 
access to the parental bronchial epithelial cells from which the BCi-NS1.1 cells were 
derived from, we remain uncertain regarding the underlying causes. I have previously 
detailed the possible causes to their aberrant beat pattern the following publication331. 
Whilst this anomaly may be problematic for the study of cilia-associated genes such as 
MS4A8B, where a ‘normal’ ciliary phenotype is desired, the BCi-NS1.1 cell line may be 
of utility for researchers intending to investigate the molecular causes of PCD. To the 
best of my knowledge, the BCi-NS1.1 cells represent the first airway epithelial cell line 
to exhibit a PCD-like phenotype. Future validation of the BCi-NS1.1 cell line using 
targeted gene panels consisting of common PCD-related genes may present a simple 
and cost-effective method for the identification of causative genes responsible for its 
PCD-like phenotype420. Given that I have shown the possibilities of CRISPR/Cas9 gene 
editing in this cell line, it may be possible to identify and correct the presumed faulty 
genes responsible for this particular phenotype in future studies. The BCi-NS1.1 cell 
line may therefore serve as an important in vitro tool for the development of gene 
therapy-based treatment of PCD.  
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8.8 Motile cilia as regulators of inflammation?  
  
 The motile cilia have been viewed as a mechanical organelle first and foremost 
and only recently are we beginning to discover that they also possess sensory 
capabilities, a trait once thought to be unique to non-motile primary cilia. Unlike motile 
cilia, primary cilia can be found on nearly every cell as a hair-like projection that extends 
from the cell membrane13. They are responsible for sensing and transducing 
environmental cues to the host cell in order to maintain cellular homeostasis. Primary 
cilia are involved in various aspects of cellular functions, ranging from cellular 
proliferation, differentiation, regulation of inflammation and embryonic 
development13,421. Today, the delineation between motile cilia and primary cilia 
functions are increasingly blurred as studies show that key signaling proteins such as 
hedgehog (HH) and smoothened (SMO), once thought to be specific to primary cilia, 
are also expressed in motile cilia422. Moreover, in the airway epithelium, primary cilia 
have also been linked to mucociliary differentiation and the development of motile 
cilia423. With the recent increase in studies detailing the sensory functions of motile cilia, 
I believe greater attention should be given to these organelles as they are an integral 
component of airway epithelial cells. 
 Since the motile cilia of the airway represent the very first point of contact with 
the external environment, it would make sense for the motile cilia to be equipped with 

various surface receptors that grant them sensory abilities in order to rapidly detect and 
respond to harmful stimuli. Ciliary membrane receptors such as bitter taste receptors 
(T2R) and TRPV4 enable motile cilia to respond to noxious stimuli by modulating their 
beat frequency accordingly to help clear the airways via the mucociliary escalator15,16. 
Interestingly, several innate immune receptors from the Toll-like receptor (TLR) family 
have also been found on the motile cilia, demonstrating that motile cilia possess the 
ability to detect for invading pathogens25,424. Whilst it remains to be determined if 
MS4A8B itself functions as a receptor for endogenously encountered ligands, the 
presence of the putative ITIM motif would implicate roles in regulation of cell signals. 
As MS4A8B-transfected BEAS-2B cells display significantly reduced proinflammatory 
cytokine release and with the MS4A8B heterozygous knockout BCi-NS1.1 cells 
exhibiting enhanced proinflammatory cytokine release (albeit from 1 clone), combined 
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results suggest that MS4A8B may exert a ‘braking’ effect on the production of 
proinflammatory cytokines through its putative ITIM motif (Figure 8.2). I postulate that 
its downregulated expression observed in various airway inflammatory conditions (see 
Chapter 4) will likely disrupt this braking mechanism, leading to enhanced 
proinflammatory cytokine production. Moreover, with new understanding that motile 
cilia may function as sensory organelles, their loss during pulmonary disorders may 
bear more significant consequences to airway epithelial function than previously 
thought. Stemming from this, it would be insightful to examine if the motile cilia of PCD 
patients retained intact sensory functions despite motility defects associated with the 
disorder. To this end, the BCi-NS1.1 cells may be a suitable in vitro model to examine 

this hypothesis.  
 The notion of motile cilia-mediated regulation of airway epithelial cell 
homeostasis is fascinating as this may provide new therapeutic opportunities in the 
treatment of various airway disorders. Thus, efforts to restore or prevent motile cilia 
loss during pulmonary disorders may result in beneficial outcomes that extend beyond 
the maintenance of the mucociliary escalator.  
 

