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THESIS ABSTRACT

Bitter taste receptors (T2Rs) belong to the G protein-coupled receptor family. There are 25
T2Rs, which are primarily expressed in oral tissues and mediate bitter taste perception. Recent
studies identified bacterial quorum-sensing molecules (QSMs) as ligands for T2Rs expressed in
airways. Most of the known QSM ligands of T2Rs were derived from Pseudomonas aeruginosa.
These QSM ligands are mainly acyl homoserine lactone (AHL) such as C12-AHL, C8-AHL and
quinolones such as HHQ and NHQ. However, till now there are no studies on T2R’s interaction
with Gram-positive bacterial QSMs in gingival epithelial cells (GECs). The cariogenic bacterium,
Streptococcus mutans, secretes competence stimulating peptides (CSPs) as QSMs. The first part
of my thesis elucidates the role of T2R and S. mutans CSPs interaction in mediating GEC innate
immune responses. The second part of my study, characterizes the physiological role of T2R14 in
Gram-positive bacterial internalization and survival. The final chapter, reports the
characterization of T2Rs expressed in extracellular vesicles (EVs) isolated from cultured cells
and saliva.

Transcriptomic and western blot analyses identify T2R 14 to be highly expressed in GECs.
My results suggest that only S. mutans CSP-1 induces robust intracellular calcium mobilization in
GECs, compared to CSP-2 and CSP-3. The knock down of T2R14 by CRISPR-Cas9 revealed
CSP-1 mediated cytokine regulation (IL-6, IL-8 and TNF-a) and modulation of dHL-60
migration. Interestingly, CSP-1 and bitter agonist mediated T2R14 activation in GECs inhibits
growth of Staphylococcus aureus but not for S. mutans. Further, immuno transmission electron
microscopy (immuno-TEM) and ELISA show presence of T2R4 and T2R38 in EVs. In
conclusion, this work provides novel insights into the roles of T2Rs in oral tissues and in host-

microbe interactions.
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CHAPTER 1

1. INTRODUCTION

1.1. G protein-coupled receptors

G protein-coupled receptors (GPCRs) form the largest druggable receptor superfamily in
the human genome. Chemosensory GPCRs that include both olfactory and taste receptors account
for over half of the GPCR superfamily (Isberg et al., 2017). Humans are capable of sensing five
basic tastes: salt, sour, umami, sweet and bitter (Adler et al., 2000; Baumer-Harrison et al., 2020;
Chandrashekar et al., 2000; Tu et al., 2018). Fat and kokumi (thickness of food) tastes are
considered as possible additions (DiPatrizio, 2014; Laugerette et al., 2005; Lewandowski et al.,
2016). Sweet, umami and bitter taste are mediated by GPCRs whereas ion channels ENaC and
OTOP1 mediate the salt and sour tastes (Baumer-Harrison et al., 2020; Gilbertson et al., 1992;

Heck et al., 1984; Tu et al., 2018).

1.2. Taste sensation

Taste is an important determinant of food choices. Both the quality and the perceived
intensity of sensory experiences help to determine the palatability of the food. Taste sensation is
initiated when a tastant molecule (taste inciting substance) comes in contact with taste proteins
(receptors and ion channels) located on taste cells in the oral cavity. The perception of taste is
complex involving both sensory and neural mechanisms. Further, taste perception varies between
individuals and influences food preferences and hence nutritional choices (Bartoshuk, 2000).
While it is understood that the spectra of molecular detection via these taste proteins is quite broad,
they also exhibit significant diversity in structure and functional roles, making them important

therapeutic targets. The pharmacology, physiology and signaling of different taste proteins
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(receptors and ion channels) are extensively reviewed (Behrens, 2021; Dutta Banik et al., 2021;
Hichami et al., 2021; Servant et al., 2021; Sharma et al., 2021)

The taste receptor cells (TRCs) are predominantly located in taste buds on the papillae of
the tongue. The papillae on the tongue appear as small pink bumps, and are classified into four
main types: the mushroom like fungiform papillae, which are concentrated on the front of the
tongue; the leaf like foliate papillae, which are concentrated on the sides of the tongue; the
randomly distributed small filiform papillae and the large circumvallate papillae located at the
back of the tongue (Figure 1.1). The papillae contain the taste buds and are supplied by one of the
three afferent nerves: the chorda tympani from the facial nerve, the glossopharyngeal nerve and the
vagus nerve. These nerves relay the sensory input for the taste buds to the brain. The information

obtained is interpreted in the form of the nutrient content of food.
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Figure 1. 1: Morphology of taste structures on the human tongue.

A. The human tongue consists of four main types of papillae that appear as raised bumps on the
surface of the tongue. Depending on their location and shape they are classified as circumvallate,

fungiform, filiform, and foliate papillae. B. Each papilla harbors several taste buds which can
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sense taste qualities. C. A taste bud is made up of several taste receptor cells. The apical end of
the taste bud consists of microvilli and opens into the oral cavity through the taste pore. Taste
receptor cells are specialized cells that can function as chemoreceptors and transduce chemical
stimuli into signals for the afferent nerve fibers that supply it. The figure was drawn using the

Adobe Illustrator software. Reproduced with permission from Royal Society of Chemistry.

1.2.1. Mechanism of taste perception

Taste perception is a complex process and involves both sensory and neural mechanisms.
At the receptor level, sweet taste is sensed by a heterodimer of taste type I receptors referred to as
T1R2 and T1R3 receptors (Assadi-Porter et al., 2010), whereas umami is sensed by a
heterodimer of TIR1 and T1R3 (X. Li et al., 2002; Nelson et al., 2002). Bitter taste is sensed by
bitter taste receptors also referred to as taste type II receptors or T2Rs (Chandrashekar et al.,
2000) (Figure 1.2). Originally, two models have been proposed based on biochemical and
electro- physiological studies for sweet transduction in taste cells. The first is a GPCR-Gas-
cAMP pathway (Houpt et al., 1996; Striem et al., 1991) in which, sucrose and other sugars lead
to activation of Gas-T1R heterodimers. Receptor-activated Gas activates adenylyl cyclase to
generate cCAMP. Increased cAMP increases cation influx through cyclic nucleotide (c(NMP) gated
channels directly or acts indirectly to activate protein kinase A. Protein kinase A phosphorylates a
basolateral K channel, leading to closure of the channel, depolarization of the taste cell, voltage-
dependent Ca*" influx, and neurotransmitter release (Striem et al., 1991). The second mechanism
is a GPCR- Ga- gustducin /Gg,-IP3; pathway (Bernhardt et al., 1996). It is suggested that artificial
sweeteners can also bind and activate T1R heterodimers followed by activation of either the a

subunit of G-gustducin or by Gg, subunits.
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Figure 1. 2: Cellular mechanisms of signaling by taste sensing proteins.

Bitter, sweet and umami tastes are perceived by GPCRs on predominantly type II taste receptor
cells. Sweet taste signaling is mediated by a heterodimeric complex of TIR2 and T1R3.
Activation of sweet receptors (T1R2 + T1R3) via sweetener and sugars leads to activation of
multiple downstream effectors in a cell and tissue specific manner. These effectors include
phospholipase C isoform B, (PLCP;) and adenylyl cyclase (AC) the activation of which leads to
release of calcium (Ca*") and cyclic AMP (cAMP) generation. Activation of AC can inhibit
basolateral K™ channels through cAMP activated protein kinase A (PKA). Umami taste signaling
requires heterodimerization of TIR1 and T1R3. Upon binding of an agonist such as amino acids,
Gg, dissociates from the heterotrimeric G-protein complex to activate PLCf,. PLCJ, then
generates the second messengers inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). 1P
binds to type III IP; receptor (IP3R) to elicit release of Ca*" from intracellular stores and
subsequent activation of transient receptor potential melastatin 5 (TRPMS) channel, which results
in taste cell depolarization. Alternatively, Ga-gustducin activates phosphodiesterase (PDEs) to
decrease intracellular cAMP. Bitter taste sensation is mediated by binding of bitter ligands to
T2Rs, triggering downstream activation of PLCp,. PLCp; then causes IP3 production, activating
the IP;R on the endoplasmic reticulum to stimulate the release of Ca’". Calcium release from the
endoplasmic reticulum activates the TRPMS5 channel, which depolarizes the cell membrane.
Increased intracellular Ca>" also activates PDE that causes the reduction of intracellular cAMP
levels. Increase in intracellular Ca>* by activation of T2Rs has been shown to activate innate
immune responses such as generation of nitrous oxide (NO) and antimicrobial peptides (AMPs).
Salt taste sensation is mediated independent of Ca*" signaling. The amiloride-sensitive epithelial
sodium channel (ENaC) is suggested as the sensor for sodium taste. ENaC-mediated entry of Na"
drives the voltage-dependent ATP release via the CALHM1/3-channel to elicit the sodium taste
(Nomura et al., 2020). The fat taste sensation is modulated by GPCR 40/120 and cluster of
differentiation 36 (CD36) receptors. Activation of these receptors has been shown to be mediated
via increase in the intracellular Ca®" levels as well as the mitogen activated protein kinase
(MAPK) and the extracellular signal-regulated kinase (ERK) pathway (Subramaniam et al.,
2016). The schematic was drawn using the Adobe Illustrator software. Reproduced with

permission from Royal Society of Chemistry.



Activated Go-gustducin or released Gg, can activate phospholipase C-f2 (PLCB,) to
generate inositol-1,4,5-triphosphate (IP3) and diacyl glycerol (DAG); IP; and DAG elicit Ca*"
release from internal stores, leading to depolarization of the TRC and neurotransmitter release
(Bernhardt et al., 1996). These two pathways can coexist in same taste cells. Sweet-responsive
taste cells from the circumvallate papillae of rat had an influx of Ca*" in response to sucrose,
whereas the artificial sweeteners saccharin and SC45647 elevated Ca®" via release from internal
stores (Bernhardt et al., 1996). Stimulation of umami receptor heterodimer T1R1 + TIR3 by
stimuli activates Gg, that leads to activation of PLCf, (Wei He et al., 2004; Sue C Kinnamon,
2009). Ga-gustducin is related to Ga-transducin, which is also expressed in taste buds. Both a-
gustducin and a-transducin activate PDEs, which results in a decrease in intracellular cAMP
concentration. Furthermore, biochemical studies have shown that glutamate decreases cAMP
concentration in taste buds, and the response is potentiated by 5’-nucleotides (Abaffy et al.,
2003). Experiments performed on rat circumvallate taste buds suggest that cAMP modulates
umami signaling (Abaffy et al., 2003). Go; is abundantly expressed in taste buds, so it is
hypothesized that Go; may couple to TIR1/T1R3 in circumvallate and foliate taste buds
(Kusakabe et al., 1998; Eduardo Sainz, Margaret M. Cavenagh, et al., 2007).

The human genome encodes 25 T2Rs localized as clusters on chromosomes 5p15, 7q31,
and 12p13 (Conte et al., 2002; Shi et al., 2003). Our group has previously reported a diversity in
the sequence and the number of T2Rs between different species (Nisha Singh et al., 2011). The
canonical bitter signal transduction pathway starts with the binding of a bitter ligand to a T2R.
This induces a conformational change in the T2R resulting in the activation of its cognate
heterotrimeric G protein and signaling occurs as shown in Figure 1.2. In taste cells, the
functional heterotrimeric G protein is composed predominantly of Ga-gustducin (Gogust), GBs3

and Gy;3 subunits (Caicedo et al., 2003; Chandrashekar et al., 2000; Huang et al., 1999; Rossler
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et al., 2000). Recent studies have shown that T2Rs can couple to multiple heterotrimeric G
proteins in a tissue and cell specific manner (Donghwa Kim et al., 2017). The downstream effects
of T2R activation depend largely on the tastant binding to the receptor. Structure-function studies
on T2Rs have shown that while some T2Rs recognize a wide range of ligands, others like T2R38
are very specific and selective for ligands (Wolfgang Meyerhof et al., 2009).

It is now well-established through studies in our lab and others that, T2Rs are expressed in
tissues not directly related to the detection of tastants, which strongly suggests their role in the
monitoring of internal environments and in mitigating chronic diseases (Behrens et al., 2011;
Foster et al., 2014; Jaggupilli et al., 2017; S. J. Lee et al., 2019; Shaik et al., 2016). Amongst
others, T2Rs have been identified in ‘solitary’ chemosensory cells throughout the respiratory
system in the epithelium, as well as in the airway smooth muscle cells, where they are shown to
mediate airway reflexes and bronchodilation (Deepak A Deshpande et al., 2010; Finger et al.,

2003; Tizzano et al., 2011).

1.3. T2R classification
T2Rs were previously classified under frizzled receptor family, however, recent

classification by International Union of Basic and Clinical Pharmacology (IUPAC) has annotated
T2Rs as a separate class that is denoted by “T” (Pandy-Szekeres et al., 2018). According to
HUGO nomenclature the genes that code for T2Rs are denoted as TAS2R followed by the
number of the receptor (Braschi et al., 2019). T2Rs are known to recognize diverse and a wide
range of compounds. Similar to other GPCRs, the molecular structure of T2Rs consists of seven
transmembrane helices, 3 extracellular loops, 3 intracellular loops, short N-terminus and a C-
terminus. From an evolutionary standpoint, T2Rs have been hypothesized to have evolved as

sentinels to detect noxious substances in food (Behrens et al., 2021; Shi et al., 2003).



1.3.1. T2R G protein selectivity and signaling

Several studies have used co-expression systems where both T2R and the G proteins are
co-expressed to analyze receptor activation. The idea that bitter and sweet taste transduction
occurs via the GTP- binding proteins was first conceptualized in 1992 (S. C. Kinnamon et al.,
1992). Studies that followed have identified gustducin, as a unique G protein a-subunit expressed
primarily in TRCs, that is required for bitter taste signaling in vivo (Wong et al., 1996). In a
classic study, (Ueda et al., 2003) determined that the last 37 to 44 C-terminal amino acids of
gustducin were critical for T2R coupling by creating a series of chimeric G proteins from Gol6
(which couples many GPCRs to calcium signalling) that incorporated different lengths of
gustducin-specific C-terminal amino acid sequences. Resulting G16/gust44 and G16/gust37
chimeras effectively coupled T2Rs to calcium signaling, whereas chimeric G proteins with

shorter terminal segments did not. Replacing the terminal 44 amino acids of Ga16 with the

equivalent domains of Gat (transducin) and Gai also produced functional chimeras (Ueda et al.,
2003). Besides gustducin and its close cousin transducin, several members of the Gi/o family
have been demonstrated to functionally couple to T2Rs in vitro (Ozeck et al., 2004). Indeed,
studies have shown selectivity of different G proteins to mT2RS5, hT2R4, hT2R7, hT2R 14, and
hT2R43 and thus it is possible that binding of a ligand to a T2R can lead to biased downstream
signalling in different tissues. All these T2Rs were able to couple with Gat, Gai, Gao but not
with Gas, and Goq (E. Sainz et al., 2007). Finally, gustducin knockout mice have been shown to
recognize bitter compounds in various physiological and behavioural assays (W. He et al., 2002).
Therefore, the idea of T2R coupling to only Ga gustducin is questionable.

Analyzing T2R activation also depends on the intracellular calcium detection methods

employed (Freund et al., 2018; Jaggupilli et al., 2018). Two calcium-sensing dyes Fura-2 and



Fluo-4 are routinely used in T2R assays. Fura-2 is a ratiometric dye with an excitation ratio of
340/380 nm and emission around 500 nm. The Fluo-4 is a single wave calcium probe with
excitation maxima of 490 nm and emission at 520 nm. The emission intensity in the Fluo-4
system depends on the levels of calcium bound to the dye (i.e. higher calcium released by cell
leads to brighter signal intensity). Fura-2 is a high affinity calcium probe (K4: 140 nM) whereas
Fluo-4 is a low affinity calcium probe (Kg4: 345 nM). The Fura-2 dye would be useful in
accurately measuring resting calcium and minute calcium increases with a rapid saturation. In
contrast, Fluo-4 dye can measure higher calcium spikes with lower saturation. The Fura-2 dye is
used to measure global Ca*" levels as well as live single cell imaging that uses a fluorescent
microscope (Freund et al., 2018; I. Gopallawa et al., 2020). The Fura-2 dye coupled with
microfluorimetry is useful in analyzing calcium changes in individual cells or a group of cells.
On the other hand, Fluo-4 is mainly used in Fluorescent Imaging Plate Reader (FLIPR) based
assays. This approach has been mainly used in determining the efficacy of bitter agonists, inverse
agonists and antagonists or when screening novel bitter compounds (W. Meyerhof et al., 2010;
Pydi et al., 2015; Pydi, Sobotkiewicz, et al., 2014). Apart from measuring the transient
intracellular calcium mobilization several recent studies also measured the more stable and
upstream secondary messengers such as inositol phosphate (IP); and IP; along with calcium
assays (Itoigawa et al., 2019; Pydi, Sobotkiewicz, et al., 2014). Interestingly, IP; assay has shown
to be effective in measuring basal or constitutive activity of T2R4 mutants A9OF and K270A,
whereas the basal calcium levels in these mutant cells were comparable to that of wild type (WT)
cells (Pydi, Sobotkiewicz, et al., 2014). GPCRs are known to activate a multitude of downstream
signaling such as activation of GPCR kinases (GRKs) and B-arrestin recruitment (Wei et al.,
2003). The activation of GRK and B-arrestin signaling pathways lead to receptor desensitization

and downstream activation of mitogen-activated protein kinase (MAPK) pathways (DeWire et
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al., 2007). T2R activation can also lead to the recruitment of arrestin (Woo et al., 2019) and the

activation of MAPK (Ozeck et al., 2004).

1.4. CHALLENGES IN T2R MOLECULAR PHARMACOLOGY
Significant progress has been achieved over the past decade in characterizing the

molecular pharmacology of T2Rs. However, there remain significant challenges, some of them
are addressed in this section.
1.4.1. T2R ligand specificity

The experimental evidence from several studies reveals that T2Rs exhibit a substantial
degree of agonist non-specificity. The bitter agonists identified thus far are known to activate
multiple T2Rs and a single T2R is known to recognize several bitter molecules. For example, the
bitter compound denatonium benzoate is known to activate 4 T2Rs (T2R4, T2RS8, T2R10 and
T2R13), caffeine is known to activate 5 T2Rs (T2R7, T2R10, T2R14, T2R43 and T2R46),
chloroquine is known to activate 5 T2Rs (T2R3, T2R7, T2R10, T2R14, and T2R39) and the
widely used bitter compound quinine is known to activate 9 T2Rs (T2R4, T2R7, T2R10, T2R 14,
T2R39, T2R40, T2R43, T2R44 and T2R46) (W. Meyerhof et al., 2010; Pydi, Bhullar, et al.,
2012). Similar pattern of activation of multiple T2Rs are observed with QSMs and antibiotics.
Recent studies using heterologous cells revealed activation of T2R4, T2R14 and T2R20 by AHLs
and by broad-spectrum antibiotics such as tobramycin, levofloxacin and azithromycin (A.
Jaggupilli et al., 2019). In airway epithelial cells, the AHLs and quinolones are shown to activate
multiple T2Rs (T2R4, T2R10, T2R14, T2R16 and T2R38 (Freund et al., 2018; R. J. Lee et al.,
2012b). Such broad spectrum T2R agonist activity poses significant challenges in delineating
T2R specific physiological functions. In contrast, the lack of broad spectrum T2R blockers is a

major challenge.
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Over the past decade, T2R structure-function studies have identified bitter blockers,
antagonists and inverse agonists. For example, Na, No-bis (carboxymethyl)-L-Lysine (BCML),
y-aminobutyric acid (GABA) and peptides isolated from beef protein hydrolysates (ETSARHL
and AGDDAPRAVF) were effective in blocking quinine and PQS mediated calcium responses
with an ICsy concentration ranging from 50 nM to 150 uM respectively (Freund et al., 2018;
Pydi, Sobotkiewicz, et al., 2014; C. Zhang et al., 2018). The broadly expressed T2R 14 receptor is
blocked by plant flavonoids 4’-fluoro-6-methoxyflavonone, 6,3’-dimethoxyflavanone and 6-
methoxyflavanone (Hariri et al., 2017; Roland et al., 2014). However, the blocking ability of
these compounds has been characterized mostly in heterologous systems. In endogenous cell
systems and in-vivo studies the expression of other T2Rs might affect the ability of these bitter
blockers to effectively block the response generated by a single receptor.

Constitutive receptor activity and inverse agonism are very important concepts in
pharmacology and are of immense value in understanding receptor structure-function and
mechanisms, as well as guiding new drug discovery. In the T2R field only few studies have
addressed this topic. Structure-function studies on T2R4 identified the first constitutively active
mutant (CAM), S285A in TM7 that showed =3 fold agonist-independent activity over wild type
receptor (Pydi, Bhullar, et al., 2012). This was followed by the discovery of many CAMs in T2Rs
that has been extensively reviewed (Pydi, Bhullar, et al., 2014). The discovery of T2R4 CAMs
led to the characterization of the first inverse agonist, BCML for T2R4 (Pydi, Sobotkiewicz, et
al., 2014). An interesting study on the primate lemur identified the B-glucoside arbutin acted as
an agonist in the ring-tailed lemur but as an inverse agonist in black and black-and-white ruffed
lemurs (Itoigawa et al., 2019). This constitutive activity was attributed to a naturally occurring
mutation in TM7 of T2R16. This intriguing study opens the possibility of naturally occurring and

constitutively active T2Rs existing in humans. Though this would add another layer of
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complexity in T2R pharmacology. There is an urgent need for broad spectrum T2R blockers.
Until such blockers are available, the field must rely on blocking T2R downstream signalling
partners Gy, PLCg, IP3R or using specific T2R knockdown approaches, all of which are tedious
and cumbersome.
1.4.2. T2R expression and detection

Different methods have been employed to express T2Rs in heterologous systems. Earlier
studies used epitope tagged T2R constructs for expression in HEK293 cells that yielded low
plasma membrane expression (Adler et al., 2000; Chandrashekar et al., 2000). The chaperoning
of sensory receptors was identified as important for proper folding and targeting to the plasma
membrane (Baker et al., 1994; Dwyer et al., 1998). In fact, a recent study has demonstrated
T2R14 to be chaperoned to the plasma membrane by ,-AR (D. Kim et al., 2016). Interestingly, a
pharmacochaperone activity with the bitter agonist quinine was observed for T2R4, T2R7,
T2R10, T2R39 and T2R46 (J. D. Upadhyaya et al., 2016). Studies have shown T2R chimeric
protein sequences to be efficiently targeted to the plasma membrane. For example, rhodopsin-
T2R chimera with the first 39 amino acids of bovine rhodopsin added to the N-terminus allowed
mT2RS5, hT2R4, and mT2RS to be effectively targeted to the plasma membrane (Chandrashekar
et al., 2000). Later it was concluded that the rhodopsin N-terminus 33 amino acids are sufficient
to enhance expression of T2R4 by 2.5 fold (Pydi et al., 2013). Another common approach is to
tag the N-terminus of T2Rs with the first 45 amino acids of the rat somatostatin receptor 3
(SSTR3) to enable efficient cell membrane localization of T2Rs (Lossow et al., 2016). Hence the
use of T2R chimeras can be employed to achieve efficient cell surface expression without
substantially compromising the structural integrity and functionality of the receptors.

The characterization of endogenous T2R expression is mostly done at mRNA levels using

qPCR and RNA in-situ hybridization approaches (Chen et al., 2019; Taher et al., 2019). To date
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there are few studies that correlate mRNA and T2R protein expression in cell systems (1.
Gopallawa et al., 2020; Shaik et al., 2019; Singh et al., 2020; Tran et al., 2018). A limiting factor
is the availability of T2R antibodies that can target the extracellular epitopes. Such antibodies
shall be useful in determining the cell surface expression of T2Rs without permeabilizing cells.
Due to the lack of monoclonal and/or highly specific polyclonal antibodies most of the studies
rely on T2R blockers (antagonists or inverse agonists) and siRNA or CRISPR-Cas9 approaches
to confirm protein expression of T2Rs. Hence there is an urgent need to develop specific

antibodies to detect T2R conformations (active or inactive) and cell surface expression.

1.5. Taste modulatory peptides
Digestive enzymes as well as proteolytic microbial enzymes breakdown proteins within

the food into short oligopeptides often referred to as biopeptides or bioactive peptides. Bioactive
peptides are defined as protein fragments that generally have a positive impact on body functions
or conditions and may ultimately influence health (David et al., 2003). The physiological effect
of these biopeptides depends in a large part upon their ability to successfully reach the target site,
their amino acid composition, and their sequence. Upon binding to a suitable target these
biopeptides may regulate several activities including nutrient utilization and exert systemic
effects (Korhonen et al., 2003).

It has been long hypothesized that sweet, bitter, and umami tastes are the most important
among the five recognized basic taste sensations, for food acceptance or rejection. Humans, like
most animals, have a natural likeness for sweet-tasting molecules as an evolved mechanism for
accepting sugars, the body’s main source of energy. However, an innate aversion against bitter-
tasting molecules is said to be an evolved protective mechanism from noxious compounds

(Breslin, 2013; Wooding, 2005). Despite these contrasting responses, sweet and bitter molecules
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belong to very diverse chemical families. In many cases, a seemingly minor modification of the
ligand peptide can change a sweet tastant into a bitter one (Temussi, 2007; Verkade, 1968). The
same observation is also made in the case of chiral isomerism of peptides (Kirimura et al., 1969;
Mazur et al., 1969). A very classic example of this phenomenon is observed in the taste of
Aspartame, a non-caloric sweetener. L-Aspartyl-L-phenylalanyl methyl ester is sweet, but L-
Aspartyl-D-phenylalanyl methyl ester is not sweet, suggesting very precise steric requirements
for taste perception (Figure 1.3). Further, all possible chiral isomers of aspartame, i.e. D,L; L,D

and D,D, are actually bitter (Kirimura et al., 1969; Mazur et al., 1969).
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Figure 1. 3: Molecular models of the two chiral isomers of Aspartame.

While the L, L isomer is sweet, the D, L isomer, elicits a bitter taste rather than a sweet taste.
Structures drawn using the ChemDraw software. Reproduced with permission from the Royal

Society of Chemistry.
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Peptides Source Functions (taste Reference
modulations)
Pro-glutamyl dipeptides | Cocoa beans Umami taste enhancer (Salger et al.,
2019)

Doenjang water extract | Steamed Mask bitter taste of (Rhyu et al.,

(DWE) acidic peptide soyabean hydrolysed animal protein 2011)

Glu and Asp and enhance Umami taste

SSRNEQSR and Peanut Elicit umami taste (Suetal., 2012)

EGSEAPDGSSR hydrolysate

Glutamyl-dipeptides Commercial Sweetness suppressor (Shim et al.,

(Glu-Glu) and (Glu- umami peptides 2015)

Asp)

GF and GL Casein Activate T2R1, 4, 14 and 16 | (Kenji Machashi
hydrolysates et al., 2008)

GF, IF, FL and FFF Commercial bitter | Activate T2R1 (J. Upadhyaya et
peptides al., 2010)

FFPR Commercial bitter | Activate T2R8 and T2R39 (Ueno et al.,
peptide 2011)

ETSARHL Beef protein T2R4 blocker (Chunlei Zhang

AGDDAPRAVF hydrolysate et al., 2018)

v-glutamyl dipeptides
EIl, EL or EF

Dry-Cured hams

Bitterness suppressor

(Sforza et al.,
2006)

ED, EE, ES, DES, EGS

Soybean

Bitterness suppressor

(M. J. Kim et al.,
2015)

AGFAGDDAPR,
AGGATAAQLE,
ALGQNPTNAEINK,
ASNPYS-TVT,
FTQQIE, GDDAPR,
ILGNPSKEE, ITTNPY,
ITTNPYD,
KALQEAHQ- QTLDD,
KNLQEE, LEGSLE,
LELNQ, PIGNIN,
SMQSTLD, and
TDISQIQS

Hen protein
hydrolysate

Bitterness suppressor

(Q. Xuetal,,
2019)

APPPPAEVHEV

Porcine troponin
T derived peptide

Sour taste suppressor

(Okumura et al.,
2004)

Table 1. 1: Diverse taste modulatory peptides and their potential functions. Reproduced with
permission from the Royal Society of Chemistry.
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Our understanding of taste perception has advanced significantly since these findings from
the 1960s. Studies during the past decade have extensively explored both the agonists, the
receptors, as well as their interaction and are extensively reviewed (Jaggupilli et al., 2016; Pydi,
Bhullar, et al., 2014; Pydi, Upadhyaya, et al., 2012). Current interests for both the food and the
pharmaceutical industry lie in including those peptides that can improve taste and suppress
bitterness. In aqueous solution, proteins acquire a conformation with hydrophilic or polar groups
on their outer surface, and the hydrophobic groups packed inside. Enzymatic digestion of
proteins exposes the hydrophobic amino acid containing peptide moieties which give a sensation
of bitterness. This is because hydrophobicity has been hypothesized as a contributing factor
towards bitterness (Cho et al., 2004). Though not a sole factor, most bitter compounds
demonstrate higher hydrophobic amino acids as compared to sweet compounds. Reducing
hydrophobicity has in fact been suggested as a strategy for decreasing the bitter off-taste of
peptide sweeteners (Di Pizio et al., 2019). Ney in 1971, first proposed the Q-rule as a correlation
between the presence or absence of bitterness and the average hydrophobicity (Boudreau, 1979).
The assessment of compounds on the Q-rule however, has yielded conflicting results (Toelstede
et al., 2008). Studies on synthetic peptides have yielded important information on structural
requirements of peptides for bitterness. Matoba et al. (Matoba et al., 1970) hydrolysed casein and
identified three kinds of bitter peptides in a 0.1% solution. The primary structures of these
peptides were proposed to be G-P-F-P-V-I, F-F-V-A-P-F-P-E-V-F-G-V-K, and F-A-L-P-Q-Y-L-
K. Because F was common to these bitter peptides, it was predicted to be critical to the
perception of bitter taste. Further, it was identified that though L-F has a bitter taste, its bitterness
is increased significantly when acetyl and ethoxy groups block its amino and carboxyl groups,
respectively. This suggests that modification of phenylalanine by carboxyl groups may contribute

to the weakening of the bitterness of these peptides (Matoba et al., 1970).
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Glycine containing peptides, such as G-L, V-G, and G-F-G, were bitter (Kenji Maehashi
et al., 2008). However, other glycine peptides, such as G-G, G-A, and G-E, were not. The
bitterness of amino acids intensified when both amino and carboxyl groups were blocked than
when only one end was blocked (Matoba et al., 1972). Also, it was observed that the peptides
whose amino and carboxyl groups were blocked by acetylation and esterification were 10 times
more bitter than their corresponding unblocked peptides (Matoba et al., 1972). Ishibashi et al.
found that the linear side chain of norvaline and norleucine were more intense for bitterness than
the branched chain of their analogues (Ishibashi et al., 1988). A study that followed later
examined the bitterness of the peptide R-G-P-P-F-I-V (Ishibashi et al., 1988). The study showed
that the spatial structure of L-proline influenced bitterness significantly. The authors proposed
that the hydrophobic imino ring of proline functioned as a binding unit for a putative T2R, and
that the adjacent guanidino group in the arginine residue played a role as the stimulating unit.
Also, bitter taste was apparent only when both the binding and the stimulating unit coexisted
(Ishibashi et al., 1988). The perception of bitter taste was shown to depend on the presence and
the distance between these two units. The size of the pocket in a putative T2R was proposed to be
15A and a distance of 4.1A between the binding and stimulating units was estimated to be ideal
(Ishibashi et al., 1988). It was hypothesized that T2Rs detect the hydrophobicity of the peptide
through the recognition zone in the wall of the pocket (Ishibashi et al., 1988).