8.9 Future studies of MS4A8B 
 
 Having gained experience in studying the cilia-associated protein MS4A8B in 
the human airways, numerous extension studies could rationally be performed in future 
work to better understand the function of the protein. Below, I detail the experimental 
tools and approaches that may be performed to achieve this.  
 

8.9.1 Cell-cell interactions and binding partners 
 
 As previously detailed, multiple reports show that MS4A proteins tend to 
physically associate with local membrane proteins to form signaling complexes. By 
deduction from typical ITIM-receptor interactions, it possible that MS4A8B may 
physically interact with neighboring membrane proteins. In order to investigate this 
possibility, immunoprecipitation (IP) of cell lysates of differentiated airway epithelial 
cells with anti-MS4A8B antibodies could be performed. Next, the identification of native 
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binding partners may be achieved by probing of the pulled-down proteins with various 
antibodies or through mass-spectrometry analysis. 
 A second method to identify potential binding partners that specifically localize 
to the cell surface is through cell surface biotinylation assays. Unlike the former method, 
this method specifically identifies membrane proteins on the plasma membrane from 
those in intracellular compartments and thus allows for the analysis of compartmental 
interactions between MS4A8B and other proteins. Here, intact cells are surface labelled 
with biotin prior to IP with the monoclonal anti-MS4A8B antibody and pull-down 
products probed with anti-streptavidin conjugated with HRP. To this end, I have 
conducted preliminary studies on HEK293 cells stably expressing MS4A8B. Western 

blot of the resultant pull-down products demonstrates some non-specific 
immunoreactivity for the anti-MS4A8B antibody used. The high background signal 
observed for both non-transfected and GFP-only cell lysates would suggest non-
specific binding of the antibody during IP of the cell lysates. Despite this however, 
distinct differences can still be seen in pull-down products from the MS4A8B-WT and 
MS4A8B-Y221F cell lysates. A prominent protein product at an approximate band size 
of 54 kDa for both MS4A8B transfected HEK293 cells was observed that was not 
present in both non-transfected or GFP-only transfected cells. This band likely 
corresponds to the MS4A8B-GFP fusion protein, with MS4A8B-WT cells being noted 
to express more of this product compared to the MS4A8B-Y221F transfected cells 
(Figure 8.1, blue arrows). It was also noted that a protein band of approximately 100 
kDa was lost in the pull-down lysates from MS4A8B-WT cells compared to all other cell 
lines (Figure 8.1, red arrows). Further optimizations such as utilization of airway 
epithelial cell lines and protocol specific refinements may yield greater clarity in the 
interpretation of results.  
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Figure 8.1 Surface biotinylation assay of stably transfected HEK293 cells. 

Stably transfected HEK293 cells were surface labeled with biotin followed by cell lysis 
and immunoprecipitation (IP) with a monoclonal anti-MS4A8B antibody. Pull-down 
products were resolved by SDS-PAGE and probed with streptavidin conjugated with 
HRP to visualize surface proteins that may physically associate with the MS4A8B 
protein. Blue arrows indicate predicted size of the MS4A8B-GFP fusion protein (54 
kDa). Red arrows highlight difference in protein expression between MS4A8B-WT and 
MS4A8B-Y221F transfected cells. Representative image of 2 independent 
experiments. 
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8.9.2 Antibody tools  
 
 Currently available antibody tools for MS4A8B are scarce, which makes proper 
characterization of the protein more difficult. This is compounded by the fact that 
antibody development against multiple-spanning membrane proteins is more 
challenging compared to that of soluble proteins. Whilst it is common practice to 
generate antibodies by inoculation of animals with a purified full-length protein, this 
approach is less efficient when dealing with membrane-spanning proteins because its 
native structure is dependent on an intact lipid bilayer425. Only recently have effective 
commercial antibody tools been made available for human MS4A8B.  
 Utilizing currently available antibody tools against MS4A8B such as the mouse 
monoclonal antibody (detailed in Chapter 2, Table 2.2) that targets the protein’s larger 
second extracellular loop may perhaps modulate its functions and provide therapeutic 
benefit in the cancers that MS4A8B has been reported in111-113. Immunotherapies (e.g. 
Rituximab) against MS4A1 expressed on B-cells have been clinically proven as an 
effective treatment against auto-immune diseases and certain lymphomas, with 
Rituximab binding  to MS4A1 causing antibody-dependent cellular cytotoxicity by 
complement-dependent cytotoxicity of B cells125,426. Mechanistically, Rituximab binding 
of MS4A1 has been shown to elicit physical redistribution of MS4A1 into lipid rafts, this 
reducing Lyn activity and consequently the inhibition of various downstream signaling 