Binding of a bitter ligand to the extracellular or transmembrane domains of a T2R
mediates conformational change in the receptor to bring about the downstream signaling cascade.
One of the earliest reports using heterologously expressed T2Rs showed that the human T2Rs are
activated by the bitter tasting extracts of the milk protein, casein (Kenji Machashi et al., 2008) .
In that study, two synthetic bitter di-peptides, G-F and G-L, were shown to activate the bitter

receptor T2R1. Following this report, a study in our lab identified several other bitter peptides as
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well as characterized their interaction sites (J. Upadhyaya et al., 2010). One of the earlier studies
suggested that the mouse T2RS5 and rat T2R9 respond to cycloheximide (Chandrashekar et al.,
2000). B-glucopyranosides (salicin and related compounds) can bind and activate T2R16
(Eduardo Sainz, Margaret M Cavenagh, et al., 2007). Thujone and picrotoxinin can activate
T2R14 (Behrens et al., 2004). T2R43 and T2R47 are activated by 6-nitrosaccharin, aristolochic
acid, and denatonium (Pronin et al., 2004). T2R43 and T2R44 also respond to the bitterness of
saccharin (Kuhn et al., 2004). Bitter perception is complex, and further studies are needed to
understand the functional details to target them in designing better masking agents.

1.5.1. Peptides as bitter blockers

Functional foods and peptides are an important category in the nutraceutical industry and
are valued at approximately 75 billion annually. Bioactive peptides have been shown to exert
various effects such as antihypertensive, antimicrobial, antithrombotic, immunomodulatory,
opioid, antioxidant, and mineral binding functions (Chakrabarti et al., 2014; Sanchez et al., 2017;
Soory, 2012). The effect exerted by these biopeptides depends largely on the sequence of amino
acids (J. Wu et al., 2007). The structure and functional relationship of taste modulating bioactive
peptides are not well established.

Peptides can elicit both bitter and sweet taste for example, Aspartame is intensely sweet
but the aftertaste is bitter (Mazur et al., 1969). Several oligopeptides isolated from fish protein
hydrolysate have a flavour resembling that of MSG (Noguchi et al., 1975). It is the bitter taste of
peptides that is of most concern to the food industry. Bitter peptides are naturally produced
during food processing and are an important concern for food palatability. Hydrolysates of soy
(Cho et al., 2004) and cheese (Karametsi et al., 2014) proteins are perceived as bitter. Casein is
known to produce the most bitter hydrolysates which is attributable to peptides formed as it

matures during cheese formation. Casein hydrolysates have been shown to elicit aversive
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responses in several animals and have been widely investigated (K. Maehashi et al., 2009). Using
heterologous expression system it was shown that several casein peptides were able to activate
T2R1, T2R4, T2R14, and T2R16 (Kenji Machashi et al., 2008). Among these, T2R1 was most
strongly activated by bitter di-peptides G-F and G-L, and none of the receptors were activated by
the non-bitter dipeptide G-G (Kenji Maehashi et al., 2008). Studies on soy peptides identified that
the bitter tasting peptides carried a leucine at the C-terminus, which when degraded by
carboxypeptidases markedly reduced bitterness (Arai et al., 1970). There is increasing interest in
identifying biologically derived peptides that can specifically mask the bitter taste.

Structure-function studies that followed observed that peptide bitterness was most
apparent when the hydrophobic amino-acids are located at the C-terminal (H. O. Kim et al., 2006;
Tamura et al., 1990; J. Wu et al., 2006). For tri-peptides, amino acids located in the middle are
considered more important for bitterness than the N- and C-terminal amino acids (J. Wu et al.,
2007). It was shown that both di- and tri- peptides were able to activate T2R1 (J. Upadhyaya et
al., 2010). Nucleotides such as cytosine monophosphate and 2-deoxyadenosine triphosphate were
demonstrated to cause a 40% and 60% reduction in bitterness of a 10 mM quinine solution,
respectively (Ley, 2008). Yet, another study showed that the amino acid tryptophan could
function as a T2R4 agonist (Kohl et al., 2013). Thus, the role of peptides in T2R mediated
responses in still incomplete and needs further investigation.

Structure-function studies identified that seven amino acids located in the extracellular
side of TM3, TM4, extracellular loop 2 (ECL2), and ECL3 were involved in the binding of T2R4
to its agonist quinine (Pydi, Sobotkiewicz, et al., 2014). This study identified that residues N173
and T174 in ECL2 are essential for quinine binding (Pydi, Sobotkiewicz, et al., 2014). y-
aminobutryic acid (GABA) and Na,Na-bis(carboxymethyl)-L-lysine (BCML) were identified as

competitive inhibitors of quinine-activated T2R4 with an ICsp of 3.2 + 0.3 uM and 59 £ 18 nM,
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respectively (Pydi, Sobotkiewicz, et al., 2014). BCML is a derivative of the advanced glycation
end product (AGE) called carboxymethyl-lysine (CML). CML inhibits quinine-activated T2R4
with an ICsp 0 32.62 £ 9.5 uM (C.-H. Wu et al., 2011). As discussed previously, umami tasting
peptides have shown promise in masking the bitter taste. Umami peptides can suppress T2R16 by
non-competitive inhibition (M. J. Kim et al., 2014). Deamidation of peptides by specific
enzymes, has been shown to increase umami-taste and thus decrease bitterness (B. Y. Liu et al.,
2017; C. Zhang et al., 2019).

Peptides isolated from beef protein hydrolysates led to reduced bitterness intensity of
quinine (Chunlei Zhang et al., 2018). The most effective suppression of calcium mobilization was
observed for the peptides AGDDAPRAVF and ETSARHL. In contrast to the observation with
soy peptides, hydrophobic leucine-containing peptides had similar or even lower ability to release
calcium than peptides that did not contain leucine (Chunlei Zhang et al., 2018). The results of this
study suggested that short peptide lengths or the presence of multiple serine residues may not be
effective in blocking T2Rs (Chunlei Zhang et al., 2018).

AGE:s have been shown to elicit several beneficial health effects and are also recognized
for generating a unique aroma and taste for processed foods. Glycation of beef protein alcalase
hydrolysates (BPAH) and beef protein chymotrypsin hydrolysates (BPCH) led to up to 38%
reduction in bitterness intensity of quinine (C. Zhang et al., 2019). Glycation is a non-enzymatic
reaction between the carbonyl group of a reducing sugar and an amino group of a protein, also
termed as the Maillard reaction. Treatment of HEK293T cells stably expressing the T2R4
receptor by glycated BPAH and glycated BPCH significantly attenuated the intracellular calcium
as compared to non-glycated controls and quinine (C. Zhang et al., 2019). Casein peptide derived
AGE:s exhibited decreased bitterness intensity as compared to the unmodified casein peptide

alone (Dong et al., 2011). Further, glycation of soy protein hydrolysates exhibited caramel-like
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odor and a much weaker bitter taste (P. Liu et al., 2012). Recent studies have shown two AGEs, a
glyoxal-derived lysine dimer (GOLD) and CML, activated T2R20 and inhibited T2R4
(Appalaraju Jaggupilli et al., 2019). The mechanism of action of AGEs is unclear, however, it is
proposed that the higher charged state of the glycated peptides could reduce ligand-receptor
interactions, hence the weak intracellular calcium response (Appalaraju Jaggupilli et al., 2019).
A recent study has shown peptides obtained from hen proteins hydrolysates were effective
blockers for T2Rs (Q. Xu et al., 2019). The most effective responses were observed for peptides
with the least bitterness quotient as measured using electronic tongue. These peptides exhibited
lowest hydrophobic amino acids and effectively inhibited calcium mobilization induced by
quinine or diphenhydramine in HEK293T cells expressing human T2R4, T2R7, or T2R14
receptors (Q. Xu et al., 2019). These recent findings are exciting, as these biologically derived
peptides can inhibit several T2Rs and mask the bitter taste. Further studies are needed, especially
to analyze the effect of these peptides on the remaining T2Rs. Such future studies combined with
a better understanding of the structural features of these peptides, that can block several receptors

simultaneously, will allow to devise better masking strategies.
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1.6. Extraoral expression of T2Rs
Studies in recent years have highlighted the expression of T2Rs in several extraoral

tissues including, gut, brain, cancer cells and endometrium, which are briefly reviewed in this
section. For a more comprehensive discussion on extraoral roles of T2Rs, readers are referred to
an earlier review (Shaik et al., 2016).
1.6.1. T2Rs in brain, gut, and cancers

The first study to suggest expression of TAS2Rs in brain cells was pursued in rats (N.
Singh et al., 2011). This study showed by RT-PCR and immunohistochemistry analysis that
TAS2R4, TAS2R107 and TAS2R38 were expressed in rat brain stem, cerebellum, cortex and
nucleus accumbens (N. Singh et al., 2011). After this study, there were reports of TAS2R
expression in brain tissues of both, animal models and humans, but the functional role of these
T2Rs in these tissues remain to be understood and characterized. The human fundic primary cells
were shown to express T2R10 and its activation was shown to influence ghrelin secretion (Wang
etal., 2019), TAS2RS5 and TAS2R38 was detected in human duodenal sections and
enteroendocrine cells (EEC) responsible for secreting anoxigenic peptides such cholecystokinin
(CCK), glucagon-like peptide 1 (GLP-1) and peptide YY (PYY) (Latorre et al., 2016; Park et al.,
2015). Studies have shown increased secretion of GLP-1 and PYY hormones in NCI-H716 cells
upon treatment with T2RS agonist 1,10-phenantroline (Park et al., 2015). The GLP-1 and PPY
secretion was decreased upon down regulation of a-gustducin and multiple T2Rs (K. S. Kim et
al., 2014). TAS2R3, TAS2R4 and TAS2R10 along with their downstream signal transducing
partners are expressed in the human gastric smooth muscle cells (Avau et al., 2015). The
presence of T2Rs in the brain and gut suggests their involvement in neuroendocrine systems; gut-
brain feedback systems and the regulation of energy homeostasis. Recently, a study has shown

that intra-gastric administration of quinine resulted in enhanced brain activity in the

24



hypothalamus and the hedonic regions (Iven et al., 2019). In contrast, decreased plasma levels of
octanoylated ghrelin, total ghrelin and motilin hormones were observed in subjects treated with
quinine versus placebo leading to decreased hedonic food intake (Iven et al., 2019). Several
questions have been raised about the role of T2Rs in obesity and fat tissue differentiation. T2R38
was shown to be expressed in human adipocytes and was found to be highly expressed in obese
subjects as compared to the lean subjects (Cancello et al., 2020). The same study also showed
T2R38 to be responsible for adipocyte differentiation and delipidation (Cancello et al., 2020).
Recent studies suggest the expression of T2Rs in many cancers including breast,
pancreatic, neuroblastoma, prostate and ovarian cancers (M. M. Gaida, C. Mayer, et al., 2016;
Martin et al., 2019; Seo et al., 2017; Singh et al., 2020). However, the pathophysiological role of
T2Rs in these cancers is varied and not fully understood. The tissue biopsies from pancreatic
ductal adenocarcinoma patients and membrane preparations from Su8686 and HuH7 cell lines
revealed co-localization of T2R38 with a lipid droplet marker perlin (M. M. Gaida, C. Mayer, et
al., 2016). In another study, T2R8 and T2R10 were shown to suppress cancer stem cell markers
such as DLK1, CD133, NOTCHI1, and Sox2 and neuroblastoma cell migration (Seo et al., 2017).
T2R4 and T2R14 are differentially expressed in breast cancer tissues and their activation induced
anti-proliferative and anti-migratory responses in highly metastatic breast cancer cells (Singh et
al., 2020). In ovarian and prostate cancer cell lines, T2R14 specific responses were shown to
induce pro-apoptotic proteins Bcl-XL and caspase-3 leading to apoptosis as measured by
increased annexin V on cell membranes (Martin et al., 2019). The expression of 9 TAS2Rs genes

was observed in post-meiotic spermatids of mouse testis (J. Xu et al., 2013).

25



1.7. T2R HOST-MICROBE INTERACTIONS

The sections that follow will discuss the role of T2Rs in sensing various bacterial
quorum systems and the associated molecular pharmacology
1.7.1. Bacterial QSMs as a new class of ligands for T2Rs

Bacteria secrete QSMs during colonization. Once colonized these bacteria are very
difficult to eradicate and result in episodic exacerbations and eventual system failures. The QSMs
as the name suggests, are important for the bacteria to sense their numbers (hence, quorum) and
then signal each other to mediate relevant responses.

Both Gram-negative and Gram-positive bacteria employ quorum sensing (QS) for
communication, but they use different molecules. Gram-negative bacteria such as Pseudomonas
aeruginosa secrete three molecules: N-acyl homoserine lactone (AHL) molecules (autoinducer-1,
Al-1) forming its main QS signal, followed by Autoinducer-2 (4,5-dihydroxy-2,3-pentanedoine
(DPD) and 2-heptyl-3-hydroxy-4-quinolone (PQS) (J. Lee et al., 2015; H. Li et al., 2015). In
contrast, Gram-positive bacteria use modified oligopeptides (autoinducer peptides, AIP) (Taga et
al., 2003). These peptides possess a large structural diversity and frequently undergo post-
translational modifications (Sturme et al., 2002). Both Gram-positive and Gram-negative bacteria
can produce and detect a third type of QSMs known as AI-2. These are boron-furan-derived
signal molecules (Z. Li et al., 2012). Besides these 3 main groups, there is also a fourth group of
miscellaneous QSMs (Barber et al., 1997, Flavier et al., 1997; Holden et al., 1999). In host-
microbe interactions, these mechanisms become relevant when bacteria infect and colonize the
host, thus understanding the effects the QSMs have is paramount.