pathways associated with cell survival427,428. It would be interesting to see if similar 
changes in MS4A8B function and its subcellular distribution may be achieved by 
antibody targeting.  
 Another aspect of the MS4A8B protein worth exploring using antibody tools 

involves its putative ITIM motif. In vitro studies of the ITIM-containing FcgRIIB receptor 

on B cells show that receptor cross-linking can result in tyrosine phosphorylation of the 
ITIM motif and subsequent recruitment of SHIP phosphatases429,430. It would be 
interesting therefore to examine if antibody-mediated aggregation of surface MS4A8B 
proteins may yield similar results, which will help shed light on the mechanistic aspects 
of MS4A8B-mediated inhibitory signaling.  
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8.9.3 Identification of native ligands 
 
 To date, it is yet unclear if the MS4A family of proteins possess receptor 
functions for endogenous ligands. As detailed above, only 2 groups to date have shown 
potential receptor-ligand interactions for MS4A proteins. Erdei’s group show in 3 
publications that MS4A2 is a binding target for C3a-derived peptides and a study by 
Greer and colleagues demonstrate that multiple murine MS4a homologs on olfactory 
neuronal endings responded to stimulation with endogenous ligands including lipids, 
steroids and hormonal derivatives107,108,409,431. In the latter study by Greer et al., the 
mouse homolog (MS4a8a) was shown to respond to sulphated steroids and thus 
stimulation of the human protein with analogous compounds will be an apparent 
starting point for determination of native ligands. Since the stimulation assays of both 
transfected BEAS-2B and differentiated PBEC cultures with various inflammatory 
mediators did not yield noticeable MS4A8B-specific responses (see Chapter 5), this 
may signify the use of alternative classes of stimuli such as growth factors or hormones 
in future studies. As my results demonstrate that MS4A8B is a cilia-associated protein 
in the human airways, stimulation with compounds validated to modulate cilia beat 
frequency may provide useful leads231. 
 Techniques such as the split-ubiquitin membrane yeast two-hybrid have been 
previously applied in the study of the MS4A proteins MS4A4B and MS4A6B, which 

revealed their physical interaction multiple membrane-bound proteins including tumor 
necrosis factor receptor superfamily member 18 (TNFRSF18) and Orai1in T cells276. 
More recent techniques based on this system have been developed to identify ligand-
membrane receptor interactions432,433. Here, ligands are tethered to the extracellular N- 
terminus of the platelet-derived growth factor receptor (PDGFR) transmembrane 
domain and a protease fused to the intracellular C- terminus of the PDGFR receptor. 
The membrane protein of interest (i.e. MS4A8B) is C- terminally fused with a chimeric 
protease substrate sequence containing an artificial transcription factor. Physical 
association of ligands with the membrane protein causes a catalytic reaction between 
the protease with its substrate sequence. This results in cleavage of the substrate to 
release the transcription factor, which in turn activates the expression of a reporter gene 
(i.e. GFP) to indicate a positive hit433.  
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8.9.4 Gene editing  
 
 As detailed in the previous chapter, the proof-of-concept studies on the BCi-
NS1.1 cells in conjunction with CRISPR/Cas9 tools show that it is possible to generate 
targeted gene knockouts in the differentiated airway epithelium. With the development 
of new CRISPR/Cas systems, this will likely offer greater flexibility, efficiency and 
specificity in the genetic modulation of MS4A8B expression under a variety in vitro 
settings. Alternative transfection techniques that involve the transfection of whole 
purified Cas9 proteins complexed with in vitro transcribed guide RNAs (gRNA) in the 
form of a ribonucleoprotein complex allows for rapid and transient editing of target 
genes whilst greatly limiting potential off-target effects401. Using this method, it may be 
feasible to knockout the gene expression of MS4A8B in primary airway epithelial 
cultures as this method sidesteps various limitations associated with the use of 
plasmid-based delivery of CRISPR/Cas9 products. Experimental wait-times are 
reduced as there is no need for transcription and translation of active Cas9 nucleases, 
as the CRISPR ribonucleoprotein complex is active immediately upon entering target 
cells399. 
 Another approach that could be utilized to examine MS4A8B function is to 
knockout its expression after the complete development of cilia. This method more 
closely mimics previously observed scenarios where MS4A8B expression was 