It is well understood that eukaryotic host and colonizing prokaryotes have co-evolved
(Lyte et al., 1993). For example, Enterohaemorrhagic E. coli (EHEC) is able to modify its
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motility and virulence expression as per the host’s adrenaline and noradrenaline concentration
(Pacheco et al., 2009). The neurotransmitter y-aminobutyric acid (GABA) produced by various
Lactobacilli plays an important role in mammalian brains (Barrett et al., 2012). Thus, it is no
longer surprising that their communication systems evolved as well (Gonzélez et al., 2013; E. K.
Shiner et al., 2005). In a major finding, it was reported that nasal solitary chemosensory cells
(SCCs) expressed T2Rs and responded to AHLs produced by bacteria (Tizzano et al., 2010)
establishing QSMs as a new class of ligands for T2Rs.
1.7.2. AHLs

These are the most common class of autoinducers and structurally, possess a homoserine
lactone (HSL) moiety, acyl side chains with 4—18 carbons that determine the structure diversity
and a substitution primarily belonging to one of the three: (a) simple acyl, (b) 3-hydroxyacyl, and
(c) 3-oxoacyl groups. Though, there are several subtypes of AHLs, most of the available studies
so far have focused on C-12 AHL. Indeed, it is a key and a very well-studied molecule in the
biofilm formation and regulation of virulence in P. aeruginosa. AHLs are also now recognized
to be important for inter-species communication between bacteria (Bhargava et al., 2012), which
highlights their importance in the development of multi-species chronic infections. The first clue
that AHLs could play a role as signaling molecules in inter-kingdom communication was N-(3-
oxododecanoyl)-L-homoserine lactone (3-0x0-C12-HSL or C12-AHL) secreted by P. aeruginosa
(Telford et al., 1998). Given the high hydrophobicity of C12-AHL it was hypothesized that it
could diffuse freely through lipid membranes and mediate responses in the host (Barrett et al.,
2012; Barth et al., 2012).

Studies in the recent past have also shown the effects of C12-AHL on respiratory

epithelial cells, such as enhanced ciliary movement and nitric oxide production (R. J. Lee et al.,

2012b), indicating that C12-AHL induces activation of defense-related functions in these cells.
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Cystic fibrosis (CF) is a life-threatening genetic disease characterized by pulmonary
exacerbations mainly due to infections with P. aeruginosa. The concentrations of C12-AHL in
CF sputum are believed to be in the nanomolar range (E. Shiner et al., 2006) but reach 5 uM in P.
aeruginosa culture supernatants and may be greater than 100 uM in regions adjacent to biofilms
(Kravchenko et al., 2008; Kravchenko et al., 2006). An interesting study suggested that C12-
AHL stimulates CFTR-dependent Cl and fluid secretion in an intact CFTR expressing, CalLu3
airway epithelial cells by activating the inositol trisphosphate receptor and store-operated cAMP
production (Schwarzer et al., 2010). C12-AHL treatment of myeloid or non-myeloid cells
resulted in the morphological alteration of mitochondria and especially endoplasmic reticulum
(ER) (Kravchenko et al., 2006). Further the study also showed that the N- (3-oxo0-acyl)
homoserine lactone ring moeity in AHLSs is required for the induction of phosphorylated
mitogen-activated protein kinase p38, and that of eukaryotic translation initiation factor 2a
(elF2a) (Kravchenko et al., 2006). Canonical host recognition molecules such as MyD88, TRIF,
TLR2, TLR4, Nod1, and Nod2 were also found to be dispensable for the C12-AHL mediated
signaling and it was hypothesized that C12-AHL could in fact function as a pathogen-associated

molecular pattern (Kravchenko et al., 2006).

1.7.3. AHLs interaction with T2Rs

Recent studies have shown expression of T2R38 on peripheral blood leukocytes,
monocytes and neutrophils as well as monocytic cell lines (Matthias Martin Gaida et al., 2016;
Maurer et al., 2015). T2R38 has been found to associate with IQGAP1, a scaffolding protein,
which participates critically in the rearrangement of the cytoskeleton and in regulating cell
morphogenesis (Matthias Martin Gaida et al., 2016). Among others, it is a key regulator of

chemotaxis. C12-AHL has been found to induce chemotaxis (Karlsson et al., 2012) and thus, it is
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hypothesized that C12-AHL may cause chemotaxis via the T2R38-IQGAP pathway. There is a
correlation between T2R38 receptor allotypes and susceptibility to airway infections (R. J. Lee et
al., 2012b; A. S. Shah et al., 2009; Tizzano et al., 2010). T2R38 has been shown to respond to at
least two other AHLs produced by P. aeruginosa: N-butyryl-L-homoserine lactone and N-
hexanoyl-L-homoserine lactone (R. J. Lee et al., 2012b).

Though the T2R-AHL relationship is being explored, the mechanism is poorly
understood. For example, in heterologous systems T2R38 is not activated by AHLs (Lossow et
al., 2016). However, co-immunoprecipitation, immunofluorescence and antibody blocking has
shown C12-AHL interaction with T2R38 on myeloid cells (Matthias Martin Gaida et al., 2016;
Maurer et al., 2015). In another study, it was suggested that the solvent (DMSO) for these AHLs
caused activation of T2R38 (Verbeurgt et al., 2017). An extensive structure-function study was
conducted to analyze the interaction between several T2Rs and AHLs (Jaggupilli et al., 2018).
This study identified that C4-AHL could activate T2R14 while C8-AHL and C12-AHL activated
T2R4, T2R14, and T2R20. Taken together, these results suggest that AHLs can bind to T2Rs and

participate in local host defense.

1.7.4. Pharmacological characterization of AHL-T2R interactions

The binding sites of the QSMs in T2R4, T2R14 and T2R20 were recently characterized
(Jaggupilli et al., 2018). In addition, the analysis of bitter sensory profile of C4-AHL, C8-AHL,
3-0x0-C12-AHL and T2R agonists quinine, caffeine, dextromethorphan (DXM),
diphenhydramine (DPH), cromolyn using E-tongue (Alpha MOS) suggest that the bitterness
score of the above AHLs (~10) was slightly higher compared to quinine (8.45). These E-tongue

experiments provide the first sensory insights into the bitter intensity profiles of bacterial AHLs.
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Future studies involving human taste panels are warranted to analyze the sensory properties of
AHLs and to support the notion that humans can taste bacterial biofilms.

The QSM mediated T2R activation was functionally characterized using HEK293T cells
stably expressing T2R1, T2R4, T2R14 and T2R20 (Jaggupilli et al., 2018; Jaggupilli et al.,
2017). The (Ca®"); assays in HEK293T cells showed no activation of T2R1 by any of the AHLs
tested. However, T2R4 was activated by 50 uM C8-AHL and 100 uM C12-AHL, while T2R14
was activated by C4-AHL, C8-AHL and C12-AHL. Finally, T2R20 was activated by C8-AHL
and C12-AHL. Moreover, C8-AHL and C12-AHL were able to activate T2R4 and T2R14 in a
concentration dependent manner. Surprisingly, the AHLs were able to activate T2Rs in the lower
micromolar ranges with higher potencies than conventional bitter taste receptor agonists. The
maximum effect (Emax) caused by AHLs in terms of intracellular calcium mobilization is much
lower than that of conventional bitter agonists (7able 2.1). Unfortunately, some of these AHLs
could not be used at a concentration higher than 200 uM to reduce any unwanted cross effect
caused by the solvent DMSO. Hence direct comparison between AHLs and bitter agonists
remains elusive. Nevertheless, these results establish AHLs as new class of agonists in the T2R

family.
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QSMs and bacterial
metabolites (Conc)*

Heterologous system
(HEK293T cells)

Primary or
immortalized cells

References

(3.15-200 puM)

C4-AHL (50 uM) T2R14
ECs5oND
Emax ND

C8-AHL T2R4

ECSO 30.13+12 IVLM,
Emax 37.81 £ 5.0 RFU
T2R14

ECSO 19.65 £ 10 HM,
Emax 20.33 + 3.8 RFU

CI2-AHL
(3.15-200 puM)

T2R4

ECs040.9 + 13 pM,
Emax 26.89 + 3.2 RFU
T2R14

ECs0 69.54 + 40 pM,
Emax 29.59 + 5.1 RFU
T2R20

ECSO 583112 IVLM,
Emax 24.31 + 4.1 RFU

(Jaggupilli et al., 2018)

(Jaggupilli et al., 2018)

(Jaggupilli et al., 2018)

PQS (100 pM)

T2R4, T2R16, T2R38,
T2R39

Airway epithelial cells
and macrophages

(Freund et al., 2018; 1.
Gopallawa et al., 2020)

ECsoND
Emax ND
HHQ (100 uM) T2R14 Airway epithelial cells | (Freund et al., 2018; 1.
ECsoND and macrophages Gopallawa et al., 2020)
Emax ND
Acetone * T2R38 (Verbeurgt et al., 2017)
(3.5-185 mM) ECs5,60 mM
2-Butanone T2R38 (Verbeurgt et al., 2017)
(0.3-80 mM) ECs511 mM
2-Pentanone T2R38 (Verbeurgt et al., 2017)
(0.1-20 mM) ECs504 mM
2-Methylpropanal T2R38 (Verbeurgt et al., 2017)
(0.39-25 mM) ECs011 mM
y-Butyrolactone T2R38 (Verbeurgt et al., 2017)
(1-100 mM) ECs 12 mM
Dimethylsulfoxide* T2R38 (Verbeurgt et al., 2017)
(0.25-3 mM) ECs53 mM
Methylmercaptan* T2R38 (Verbeurgt et al., 2017)
(0.36-10 mM) ECs08 mM

* Solvents used to solubilize the QSMs.

ND-not determined

Table 2. 1: Pharmacological characterization of QSMs and bacterial metabolites activating T2Rs
in heterologous and endogenous cell systems. Reproduced with permission from the Handbook

of Experimental Pharmacology; License number- 5015650539319
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1.7.5. T2R amino acid residues interacting with QSMs

Since there is no crystal structure available for any of the T2Rs, thus far structure-function
studies have utilized site directed mutagenesis and computational based approaches (Jaggupilli et
al., 2016). To understand the nature of interaction between AHLs and T2Rs, the binding sites of
C8-AHL and C12-AHL in several T2Rs was characterized (Jaggupilli et al., 2018). The validated
homology models of T2R4, T2R14 and T2R20 were docked with C8-AHL and C12-AHL using
Libdock algorithm. The analysis of different ligand binding poses revealed several amino acids
on extracellular side in T2Rs to be within 4A distance of the AHLs (Figure 1.4). The amino
acids identified to be interacting with homoserine lactone group in AHLs include N165, T166,
K262 in T2R4; R160, K163, T182 in T2R14; and H65, W88, W164, Q265 in T2R20. The
homoserine lactone group in AHLs were shown to interact predominantly with extracellular
residues in T2Rs (Figure 1.4). Both C8-AHL and C12-AHL activated the three T2Rs (T2R4,
T2R14 and T2R20) with different intrinsic efficacies. This is due to the orientation of AHL
molecules within the ligand-binding site. Within the AHLs, it was suggested that the homoserine
lactone group is essential in binding to the extracellular orthosteric site in T2Rs and the acyl
chain is shown to interact with hydrophobic amino acid residues located in the TM regions of
T2Rs. In T2R4, the acyl chain of C12-AHL is extended towards TM3-TM?7, while in T2R14 and
T2R20, the acyl chains were located deep within the TM core. The orientation of acyl chains of
C8-AHL is observed to be opposite in the TM core of T2R4 and T2R14. These observations
suggested that hydrophobic amino acids in the TM regions of T2Rs might play an important role
in stabilizing AHL binding to receptor and/or facilitate T2R activation. In the absence of an
actual ligand binding assay that measures Kd (ligand affinity) it is currently not possible to

differentiate between T2R amino acids important for ligand binding and/or T2R activation.
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However, the above study reinforced the significance of amino acids in extracellular loop 2 in

T2R ligand binding and activation.
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Figure 1. 4: The binding site of 3-ox0-C12-AHL in T2R4 and T2R14 based on site-directed
mutagenesis and molecular modeling analysis (Jaggupilli et al., 2018).

(A) Superimposed molecular models of T2R4 (Green) and T2R14 (Cyan) docked with the 3-oxo-
C12-AHL (blue in T2R4 and red in T2R14). (B) Top view of the ligand binding pocket showing

the arrangement of the cylindrical seven transmembrane (TM 1-7) helices, extracellular loop 2
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(ECL2) and the 3-0x0-C12-AHL (blue in T2R4 and red in T2R14). (C-D) Amino acids
interacting with 3-0x0-C12-AHL in T2R4 and T2R 14 respectively (Medapati, Bhagirath, et al.,
2021). Reproduced with permission from the Handbook of Experimental Pharmacology; License

number- 5015650539319.

1.7.6. Quinolones interaction with T2Rs

The second class of molecules for QS in P. aeruginosa is 4-hydroxy-2-alkylquinolines
(HAQs). HAQs include derivatives of 4-hydroxy-2-heptylquinoline (HHQ) and the
dihydroxylated derivatives, such as 2-heptyl-3, 4-dihydroxyquinoline (PQS, pseudomonas
quinolone signal) and 2-nonyl-4(1H)-quinolone (NHQ) (Heeb et al., 2011). HHQ is synthesized
from anthranilic acid and PQS is synthesized by hydroxylation of HHQ. Both HHQ and PQS act
as co-inducing ligands for the transcriptional regulator controlling genes encoding for HAQs
(Bredenbruch et al., 2005; Diggle et al., 2006; Lepine et al., 2004; Wade et al., 2005). The
sensory profiles of these QSs are yet to be characterized by human taste panels. Though, bitter
sensory profiles analyzed by emerging technologies such as the E-tongue suggest HHQ and NHQ
with higher bitterness scores (>10) than AHLs, quinine or caffeine (Jaggupilli et al., 2018).

In chronic infections such as in CF, the environment over time becomes hypoxic, or
oxygen deficient (Montgomery et al., 2017). Under anaerobic conditions, PQS is not produced
due to the absence of oxygen. HHQ is the predominant signaling molecule under chronic hypoxic
environments and PQS during early infections (Schertzer et al., 2010). Studies on both HHQ and
PQS have shown that they can strongly suppress innate immune responses in vitro and ex vivo,
mediated by the NF-kB signaling pathway (K. Kim et al., 2010). A recent study also showed that
PQS stimulates neutrophil chemotaxis via activation of the p38 MAP kinase possibly employing
the same pathway as C-12 AHL (Hansch et al., 2014) (Figure 1.5 and 1.6). A recent study has

shown that PQS activated T2R4, T2R16, and T2R38, whereas HHQ activated only T2R14
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(Freund et al., 2018). PQS and HHQ also increased calcium responses but decreased both
baseline and stimulated cAMP levels in cultured and primary airway cells (Freund et al., 2018).
Further activation of T2Rs also increased nitric oxide generation, a robust innate immune

response against P. aeruginosa, suggesting a role in innate immune responses (Freund et al.,

2018).
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Figure 1. 5: Schematic of bacterial QSM mediated activation of canonical T2R signaling
pathways.