downregulated on differentiated ALI cultures following grass pollen and rhinovirus 
infections (see Chapter 4). As the CRISPR/Cas9 system used in this study is a 
doxycycline-inducible system, doxycycline may be added to transfected BCi-NS1.1 
cells after complete mucociliary differentiation followed by assessment of the resultant 
effects of MS4A8B loss. Another novel technique that may be employed through 
CRISPR/Cas9 is to perform targeted mutagenesis of the putative ITIM motif of the 
MS4A8B protein. Recent studies have demonstrated that CRISPR/Cas9 is a powerful 
tool to induce precise knockin mutations in desired genes through homology-directed 
repair (HDR) 434,435. This should allow me to precisely examine the importance of the 
MS4A8B putative ITIM motif in its native state in the differentiated airway epithelium.  
 Another aspect of MS4A8B that is poorly understood is the localization of the 
protein in situ. Whilst trafficking studies may be performed by ectopic expression of 
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fluorescently tagged plasmid vectors, forced expression of MS4A8B into non-native cell 
lines is not ideal. By utilizing CRISPR/Cas9 techniques, it is now possible to 
endogenously tag the MS4A8B gene with a reporter of choice436,437. By performing this 
in airway epithelial cell lines capable of mucociliary differentiation such as primary 
airway epithelial cells or the BCi-NS1.1 cell lines, this will enable for studies examining 
the trafficking and localization of the MS4A8B protein natively. 
 

8.10 Conclusions 
 
 In this body of work, I have detailed the expression of the MS4A8B protein in the 
human airways, providing evidence that it is a cilia-associated protein. Unlike most 
members of the MS4A family, the expression of MS4A8B appears to be largely on non-
hematopoietic cells. Examination of its gene and protein expression in various 

inflammatory airway disorders also show that it tends to become downregulated. 
Functional studies demonstrate that MS4A8B functions may be associated with the 
immune regulation of airway epithelial cells. Through site-directed mutagenesis, an 
ITIM-mutant of the MS4A8B protein was generated and I demonstrate for the first time, 
the potential significance of this integral signaling motif in mediating MS4A8B functions. 
In vitro assays conducted in airway epithelial cells show that MS4A8B may elicit a 
‘braking’ mechanism on the production of proinflammatory cytokines. On the normal 
airway epithelium, the expression of MS4A8B on the motile cilia may serve to regulate 
the expression of proinflammatory cytokines, which helps maintain lung homeostasis. 
However, I predict that its observed loss during airway diseases removes this ‘braking’ 
effect on cytokine production. This causes an increase in cytokine production that 
skews toward a proinflammatory environment, which further exacerbates disease 
severity (Figure 8.2). My work here also demonstrates the novel use of CRISPR/Cas9-
based gene editing to generate stable gene knockouts in an airway epithelial cell model 
that is capable of mucociliary differentiation.  
 Using MS4A8B as a cilia marker, I believe that the findings presented here also 
contributes significantly to the current knowledge regarding motile cilia expression in 
lung health and disease. The expression studies conducted on human lung biopsies 
and primary airway epithelial cultures reveal that the expression of motile cilia is often 
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negatively impacted across a range of inflammatory pulmonary disorders. With an 
increasing number of studies now detailing the importance of motile cilia as sensory 
organelles in airway epithelial cells, their loss under various airway disorders may be 
more detrimental to overall lung function than initially thought. 
 In conclusion, the outcomes of the project sheds new light on MS4A8B, a 
previously uncharacterized member of the MS4A protein family with regards to its 
expression and possible functions in the human airways. I show that MS4A8B may hold 
importance in the regulation of airway inflammation and that its putative ITIM motif is 
important for proper functioning of the protein. Efforts to better understand the 
mechanistic processes behind MS4A8B-mediated control of inflammation in the 

airways and its specific roles in cilia function may lead to the development of new 
therapeutic options to treat airway inflammatory disorders.
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Figure 8.2 MS4A8B expression in the human airways and its roles in the 
regulation of inflammation. 

(A) In the normal airways, MS4A8B is expressed on the motile cilia of differentiated 
airway epithelial cells. MS4A8B is hypothesized to reduce the release of 
proinflammatory cytokines, possibly by inhibition of cell signals that initiate transcription 
of proinflammatory cytokines. This maintains a homeostatic lung environment. (B) 
During airway inflammatory diseases, MS4A8B expression is downregulated and the 
inhibition of proinflammatory cytokine expression is dysregulated. This results in 
increased airway inflammation and the exacerbation of disease severity. 
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