P. aeruginosa secreted QSMs (AHLs, quinolones, and Al-2), S. aureus Gram-positive bacterial
peptides (AIPs) and bitter agonists activate GBy-PLCB-IP3 pathway leading to intracellular
calcium mobilization. The intracellular calcium mobilization leads to regulation of downstream

signaling elements including activation of PKA, PKG pathways and secretion of antimicrobial
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peptides (AMP) and NO, which facilitate bacterial killing. The AHLs are also shown to enter the
cells and activate PPAR (yB9) receptors expressed on nuclear membrane. The PPAR receptors
then activate NF-kB signaling pathway and several transcriptional factors leading to secretion of
pro-inflammatory cytokines (Medapati, Bhagirath, et al., 2021). Reproduced with permission
from the Handbook of Experimental Pharmacology; License number- 5015650539319.
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Figure 1. 6: Chemical structures of AHLs, AI-2, Quinolones and AIPs.

The structures are drawn using ChemDraw software (Medapati, Bhagirath, et al., 2021).
Reproduced with permission from the Handbook of Experimental Pharmacology; License

number- 5015650539319.

1.7.7. Autoinducer peptides (AIP) interaction with T2Rs

The AIPs are oligopeptide QSMs used mainly by Gram-positive bacteria. These peptides
are typically 2-20 amino acids long often with side chain modifications (Lazazzera et al., 1998).
Classically, these peptides are synthesized as precursor peptides by the ribosomes and undergo
posttranslational modification to form an active (leader) peptide. The secretion of the active
peptide is usually facilitated by a membrane associated ATP-binding cassette (ABC) transporter
(Kleerebezem et al., 1997). When the concentration of the AIP in the external environment
reaches a threshold, the peptide binds to a membrane sensor. The activated sensor kinase
phosphorylates the intracellular response regulator. The response regulator influences the
transcription of downstream target genes to mediate a feedback loop (Verbeke et al., 2017). In
contrast to the previous two categories (AHLs and Quinolones) AIPs cannot pass through the
membrane easily and require dedicated transporters or receptors (Kleerebezem et al., 1997). AIPs
are known to be involved in playing two important roles: one, to induce the production of class II
antimicrobial peptides (bacteriocins) as seen in Lactobacillus platarum (Milioni et al., 2015) and
second, providing genetic competence as seen in Streptococcus pneumoniae (Salvadori et al.,
2019). These are mostly linear peptides and are characterized by the double-glycine leader
peptide. Autoinducing peptides from Escherichia coli and Staphylococcus aureus contain a cyclic
thiolactone structure (Thoendel et al., 2011). In Bacillus subtilis, the 10 amino acid AIP is

actually processed form a 55 amino acid precursor peptide and then modified at a tryptophan
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residue possibly by an isoprenoid group (Schneider et al., 2002). Crosstalk by AIPs is an
important factor in shaping the microbial ecosystems (Miller et al., 2018).

The 17 amino acid AIP is referred to as the competence stimulating peptide (CSP) in S.
pneumoniae (Havarstein et al., 1995). A structure-activity analysis identified that the N-terminus
region of the CSP and the hydrophobic residues at the central region of the peptides were most
important for its recognition and activity (Yang et al., 2017). CSPs are now identified in various
other streptococcal species including S. gordonii, S. intermedius, and S. mutans (Cvitkovitch,
2001). S. mutans is a key organism in causing dental caries. It secretes a 21 amino acid
competence stimulating peptide (CSP-1) to mediate biofilm formation and bacteriocin production
(Hossain et al., 2012a). Interestingly, AIP derived from S. aureus (Ard D1 thiolactone) and S.
pneumoniae CSP-1 (EMRLSKFFRDFILQRKK) did not activate T2R38 (Verbeurgt et al., 2017).
The ability of CSPs from different streptococci to activate T2Rs remains to be investigated. Apart
from AIPs, D-amino acids secreted by several gram negative and positive bacteria (Brandenburg
et al., 2013; Lam et al., 2009; Sarkar et al., 2015) are known to activate T1Rs in upper airways

(Robert J. Lee et al., 2017). However, their interaction with T2Rs is not characterized so far.
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1.8. T2Rs IN INNATE IMMUNITY

The expression of T2Rs in extraoral tissues and interaction with bacterial QSMs suggests
that T2Rs are involved in mediating some aspects of innate immunity, which are discussed
below.
1.8.1. Role of T2R38 genetics in innate immunity

T2R38 expressed in primary human sinonasal epithelial cells is probably activated by
QSMs, mainly C4-AHL and C12-AHL (R. J. Lee et al., 2012b). These QSMs were able to
mobilize intracellular Ca®" and nitric oxide (NO) secretion leading to mucociliary clearance (R. J.
Lee et al., 2012b). Moreover, the AHL mediated Ca*" and NO was suggested to be TAS2R38
genotype dependent. The cells containing PAV/PAV (super-taster) genotype were able to induce
better innate immune responses compared to PAV/AVI (intermediate-taster) and AVI/AVI (non-
taster) genotypes. Therefore, the polymorphisms in T2Rs probably play an important role in
ligand recognition and downstream signalling functions. In another recent study on 217 subjects
from different ethnic backgrounds it was shown people expressing T2R3874V*4Y genotype have
less sinonasal symptoms as compared to both the intermediate-taster and non-taster genotypes
(Farquhar et al., 2015). A study with a small sample size of 25 subjects with chronic
rhinosinusitis (CRS) suggested increased bacterial populations isolated from sinuses in AVI/AVI
and PAV/AVI compared to PAV/PAV genotype (Rom et al., 2017). It was suggested that
TAS2R38"V™AY genotype, as opposed to non-functional AVI/AVI genotype, is associated with
the absence of P. aeruginosa sinus infection (R. J. Lee et al., 2012b). In contrast, the studies that

followed could not establish this association (Gallo et al., 2016; Turnbull et al., 2018).
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1.8.2. T2R mediated innate immune responses in chemosensory and immune cells

The solitary chemosensory cells expressed in sinonasal and gingival tissues express T2Rs
and taste signaling components such as Gnat3 (gustducin), TrpM5 and PLCB2 (Barham et al.,
2013; Saunders et al., 2014; Zheng et al., 2019). T2R agonist denatonium was able to induce Ca®’
signalling leading to robust antimicrobial peptide (AMP) B-defensinl and 2 secretions in these
SCCs (Carey, Workman, Hatten, et al., 2017; R. J. Lee et al., 2014). The denatonium treated SCC
supernatants were able to decrease growth of P. aeruginosa as compared to control cultures (R. J.
Lee et al., 2014). A recent study has shown activation of T2R38 by several organic bacterial
metabolites but not AHLs in heterologous cell systems (Table 1) (Verbeurgt et al., 2017).
Surprisingly, T2Rs expressed in sinonasal epithelial cells were also activated by Gram-positive
bacteria such as Bacillus cereus leading to increased intracellular calcium mobilization and NO
production, however, these effects were observed to be independent of T2R38 leading to
speculation that other T2Rs are also involved in recognizing bacteria and their molecules (Carey,
Workman, Yan, et al., 2017).

The well-known T2R agonist quinine induced T2R signalling dependent NO generation
and CBF (Ciliary beat frequency) in sinonasal cells (Workman et al., 2018). Quinolones, a class
of bacterial QSMs that activate multiple T2Rs (Table 2.1), lead to intracellular calcium
mobilization and decreased cAMP signalling in heterologous systems as well as in primary
human lung epithelial cells (Freund et al., 2018). A recent study demonstrated the expression of
T2R4, T2R14, T2R38 and T2R46 in monocyte-derived macrophages (I. Gopallawa et al., 2020).
The T2R 14 in unprimed macrophages was activated by P. aeruginosa derived QSMs along with
other known bitter agonists such as quinine, denatonium benzoate, and Flufenamic acid (FFA) (1.
Gopallawa et al., 2020). The T2R dependent calcium signalling in macrophages resulted in

increased cGMP and NO dependent phagocytosis of bacteria. This recognition of bacteria and
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their metabolites by T2Rs is consistent with observations in other species as well. A recent study
also demonstrated increased expression of T2Rs in rainbow trout fish (Onchorhynchus mykiss)
treated with bacteria Flavobacterium columare, infectious hematopoietic necrosis virus (IHNV)
and Ichthyophtirius multifiliis (X. Liu et al., 2020). Collectively these studies suggest T2Rs as

one of the innate immune targets during bacterial infections.

1.9. Microvesicles and exosomes

The cells in our body secrete membrane bound nano-carriers that are termed as
extracellular vesicles (EVs). EVs are released both under physiological and pathological
conditions and are means of intracellular communication (Mittelbrunn et al., 2012). EVs are
classified into three categories namely exosomes, microvesicles (MVs) and apoptotic bodies.
Exosomes are smaller vesicles that are surrounded by a phospholipid bilayer with a size range of
30 -100 nm and are formed via exocytosis of multivesicular bodies containing intraluminal
vesicles (Trams et al., 1981). Contrary to exosomes, MVs are larger and surrounded by
phospholipid bilayer with a size of 0.1 to 1.0 um. These M Vs are released by shedding of plasma
membrane evaginations (Gyorgy et al., 2011). Among the EVs, the apoptotic bodies are larger in
size (1 to 5 um) and are released in late apoptotic stages of the cells (Gyorgy et al., 2011).

The mechanism of release of exosomes and MVs are entirely different. Exosomes are
released either constantly or upon activation and are mainly involved in transfer of mRNA,
miRNA, antigen presentation, immunostimulatory and inhibitory activities (Hurley et al., 2010;
Raposo et al., 1996; Valadi et al., 2007). Exosomes are characterized by the presence of
phosphatidylserine on the membrane and other unique markers such as CD9, CD63, CDS81,
LAMP1 and TSG101 (Chaput et al., 2011; Dignat-George et al., 2011; Mathivanan et al., 2010).

The release of M Vs is not constitutive and is dependent on activation of cell surface receptors
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and increase in intracellular Ca®" levels. The increased Ca®" levels activate calpain that modulates
actin remodelling thereby removing membrane bound proteins (Figure 1.7). The remodelling of
actin protein network leads to formation of membrane blebs and their eventual release as MVs
(Hartwig et al., 1989; Pasquet et al., 1996). Platelets, RBCs and endothelial cells are known to

predominantly form MVs (Baroni et al., 2007; Kahner et al., 2008).
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Figure 1. 7: Schematic representation of EV biogenesis.

The exosomes are formed by plasma membrane invagination followed by formation of endocytic
vesicles consisting of intraluminal vesicles. These intraluminal vesicles progress to form multi
vesicular bodies (MVB), which are then sorted for lysosomal degradation or progress to fuse with
plasma membrane leading to exocytosis as exosomes. The microvesicles or (MVs) were formed

as a result of blebbing of plasma membrane due to activation of cell surface receptors. The
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plasma membrane blebbing undergo periodical shedding to form MVs. The figure was drawn
using Biorender.

Recent studies point out the role of GPCRs in EV life cycle and also the role played by
EVs in GPCR signal transduction pathways. Recently, The sorting of GPCRs into EVs has
gained significant focus, recently. For example, the ciliary GPCR, NPY2R with dysregulated
internalization mechanism is sorted into EVs (Nager et al., 2017), as well as angiotensin II type 1
receptor (AT1R) in rat cardiac pressure model (Pironti et al., 2015). Other GPCRs such as
GPRC5B and GPR177 (orphan Wnt receptor) (Gross et al., 2012; Kwon et al., 2014) are sorted
from golgi complex to intraluminal vesicles which are then sorted for extracellular release. The
above few studies suggest a link between GPCR sorting into EVs and their extracellular release.
Hence it is important to study the EV localization of GPCRs, especially chemosensory GPCRs in

physiological and pathological conditions.
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Chapter 2: Hypothesis and Objectives

2.1 Study Rationale

The epithelial cells in the oral cavity are the first responders to oral pathogens. They
recognize several bacterial molecules with the help of Toll-like receptors (TLRs). TLRs are
known to work in tandem with other cell surface receptors to mediate innate immune responses.
In humans there are 25 T2Rs that are known to interact with several bacterial QSMs and
modulate innate immunity. Several recent studies have shown T2Rs interacting with QSMs from
P aeruginosa such as AHLs (3-Oxo0-C12-AHL, C8-AHL), HHQ and NHQ. These interactions
activate innate immune responses such as nitric oxide (NO) release, and increased ciliary beat
frequency (CBF) in upper airway epithelial cells. Also, in immune cells such as macrophages,
bitter agonists mediated activation of T2Rs induces NO secretion and phagocytosis. Hence there
is well-documented evidence of T2R-QSM interactions, however most of these studies are
limited to Gram-negative bacterial QSMs in the diseases CF and CRS. The interaction of T2Rs
with Gram-positive bacterial QSMs and their physiological effects are not documented in oral
epithelial cells.

Significant number of agonist activated GPCRs are internalized and recycled back to the
plasma membrane through endosomes. Emerging evidence suggests that some of these GPCRs
are also exported outside the cells by EVs. Recent studies have shown the localization of GPCRs
such as somatostatin receptor 2 (SSTR-2), chemokine receptors 4 and 7 (CXCR4, CCR7) and
angiotensin II type 1 receptor (AT1R) in EVs. However, the internalization mechanism of T2Rs,
their sorting into endosomes, and the presence of T2Rs in EVs has not been characterized thus

far.
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2.2 Hypothesis
T2Rs are expressed in oral epithelial cells and interact with S. mutans QSMs, modulating

innate immune responses and bacterial survival. The EVs from saliva express GPCRs including
T2Rs.
2.3 Objectives

To test the above hypothesis, I pursued the three objectives described below using a

combination of pharmacological, biochemical, microbial and physiological approaches.

2.3.1 Bitter taste receptor T2R14 detects quorum sensing molecules from cariogenic

Streptococcus mutans and mediates innate immune responses in gingival epithelial cells.
The first focus of this objective is to analyze the expression of T2Rs in GECs. The second

focus is to study the interaction of the highly expressed T2R in GECs with CSPs secreted by S.

mutans, and the resulting innate immune responses.

2.3.2 Bitter taste receptor T2R14 modulates Gram-positive bacterial internalization and
survival in gingival epithelial cells.

The primary focus of this objective is to elucidate the role of T2R14 in internalization of
Gram-positive bacteria and to characterize the T2R14 mediated bactericidal effect on S. aureus

and S. mutans.

2.3.3 Characterization of GPCRs in Extracellular Vesicles (EV).
The focus of this objective is to characterize the presence of T2Rs in EVs isolated from a

heterologous cell system and from saliva.
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Chapter 3 General method

3.1 Materials
3.1.1 Reagents used in the study

The following reagents were commonly used in the study: Diphenhydramine (DPH),
dimethyl sulphoxide (DMSO), fetal bovine serum (FBS), trypsin-EDTA, phospho lipase C
inhibitor (U73122), phosphatase inhibitor cocktail 3 (Cat. #P0044) were acquired from Sigma
Aldrich (Oakville, ON, Canada). Apigenin (API) was purchased from Cayman Chemical (Ann
Arbor, M1, USA). Fluo-4 NW calcium assay kit, Dulbecco's modified Eagle medium
(DMEM)/Ham’s F12 (F12), DMEM (High glucose), penicillin (10,000 U/ml)-streptomycin
(10,000 pg/ml), hygromycin B (Cat. #10687010), lipofectamine 2000, opti-MEM, western blot
stripping buffer, GRy inhibitor (Gallein) (Cat. #3090) was purchased from Tocris. Protease
inhibitor cocktail (Cat. #539131) was obtained from Millipore. QIAprep plasmid extraction kit
and RNeasy Mini Kit (Cat. #74104) were acquired from Qiagen (Toronto, ON, Canada).

3.1.2 Media for bacterial culture

Luria-Bertani (LB) media: 10 g of tryptone, 10 g of sodium chloride, 5 g of yeast extract
were dissolved in 1 L of deionized water and autoclaved for 45 mins.

LB agar: To the LB media prepared above, 15 g of agar was added and the medium was
autoclaved for 45 mins. After autoclaving approximately 15 ml of medium was added to petri
dishes and allowed to solidify at room temperature. For plates with antibiotic, 100 ug/ml
ampicillin was added to 1 L of LB agar. The plates were stored at 4°C until use.

Brain heart infusion (BHI) broth: 40 g of BHI is dissolved in 1 L of deionized water

and was autoclaved for 45 mins.
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BHI agar: 40 g of BHI and 10 g of agar were dissolved in 1 L of deionized water and
were autoclaved for 45 mins. After autoclaving, approximately 15 ml of media was added to each
petri plates. The media was allowed to solidify and the plates were stored at 4°C until use.
3.1.3 Media for mammalian cell culture

For culture of GEC cell lines (OKF6 and TIGK) the Keratinocyte growth medium -2
(KGM-2) is supplemented with bovine pituitary extract (0.004 ml/ml), recombinant epidermal
growth factor (EGF) (0.125 ng/ml) recombinant insulin (5 ug/ml), hydrocortisone (0.33 ug/ml),
epinephrine (0.39 ug/ml), recombinant human transferrin (10 ug/ml) and CaCl, (0.06 mM).

For culture of promyeloblast (HL-60) cells, the Iscove’s modified dulbecco’s medium
(IMDM) was supplemented with 20% FBS.

For culture of HEK293T cells the Dulbecco's modified Eagle medium (DMEM)/Ham’s
F12 (F12) was supplemented with 10% heat inactivated FBS, and penicillin (10,000 U/ml)-
streptomycin (10,000 pg/ml).

3.1.4 Buffers

PBS: 137 mM NaCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCI (pH 7.6)

SDS-PAGE running buffer: 25 mM Tris base, 192 mM Glycine, 0.1% SDS (pH 8.3)

TAE buffer: 40 mM Tris base, 20 mM Acetic acid, 10 mM EDTA (pH 8.0)

TBS: 20 mM Tris base, 150 mM NaCl (pH 7.6)

TBST: TBS + 0.05% Tween20

Turbo blot transfer buffer: 20 ml of 5x Turbo blot transfer buffer was diluted with 20 ml of
methanol and 60 ml of deionized water.

Cell lysis buffer (Immunoblot analysis): 50 mM Tris base, 150 mM NaCl, 10% Glycerol, 1%

DM with 1X protease inhibitor and 1X phosphatase inhibitor cocktails.
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Sample loading buffer (2X Laemmli buffer): 125 mM Tris base, 20% 2-Mercaptoethanol, 20%
Glycerol, 4% SDS, 0.004% Bromophenol blue (pH 6.8).

Agarose loading buffer: 10 mM Tris-base (pH 7.6), 60 mM EDTA, 60% Glycerol, 0.03%
Bromophenol blue.

FACS buffer: 1X PBS with 0.5% BSA.
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Chapter 4: Bitter taste receptor T2R14 detects quorum sensing molecules from cariogenic
Streptococcus mutans and mediates innate immune responses in gingival epithelial cells.
Manoj Reddy Medapati, Nisha Singh, Anjali Yadav Bhagirath, Kangmin Duan, Barbara Triggs-
Raine, Eraldo L Batista Jr, Prashen Chelikani.

Reproduced with permission from the FASEB journal; License number-5015461264517, doi:

10.1096/17.202000208R, © by John Wiley & Sons.
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4.1 Abstract

Host-pathogen interactions play an important role in defining the outcome of a disease.
Recent studies have shown that the bacterial QSM can interact with host cell membrane proteins,
mainly GPCRs, and induce innate immune responses. However, few studies have examined
QSM-GPCR interactions and their influence on oral innate immune responses. In this study, we
examined the role of bitter taste receptor T2R14 in sensing CSPs secreted by cariogenic
bacterium S. mutans and in mediating innate immune responses in gingival epithelial cells
(GECs). Transcriptomic and western blot analyses identify T2R14 to be highly expressed in
GECs. Our data show that only CSP-1 from S. mutans induces robust intracellular calcium
mobilization compared to CSP-2 and CSP-3. By using CRISPR-Cas9, we demonstrate that CSP-
1 induced calcium signaling and secretion of cytokines CXCL-8/IL-8, TNF-a, and IL-6 is
mediated through T2R14 in GECs. Interestingly, the NF-kB signaling activated by CSP-1 in
GECs was independent of T2R14. CSP-1-primed GECs attracted differentiated HL-60 immune
cells (dHL-60) and this effect was abolished in T2R14 knock down GECs and also in cells
primed with T2R14 antagonist 6-Methoxyflavone (6-MF). Our findings identify S. mutans CSP-1
as a peptide ligand for the T2R family. Our study establishes a novel host-pathogen interaction
between cariogenic S. mutans CSP-1 and T2R14 in GECs leading to an innate immune response.
Collectively, these findings suggest T2Rs as potential therapeutic targets to modulate innate

immune responses upon oral bacterial infections.
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4.2 Introduction

The oral epithelium forms a physical barrier and acts as a primary line of defense against
oral pathogens by generating innate immune responses. Epithelial cells recognize several
bacterial molecules, including lipopolysaccharide (LPS) and flagellin, using pattern recognition
receptors (PRRs) such as the family of Toll-like receptors (TLRs) (Kirschning et al., 2002; Lu et
al., 2008). Although TLRs are recognized as sentinels of the innate immune system there is still
ambiguity in the mediators of host-pathogen cross talk. Studies have suggested that human
GPCRs including the formyl peptide receptors (FPRs), free fatty acid receptors (FFAR) and
mast-cell specific GPCR (MRGPRX2) can recognize bacterial signaling peptides and are
involved in host defense against pathogens (Alvarez-Curto et al., 2016; Bufe et al., 2015; Pundir
et al., 2019; Rasoamanana et al., 2012). Recent studies have shown that the 25 T2Rs in humans
which form the third largest GPCR group, act as important sensors for the bacterial QSMs
(Alfonso-Prieto et al., 2019; Freund et al., 2018; Munk et al., 2016; A. S. Shah et al., 2009).

T2Rs are predominantly involved in taste chemosensing though studies have identified
their extra-oral localization (Adler et al., 2000; Jaggupilli et al., 2017; Lindemann, 1996; Shaik et
al., 2016). Emerging evidence shows T2R interaction with bacterial QSMs leads to innate
immune responses in diseases such as CF and Chronic Rhinosinusitis (CRS) (Adappa et al.,
2016; R. J. Lee et al., 2012a). In CF, the P. aeruginosa derived QSMs, mainly AHLs, interact
with T2Rs in airway epithelial cells (Freund et al., 2018; A. S. Shah et al., 2009). In our previous
study, we characterized the binding sites on T2R4, T2R14 and T2R20 for the QSMs 3-Oxo0-C12-
AHL and C8-AHL (Jaggupilli et al., 2018). Other quinolone derived QSMs such as HHQ and
NHQ from P. aeruginosa activate T2R14, leading to innate immune responses such as nitric
oxide (NO) generation and increased ciliary beat frequency (CBF) in upper airway epithelial cells

(Freund et al., 2018). A recent study suggested T2Rs are immune sentinels in the gingival solitary
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chemosensory cell (GSC) of a mouse periodontitis infection model (Zheng et al., 2019). Thus,
T2Rs have emerged as important targets in host-pathogen interaction studies. However, most of
the T2R-QSM interaction studies are limited to Gram-negative P. aeruginosa QS. One of the
main remaining questions is how the host immune system detects and responds to the QSMs
secreted by Gram-positive oral pathogenic bacteria such as S. mutans.

S. mutans a cariogenic bacterium, secretes QSMs known as competence stimulating
peptides (CSPs) in the early growth phases which are crucial for interspecies interaction, biofilm
formation, acid production, genetic transformation and caries progression (Y. H. Li et al., 2001;
Senadheera et al., 2008; Tanzer et al., 2001). Although CSP mediated QS is well studied with
respect to S. mutans microbe-microbe interactions, its effect on host cells response is not well
established. The interaction of S. pneumoniae CSP-1 with MRGPRX2 leading to mast cell
degranulation was recently reported (Pundir et al., 2019). Hence, there exists evidence that CSPs
are recognized by host cell GPCRs.

We hypothesize that CSPs secreted by S. mutans interact with T2Rs on oral epithelial
cells and their activation leads to innate immune responses. Our study characterizes the
interaction between peptide QSMs and T2Rs and the results add to the growing body of evidence

suggesting T2Rs as sentinels of the innate immune system in oral tissues.
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4.3 Material and Methods
4.3.1 Reagents used in the study

Synthetic S. mutans QS peptides CSP-1, CSP-2, CSP-3, CSP-1 (AK21), CSP-1 (AG20,
AK21) of 298% purity were purchased from GenScript USA Inc. (Picataway, NJ). RNeasy Mini
kit, Fluo-4NW, Gallein and Pepinh-MyD inhibitory peptide were purchased from Qiagen
(Hilden, Germany), Thermo Scientific (Carlsbad, CA), Tocris (Oakville, ON) and Abcam
(Toronto, ON) respectively. Apigenin, N-Formylmethionine-leucyl-phenylalanine (fMLP),
U73122, U73343, 6-Methoxyflavone (6-MF), BAY 11-7082, Adenosine triphosphate (ATP),
Phorbol 12-myristate 13-acetate (PMA), protease and phosphatase inhibitor cocktails were
purchased from Sigma Aldrich (Oakville, ON). Pre-coated cytokine multiplex ELISA 96-well
plates were purchased from Meso Scale Diagnostics (MSD) (Rockville, MD). xCelligence
migration or CIM plates were purchased from ACEA Biosciences, Inc. (San Diego, CA).
Keratinocyte growth medium -2 (KGM-2) for GEC culture and Iscove’s modified dulbecco’s
medium (IMDM) for promyeloblast (HL-60) cells were purchased from promo cell (Heidelberg,
Germany) and ATCC (Gaithersburg, MD) respectively. The following antibodies were
purchased: mouse monoclonal anti-f-actin (#A5441) from Sigma Aldrich (Oakville, ON), rabbit
polyclonal anti-T2R14 (#OSR00161W), rabbit polyclonal anti-T2R39 (#PA5-39711) from
Invitrogen (Carlsbad, CA), goat anti- rabbit IgG-HRP conjugate (#17-6515) from Bio-Rad
(Mississauga, ON), goat anti- mouse IgG- HRP conjugate (#A-10668) from Thermo Scientific
(Carlsbad, CA), rabbit monoclonal anti phospho-IKKa/p (Ser176/180) (#2697), phospho-IkBa "
32 (#2859), IKKa (#11930), IKK B (#8943), IkBa (#4814) from Cell signaling (Danvers, MA),

FITC anti-human CD11b (#301330), FITC mouse IgGl1, k Isotype Ctrl (Fc) (#400110), APC
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anti-human CD14 (#367118), APC mouse IgG1, k Isotype Ctrl (Fc) (#400122) from BioLegend
(San Diego, CA).
4.3.2 Cell lines used in the study

The human gingival epithelial cell line (GEC) TIGK-hTERT (CRL-3397 ™) and HL-60
cells (CCL-240™) were purchased from ATCC (Gaithersburg, MD). The oral keratinocyte cell
line OKF6 was kind gift from Dr. Gill Diamond, University of Florida (Dickson et al., 2000;
McMabhon et al., 2011). All the GECs were cultured in serum free KGM-2 supplemented with 0.6
mM CaCl,. HEK293T and HEK293T cells overexpressing T2R14 and T2R39 receptors were
generated as previously described (Shaik et al., 2019). The promyeloblast (HL-60) cells were
cultured in IMDM supplemented with 20% FBS. The HL-60 cells were differentiated toward
neutrophils using previously established protocols (Millius et al., 2010). Briefly, 2x10° cells/ml
were seeded in 25 ml medium and were treated with 1.3% DMSO. The cells were then
maintained in culture for 7-8 days. All the growth media were supplemented with 100-units/ml

penicillin, and 0.1mg/ml streptomycin.

4.4 Methods
4.4.1 RNA extraction and transcriptomic analysis

The GECs (OKF6 and TIGK) were seeded in a 6-well plate at a density of 1x10°
cells/well. After reaching 80% confluency, the cells were lysed and RNA was extracted using an
RNeasy mini kit (Qiagen) according to the manufacturer's protocol. The concentration of total
RNA was measured and 5 pg of RNA was shipped on dry ice to ThermoFisher Scientific (Santa
Clara, CA) for processing. The samples were processed using GeneChip WT pico kit (WT Pico)
on an Affymetrix GeneChip human gene 2.0 ST array platform using the GeneTitan Microarray

system. The whole transcriptome (21448 genes) expression data sets for the GECs were
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downloaded from Egnyte server as .CEL files. The .CEL files correspond to whole
transcriptomes of the GECs. These files were analyzed for differential expression using
Transcriptome Analysis Console (TAC) from ThermoFisher Scientific. The Clariom S array
human analysis library files downloaded from Affymetrix were used for analysis. The analysis
was carried out using default analysis tool: Expression (Gene) and SST-RMA algorithm. The
following criteria were used in the SST-RMA algorithm: Gene-Level Fold change <-2 or >2,
Gene-Level-P-value < .05. The signal intensity values were used to generate heat maps for
transcripts in the RStudio using ggplot2 package (Version 3.2.1) (H, 2016).
4.4.2 Generation of T2R14 knock down (KD) OKF6 cells using CRISPR-Cas9 system
According to the HUGO nomenclature the T2R coding genes are represented as TAS2R
(Braschi et al., 2019). A total of 100 000 OKF6 cells/well were seeded in a 6-well plate. After 24
hours, the cells were transfected with 30 nM of Alt-R-CRISPR-Cas9 crRNA targeting the
TAS2R14 gene TTTAGTGTCTGGTTAGCTAC (5'-3") (Hs.Cas9. TAS2R14.1.AB), fluorescent-
labeled (ATTO 550) Alt-R-CRISPR-Cas9 tracrRNA or a Alt-R-control CRISPRcrRNA
(#1072554, IDT, lowa) and recombinant S. pyogenes Cas9 nuclease V3 (#1081058, IDT, lowa)
using CRISPRMAX transfection reagent (*CMAX00008, Invitrogen, CA) according to the
manufacturer's protocol as previously described (Zuris et al., 2015). The efficiency of
transfection was analyzed using CytoFLEX flow cytometer on the basis that only positive cells
contain ATTOS550 dye. After this, the single cell clones were isolated using serial dilution in 96-
well plates and were observed for colony formation. Only wells containing a single colony were
isolated and further propagated. The single cell colonies were harvested by trypsin/EDTA and
were split into two and plated in a 96-well plate and after reaching 90% confluency the cells were
split to 24-well plate to increase the cell number. For each clone, half the cells were stocked and

the remaining half were used to extract genomic DNA according to manufacturer's protocol
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(Qiagen). The extracted DNA was quantified and 100 ng of DNA was amplified using Phusion
Flash High-Fidelity PCR Master Mix (#F-548S, Thermo Scientific, Carlsbad, CA) and TAS2R14
forward primer TGGGTGGTGTCATAAAGAGCAT (5'-3"), reverse primer
GAGGGCTCCCCATCTTTGAA (5'-3') that bound the region targeted by the guide RNA. The
following protocol was used: 95°C/10 s, 35 cycles of 95°C/30 s, 62°C/30s, 72°C/30 s, and a final
extension at 72°C/1 min. The amplified PCR product was used for T7 endonuclease I (T7EI)
mismatch assay. The T7EI assay was performed according to the manufacturer's protocol
(#1075932, IDT, Iowa). Only clones that showed complete digestion of TAS2R14 PCR product
as compared to wild-type (WT) and MOCK were used for protein analysis. The knock down of
T2R14 protein was confirmed by western blot analysis and flow cytometry.
4.4.3 Intracellular calcium mobilization assay

The intracellular calcium mobilization (Ca2+)i upon agonist stimulation was measured
using calcium binding fluorescent dye Fluo-4NW as described previously (Jaggupilli et al., 2018;
Shaik et al., 2019). Briefly, GECs (3x10*/well) and HEK293T cells stably over-expressing
T2R14 or T2R39 (1x10°/well each) were seeded in a black well 96-well BD Optilux plate and
grown overnight to full confluency. The cells were then incubated with Fluo-4NW at 37°C for 30
minutes followed by another incubation at room temperature for 30 minutes. The cells were
treated using S. mutans CSP-1, CSP-2, and CSP-3 (50 uM) each. For concentration response
curves, the following were used: CSP-1 and its variants CSP-1 (AK21), CSP-1 (AG20, AK21)
(10—70 uM), T2R14 agonist DPH (0.03-2 mM), and apigenin (6.25-400 uM). For T2R signaling
inhibition, the cells were pretreated using Gy inhibitor gallein (10 uM), phospholipase C (PLC)
inhibitor U73122 (5 uM) and its analogue U73343 (5 uM), as described previously (Jaggupilli et
al., 2017). ATP (1 uM) a well-known activator of PLC signaling induced by purinergic receptors

was used as a control (Takenouchi et al., 2005). The release in (Ca>"); upon agonist stimulation
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was measured using FlexStation 3 plate reader (Molecular devices, CA). Fluorescence was
measured for 120s at emission of 525 nm and excitation of 494 nm wavelengths. The
fluorescence values obtained were subtracted from the buffer treated cells and represented as A
relative fluorescent units (RFU).
4.4.4 Intracellular cAMP assay

The cAMP assay was carried out in OKF6 cells using a commercially available cAMP
assay kit (cAMP-Glo max Assay, Promega Corporation, Madison, WI) according to
manufacturer instructions (Shultz et al., 2008). Briefly, 20,000 OKF6 cells were diluted in 20 pl
of PBS and were seeded in 96-well clear bottom white plate (VWR, Canada). These cells were
incubated with different doses of CSP-1 (0-70 uM) and isoproterenol (0-10 uM) as a positive
control for 10 mins at room temperature. Later, luminescence was measured using a FlexStation
3 plate reader (Molecular Devices, CA). The assays were carried out 2-3 times in triplicate, and
the data were analyzed using graph pad prism 7 (GraphPad Software Inc., San Diego, CA).
4.4.5 Western blot analysis

For western blot analysis of T2R14 the GEC (OKF6 and TIGK) cell total fractions were
lysed using 10 mM Tris-HCL, 50 mM NacCl (pH 7.4), and 10% glycerol containing protease
inhibitor cocktail. The lysates were then centrifuged at 12,000 g for 15 mins and the protein
supernatant was stored at -80°C until further use (Singh et al., 2020). To analyze phosphorylated
proteins the cells were lysed using 2x Laemmli buffer (Tris pH 6.8, 2-mercaptethanol, 20% SDS)
containing 1x protease and phosphatase inhibitors. The total protein concentration was measured
using DC protein assay kit (Bio-Rad). 20 pg of protein sample was resolved on a 12% SDS-
PAGE gel followed by wet transfer onto the nitrocellulose membrane. The membranes were
blocked using 5% milk for 1 hour at room temperature followed by incubation with

corresponding primary antibodies: rabbit polyclonal anti-T2R14 (1:500 dilution), rabbit
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monoclonal anti phospho-IKKa/ Bser”é/lgo, phospho-IkBa**"*?, IKKa, IKKp, IkBa (1:1000
dilution), mouse monoclonal anti- B-actin (1:25000 dilution) overnight at 4°C followed by
incubation with HRP conjugated secondary antibodies: goat anti- rabbit [gG-HRP (1:5000), goat
anti- mouse IgG- HRP (1:5000). The chemiluminiscence was measured by Bio-Rad Chemidoc-
MP imaging system and the blot densities were quantified using Image lab 5.2.1 (Bio-Rad).
4.4.6 Measurement of secreted cytokines

OKF6 WT, MOCK and T2R14 KD cells were seeded in 6 well plates at a density of 5x10°
cells/ well and were cultured for 24 hours. The cells were then treated with CSP-1 (50 uM), DPH
(200 uM), PMA (100 nM) (Qiao et al., 2009), NF-kB signaling inhibitor BAY 11-7082 (10 uM)
(L. Zhang et al., 2011), peptide inhibitor for TLR adaptor protein MyD88 Pepinh-MyD (40 uM)
(L. Zhang et al., 2011), U73122 (5 uM) and gallein (10 pM) for 18 hours. Following incubation,
the cell culture supernatants were collected and a multiplex ELISA was performed in 96-well
plates pre-coated with IFNy, IL-2, IL-4, IL-6, IL-8, IL-10 and Tumor necrosis factor-alpha (TNF-
o)) antibodies using the customized V-Plex 7 proinflammatory panel 1 (Meso Scale Discovery,
Rockville, MD) (Chandler et al., 2015). The detection limit for each of the seven cytokines is as
follows: IFN-y (0.37-938 pg/ml), IL-2 (0.09-938 pg/ml), IL-4 (0.02-158 pg/ml), IL-6 (0.06-488
pg/ml), IL-8 (0.07-375 pg/ml), IL-10 (0.04-233 pg/ml) and TNF-a (0.04-248 pg/ml) respectively.
4.4.7 Flow cytometry

Undifferentiated and differentiated HL 60 (dHL 60) cells were used to detect surface
expression of CD 11b and CD 14 using BD FACS canto analyzer. Briefly, 100,000 cells were
washed using ice-cold FACS buffer (0.5% BSA in 1x PBS) and incubated with FITC-CD 11b
(1:100 dilution) and APC-CD 14 (1:100 dilution) for 1 hour on ice. The cells were then washed

thrice with FACS buffer and were re-suspended in 200ul of the same. The fluorescence intensity
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was measured using FACS canto analyzer and quadrant gating was used to identify the
percentage of cells expressing the markers.
4.4.8 xCELLigence real-time chemotaxis assay

dHL 60 cells were seeded on the top chamber of the CIM plate at a density of 4x10° cells/
well in HBSS containing 0.5 % BSA. The bottom chamber was loaded with conditioned medium
from OKF6 WT, MOCK and T2R14 KD cells treated with CSP-1 (50 uM), DPH (200 uM),
apigenin (75 uM), PMA (100 nM), fMLP (100 nM) alone or in combination with U73122 (5
uM), gallein (10 uM) and T2R 14 antagonist 6-MF (30 pM). The changes in cellular impedance
was measured in real-time every 5 minutes over a period of 24 hours and represented as cell
index (CI). The slope over 24 hours is obtained using RTCA software as described before (Singh
et al., 2020).
4.4.9 Statistical analysis

The data shown are the +SEM from at least three independent experiments (n). One-way
ANOVA and Tukey’s multiple comparisons test were used to determine statistical significance
for more than two sample groups. A *p< 0.05 was considered significant. Statistical analysis was

performed using graph pad prism 7.0 (San Diego, CA).
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4.5 Results
4.5.1 Analysis of expression of TAS2Rs (T2R) in GECs.

Recent studies using transcriptomic arrays have identified differences in GPCR expression
profiles in smooth muscle cells, endothelial cells, cancer-associated fibroblasts and brain tissues
(Allen et al., 2017; Kaur et al., 2019; Wiley et al., 2018). We isolated RNA from different GECs
and the samples were processed using the Affymetrix GeneChip® human gene 2.0 ST array
platform and analyzed by the Clariom™ S array human analysis library to identify the abundant
transcripts. The signal intensities of transcripts obtained ranged from 3 (low-expression) to 17
(high-expression). Given the large number of transcripts (21448 genes), we used a signal cut-off
of 50% (or 8) to investigate only the medium and high expression GPCR transcripts in GECs.
The transcripts thus obtained were normalized using the ubiquitous 40S ribosomal protein S23
(RPS23) transcript signal. We have used keratin (KRT) 5 and KRT14 as epithelial cell markers.
The T2R coding genes are represented as TAS2Rs (Braschi et al., 2019). Our analysis identified
26 GPCR transcripts that are medium to highly expressed in both GECs and TAS2R14 is present
among these (Figure 4.1A). The normalized signal intensity values were compared using one-
way analysis of variance (Anova) to examine the differential gene expression. The expression of
TAS2R 14 was observed to be significantly higher as compared to the other 24 TAS2R genes
(***p<0.001), and 8 TLR genes (***p<0.001), with the exception of TLR3 and TLR6 where there
was no difference in expression (p<0.9) (Figure 4.1B). To verify abundant expression of the
T2R 14 protein in these GECs, we used western blot analysis (Figure 4.1C). The detected T2R14
was much higher than that of another T2R, T2R39 (Figure 4.1D). These findings were consistent
with the mRNA expression profiles shown in Figure. 1B where 7AS2R14 mRNA levels were

significantly higher than those of TAS2R39.
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Figure 4. 1: Expression analysis of GPCRs, TAS2Rs and TLRs in GECs.

A: Heat map of highly expressed GPCRs in OKF6 and TIGK cells. B: Heap map of TASZRs and
TLRs. The signal intensities were normalized using RPS23 transcript. Epithelial cell markers

(KRT5 and KRT14) were used as a reference in the analysis. The arrow represents TASZR14.
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The heat maps were generated using ggplots in Rstudio version 1.2.5001. One-way Anova
using multiple comparison was performed to calculate the statistical significance
(***p<0.001). C and D: The OKF6 and TIGK total cell lysates were used to quantify T2R14
and T2R39 protein expression by western blot analysis as described in the methods. Briefly,
the lysates were probed using primary rabbit polyclonal anti-T2R14, anti-T2R39 antibody
(1:1000), mouse monoclonal anti -actin antibody (1:25,000), secondary anti-rabbit HRP
antibody (1:5000) and anti-mouse HRP antibody (1:25000). The corresponding molecular
weights of T2R14, T2R39 and B-actin were shown in parenthesis (Medapati, Singh, et al,,
2021). Reproduced with permission from the FASEB journal; License number-5015461264517.
4.5.2 Calcium responses in GECs induced by S. mutans QSM peptides.

The cariogenic bacterium S. mutans is known to secrete three CSPs (CSP-1, CSP-2 and
CSP-3). CSP-1 contains 21 amino acids and is produced by S. mutans UA159 strain (Y. H. Li et
al., 2001). CSP-1 is cleaved at the C-terminus by membrane protease sepM into an 18 amino acid
CSP-2 (Hossain et al., 2012b). CSP-3 is secreted by JH1001 strain of S. mutans and is an 18
amino acid CSP with a S3T variation at the N-terminus (Hillman et al., 1987). The S. mutans
strains secreting CSP-1 were shown to have higher transformation efficiency compared to strains
containing c-terminal truncated CSP (Y. H. Li et al., 2001). To further study CSP-1, CSP-2 and
CSP-3, we had these peptides synthesized commercially with >98% purity (Figure 4.2A). The
GECs (OKF6 and TIGK) were treated with increasing concentrations of CSP-1 (10-70 uM) and
analyzed for responses of the second messengers cCAMP and Ca®*. We observed a concentration
dependent increase in intracellular calcium mobilization in the GEC cell lines upon treatment
with CSP-1 with an ECsp of =50 uM (Figure 4.2B, C). Next, we treated the GECs with CSP-2
and CSP-3 using the ECsg value of CSP-1. CSP-2 and CSP-3 treated cells had significantly lower

intracellular calcium mobilization (p<0.0231) as compared to CSP-1 treated cells (Figure 4.2D-

G).
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The robust calcium response that CSP-1 induced in GECs compared to CSP-2 and CSP-3

suggested that the 3 terminal amino acids of these peptides may be important to CSP function.

We analyzed two truncated variants of CSP-1, with truncation of C-terminal amino acids K21

and/or G20 resulting in CSP-1 (AK21) and CSP-1 (AG20, AK21) (Figure 2H). CSP-1 (AK21)

showed an ECsg of 45-51uM, similar to cells treated with full length CSP-1. The double variant

CSP-1 (AG20, AK21) did not induce a concentration dependent calcium response (Figure 4.21-

L). We also examined the release of another important secondary messenger cAMP. The OKF6

cells treated with CSP-1 did not exhibit any cAMP responses whereas a strong response was

imparted by the known B,-AR agonist isoproterenol (Figure 4.2M,N).
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Figure 4. 2: Intracellular calcium mobilization in GECs in response to S. mutans CSPs.

A: Multiple sequence alignment of S. mutans CSPs used in this study. B and C: OKF6 and
TIGK cells are treated with increasing concentrations of synthetic CSP-1 (10 uM-70 pM) and the
intracellular calcium mobilization was measured using Fluo-4NW fluorescent dye. The ECsg
values were obtained by generating a non-linear regression dose response curve for each cell line
using graph pad prism 7.0 D-G: The intracellular calcium mobilized is measured in GECs treated
with a single concentration (50 uM) of S. mutans synthetic peptides CSP-1, CSP-2 and CSP-3
with the corresponding raw calcium traces for each of the treatments are shown alongside. Cells
treated with the assay buffer were used as a baseline for comparison. One-way Anova using
Tukey’s multiple comparison analysis was performed to measure the significance between buffer

and CSP treated samples (*p<0.05, and **** p<0.0001). H: Multiple sequence alignment of
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CSP-1 and C-terminal deleted peptides. I-L: The concentration (10 - 70 pM) responses of CSP-1
(red curve), C- terminal amino acid deletion peptides CSP-1 (AK21, green curve) and CSP-1
(AG20, AK21 blue curve) treated OKF6 and TIGK cells. The intracellular calcium mobilized was
measured and ECsg values were calculated by non-linear regression curves. Cells treated with
buffer were used as a baseline and the corresponding raw calcium traces are shown. M and N:
The intracellular cAMP production is measured in OKF6 cells upon treatment with CSP-1 (10 —
70uM) and B,-AR agonist isoproterenol. The absolute cAMP levels are measured using a cAMP
standard and were analyzed using non-linear regression dose response curves. The data represent
SEM of >3 experiments performed in triplicates (Medapati, Singh, et al., 2021). Reproduced with
permission from the FASEB journal; License number-5015461264517.
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4.5.3 CSP-1 induced calcium response in GECs occurs through T2R14.

To test whether CSP-1 induced calcium responses are dependent on T2R14. T2R14 KD
was performed in OKF6 cells using CRISPR-cas9 genome editing as described in the methods.
Clonal isolates with mutations in the 74S2R /4 gene were verified using the T7EI assay. The data
from T7EI assay showed complete editing of TAS2R 14 amplicon (908 bp) into smaller fragments
of 769 bp and lower lengths in the T2R14 KD cells but not in WT and MOCK cells (Figure
4.3A). Next, western blot analysis was performed to confirm T2R14 KD. T2R14 protein
expression is not detectable in CRISPR-Cas9 cells as compared to the WT and MOCK cells
(Figure 4.3B). Next, calcium mobilization assays were performed using DPH (0.03-2 mM) and
CSP-1 (10-70 uM) to characterize T2R14 activity. These assays show that DPH and CSP-1
mediate intracellular maximal calcium mobilization responses (Emax) that are significantly
decreased in the T2R14 KD cells compared to the WT and MOCK cells (***p<0.001) (Figure
4.3C-F). We also assayed CSP-1 induced calcium mobilization in the presence of the T2R14
antagonist 6-MF (Hariri et al., 2017). The OKF6 cells co-treated with 6-MF (1.2 —100 uM) and
CSP-1 (50 uM) showed a concentration dependent decrease in calcium mobilization with an ICs
of 30 uM for 6-MF (Figure 4.3G and H). Previous studies have shown 6-MF as an antagonist
for T2R39 (Roland et al., 2014). However, our western blot analysis revealed T2R39 expression
was minimal in GECs (Figure 1D) and CSP-1 did not induce intracellular calcium mobilization in
HEK293T cell overexpressing T2R39 (Figure 4.4A and B). In contrast, HEK293T cells
overexpressing T2R14 (Figure 4.31) showed a concentration dependent increase in calcium
mobilization upon treatment with CSP-1 and DPH (Figure 4.3J-M). These data indicate CSP-1

induced calcium responses are predominantly mediated through T2R14 in GECs.
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Figure 4. 3: Characterization of CSP-1 and T2R14 dependent calcium signaling in OKF6
and in heterologous cells overexpressing T2R14.

A: Characterizing CRISPR-Cas9 mediated T2R14 knock down (KD) by T7EI mismatch assay.
100 ng of genomic DNA from OKF6 WT, MOCK, and T2R14 KD cells was amplified using
TAS2R 14 primers. The PCR products were denatured and re-annealed in a thermal cycler. The re-
annealed products were digested using 2U of T7EI for 60 min at 37°C and analyzed using 1.7%
agarose gel electrophoresis. The size of the TAS2R 14 amplicon (908 bp) in WT, MOCK and the
smaller fragments of lower bp in the TAS2R 14 KD cells are indicated by arrows. B: T2R14
protein knock down is confirmed by western blot analysis using total protein lysates isolated
from OKF6 WT, MOCK and, T2R14 KD cells as described in methods. C-F: Concentration
dependent intracellular calcium mobilization for DPH (0.03 — 2 mM), CSP-1 (10 — 70 uM) in
WT (green) MOCK (blue) and T2R 14 KD (red) cells with representative calcium raw traces
shown. G and H: Characterization of 6-MF as inhibitor of CSP-1 induced T2R 14 signaling in
OKF6 cells. Competition calcium mobilization assay is performed in OKF6 cells co-treated with
CSP-1 (50 uM) and T2R 14 antagonist 6-MF (1.25 — 100 uM). The 1Cs, value was calculated by
nonlinear regression analysis and representative raw calcium traces were shown. I: Western blot
analysis of total protein lysates of HEK293T cells overexpressing T2R14. The lysates were
probed using primary rabbit polyclonal anti-T2R 14, mouse monoclonal anti f-actin antibody
(1:25,000), secondary anti-rabbit HRP antibody (1:5000) and anti-mouse HRP antibody
(1:25000). J-M: Concentration dependent intracellular calcium mobilization for CSP-1 (10-70
uM) and T2R14 agonist DPH (0.03- 2 mM) in HEK293T cells overexpressing T2R14. The ECs,
values were calculated using non-linear regression analysis using graph pad prism 7.0 with
representative raw calcium traces shown. The data represents SEM of >3 independent
experiments performed in triplicates (Medapati, Singh, et al., 2021). Reproduced with permission

from the FASEB journal; License number-5015461264517.
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Figure 4. 4: Characterization of T2R39 activity using heterologous cells.

A: Total cell lysates from HEK293T cells overexpressing T2R39 were used to quantify T2R39
protein expression by western blot analysis. The lysates were probed using primary rabbit
polyclonal anti-T2R39 antibody (1:1000), mouse monoclonal anti B-actin antibody (1:25,000),
secondary anti-rabbit HRP antibody (1:3000) and anti-mouse HRP antibody (1:25000). B: The
intracellular calcium mobilization is measured in HEK293T-T2R39 cells treated with CSP-1 (50
uM) and known T2R39 agonists, quinine (1 mM) and pentagalloyl glucose (100 uM). Cells
treated with the assay buffer were used as a baseline for comparison. One-way Anova using
Tukey’s multiple comparison analysis was performed to measure the significance between buffer
and CSP treated samples (**p<0.02) (Medapati, Singh, et al., 2021). Reproduced with permission
from the FASEB journal; License number-5015461264517.
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4.5.4 CSP-1 induces calcium response in GECs through the canonical T2R14- Gp, -PLCj
signaling pathway.

To characterize the canonical signaling pathway activated by CSP-1 and T2R14
interaction the following inhibitors were used: PLC inhibitor (U73122) that inhibits the coupling
of G protein subunit with PLC and Gg, inhibitor (gallein) which inhibits the dissociation of G,
from the Gg, subunit. Pre-treatment of GECs with U73122 (5 uM) and gallein (10 pM) inhibited
CSP-1, DPH and ATP induced calcium mobilization compared to agonist treated GECs alone
(***p<0.001). As expected this inhibitory effect is not observed upon pre-treatment with PLC

inhibitor analogue U73343 (5 uM) (Figure 4.5A-D).
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Figure 4. 5: Characterization of effect of PLCy and Gg, inhibitors on calcium mobilization
in CSP-1 and T2R14 agonist DPH treated GECs.

A and C: OKF6 and TIGK cells are treated with CSP-1 (50 uM), DPH (500 uM) and ATP (1
uM) alone or in combination with 5 uM of U73122 (PLCjp inhibitor) and its analogue U73343

and 10 pM gallein (Gg, inhibitor). The intracellular calcium mobilized was measured using Fluo-

NW fluorescent dye. B and D: The representative raw calcium traces for the respective

treatments in A and C. The bar graphs were generated using graph pad prism 7.0. One-way

Anova using Tukey’s multiple comparison was performed to calculate the statistical significance

(***p<0.001). The data represents SEM of >3 independent experiments performed in triplicate

(Medapati, Singh, et al., 2021). Reproduced with permission from the FASEB journal; License

number-5015461264517.
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4.5.5 CSP-1 activates NF-kB signaling pathway independent of T2R14 in GECs.

Given that the two GEC lines showed similar responses to CSPs we focused on OKF6
cells for further analysis, as this is a well characterized oral keratinocyte cell line (Dickson et al.,
2000). The PLC signaling is shown to induce PKC isoforms (Gukovsky et al., 2004) which can
activate the NF-kB signaling pathway (Suh et al., 2008). We determined the effect of CSP-1 on
the kinetics and intensity of phosphorylation of NF-kB signaling intermediates IKKo/p and IkBa
(Figure 4.6A-C). The western blot analysis of total cell protein lysates collected at different time
points (0-60 min) revealed a significant increase in phosphorylation of IKKa/p (0 min vs 5 min
*p<0.05, 0 min vs 15 min *p<0.05) and of IkBa (0 min vs 5 min**p<0.006, 0 min vs 15
min***p<0.001, 0 min vs 30 min**p<0.01 and 0 min vs 60 min**p<0.01) was observed upon
short-term exposure with CSP-1 (Figure 4.6B, C). The phosphorylation of IKKa/p reached
basal levels after 30 mins (Figure 4.6B), while phosphorylation of IkBa did not reach basal
levels (Figure 4.6C). From the time kinetics data, we have chosen 15 minutes as a treatment time
for further analysis using T2R14 agonist DPH, PMA and BAY 11-7082 (inhibitor of IkBa
phosphorylation). The data from inhibition studies showed that BAY 11-7082 did not effect the
phosphorylation of IKKo/f induced by CSP-1 and PMA (Fig 5D and E) but inhibited
phosphorylation of IkBa (Figure 4.6D and F). The T2R14 agonist DPH also induced
phosphorylation of IKKo/f and IkBa and BAY 11-7082 inhibited the phosphorylation of IkBa
(Figure 4.6G-I). To characterize CSP-1/T2R 14 mediated activation of NF-kB signaling
pathway, we have used MOCK and T2R14 KD cells. The data show that upon treatment with
CSP-1, DPH and PMA no significant change in phosphorylation of IKKo/B and IkBa levels were
observed in MOCK and T2R14 KD cells (Figure 4.6J-L). We further used inhibitors for the T2R
downstream signaling targets PLC and Gg,. The data from these studies show that CSP-1 and

DPH induced phosphorylation of NF-kB signaling intermediates were inhibited by U73122 (PLC
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blocker); however, gallein (GBy inhibitor) did not inhibit the phosphorylation of NF-kB signaling

intermediates in OKF6 cells (Figure 4.7A and B).
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Figure 4. 6: S. mutans CSP-1 induced activation of NF-kB signaling pathway in WT,
MOCK and T2R14 KD OKF®6 cells.

Western blot analysis of total protein extracts collected and separated on 10% SDS-PAGE. The
blots were probed with phospho and total antibodies for IKKa/B, IkBa (1:1000) and HRP- Goat
anti-rabbit or mouse (1:3000). A: OKF6 cells treated with CSP-1 (50 uM) for different time

176/180
Ser and

points (0-60 mins). B and C: Densitometry analysis of phosphorylation of IKKa/3
IkBo " are represented by quantifying the band intensity using imageJ analysis software. D and

G: Cells treated with CSP-1 (50 uM), DPH (500 uM), PMA (100 nM) alone or in combination
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with IKBa phosphorylation inhibitor BAY 11-7082 (10 uM). E, F, H and I: Densitometry

176/180 : :
Ser , IkBa*>*? normalized to corresponding total

analysis of phosphorylation of IKKo/f
proteins. J: MOCK and T2R14 KD OKF6 cells treated with CSP-1 (50 uM), DPH (500 uM) and
PMA (100 nM). K and L: Densitometry analysis of phosphorylation of IKKOL/BS"“W180 and
IkBo>*"* normalized to corresponding total proteins. The band intensities were measured using
imagel] analysis software. The respective bar graphs were generated using graph pad prism 7.0.
One-way Anova using Tukey’s multiple comparison was performed to calculate the statistical
significance (*p<0.05, **p<0.01, ***p<0.001). The data represents SEM of >3 independent

experiments performed in triplicates (Medapati, Singh, et al., 2021). Reproduced with permission

from the FASEB journal; License number-5015461264517.
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Figure 4. 7: Characterization of NF-kB signaling pathway upon inhibition of T2R
downstream signaling.

Western blot analysis of total protein extracts separated on 10% SDS-PAGE. The blots were
probed with phospho and total antibodies for IKK o/, IkBa (1:1000) and HRP- Goat anti-rabbit
or mouse (1:3000) to quantify IKKa/p>""***® and IkBa"* protein phosphorylation. A and B:
OKEF6 cells were treated with CSP-1 (50 uM), DPH (500 pM) alone or in combination with
inhibitors U73122 (5 uM), gallein (10 uM), and quinazoline (10 uM) (Medapati, Singh, et al.,
2021). Reproduced with permission from the FASEB journal; License number-5015461264517.
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4.5.6 CSP-1 induces cytokine secretion in GECs.

Recent studies have shown increased secretion of cytokine IL-8 in corneal epithelial cells
in response to P. aeruginosa QSMs and TNF-a in mast cells in response to S. pneumoniae CSP-1
(Pundir et al., 2019; Zhu et al., 2008). To analyze cytokine secretion in OKF6 cells they were
treated with CSP-1, DPH, and PMA alone or in combination with U73122, gallein, BAY 11-7082
and peptide inhibitor of MyD88. After 18 hours of treatment with the above-mentioned
compounds, the cell culture supernatants were collected, and the levels of seven cytokines were
determined using V-PLEX 7 Meso Scale multiplex ELISA. The levels of IFN-y were below the
detection limit in our cell system and hence this was not pursued in further analysis. We observed
increased levels of IL-6 (**p<0.0034) (Figure 4.8C), IL-8 (**p<0.0014) (Figure 4.8D) and
TNF-a (*p<0.0177) (Figure 4.8F) in CSP-1 treated cells. However, no significant change in
levels of IL-2 (Figure 4.8A), IL-4 (Figure 4.8B) and IL-10 (Figure 4.8E) were observed upon
CSP-1 treatment. The treatment with T2R14 agonist DPH, and PKC activator PMA induced
secretion of IL-2 (*p<0.05, ****p<0.0001) (Figure 4.8A), IL-4 (*p<0.05, ***p<0.0008) (Figure
4.8B), IL-6 (**p<0.002, ***p<0.0009) (Figure 4.8C), IL-8 (**p<0.002, ****p<0.0001) (Figure
4.8D), IL-10 (*p<0.05, ***p<0.0008) (Figure 4.8E) and TNF-a (**p<0.002, ****p<(0.0001)
(Figure 4.8F). To examine the role of TLRs in cytokine secretion, OKF6 cells were treated with
CSP-1, E.coli LPS alone or in combination with Pepinh-MyD inhibitor. Only TNF-o was
increased upon LPS treatment that was inhibited by Pepinh-MyD inhibitor (*p<0.05) (Figure
4.8F). None of the other cytokines were affected by Pepinh-MyD inhibition of CSP-1 or LPS
treatment. Interestingly, DPH induced secretion of IL-2 (*p<0.05); IL-4 (**p<0.003) and IL-10
(*p<0.05) were significantly reduced upon treatment using Pepinh-MyD inhibitor. The IL-8 and
TNF-a levels remain unchanged in cells treated with CSP-1 alone or in combination with Pepinh-

MyD inhibitor.
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To characterize the role of CSP-1/T2R dependent and independent cytokine secretions
cells were co-treated using T2R downstream signaling inhibitors. The IL-8 (***p<0.001) (Figure
4.8D) and TNF-a (*p<0.05) (Figure 4.8F) levels were significantly decreased in cells co-treated
with CSP-1 and gallein compared to CSP-1 treated cells. However, IL-8 and TNF-a levels remain
unaffected in cells co-treated with CSP-1 and U73122 (p<0.99). Next, we analyzed T2R14
specific cytokine responses in MOCK and T2R14 KD cells (Figure 4.8G-L). A significant
decrease in basal IL-2, IL-6, IL-8, TNF-a levels were observed (*p<0.05) upon T2R14 KD
(Figure 4.8G-L). Strikingly, CSP-1 or DPH treatment did not recover the majority of the
cytokine secretions in T2R14 KD as compared to MOCK cells (IL-2 **p<0.01, IL-4 *p<0.05, IL-
6 **p<0.01, IL-8 **p<0.01, IL-10 **p<0.01, TNF-a **p0.01) (Figure 4.8G-L). Furthermore,
PMA treatment recovered cytokine secretions in T2R14 KD cells albeit not to the same levels in
MOCK cells (IL-2 **p<0.01, IL-4 **p<0.01, IL-6 ***p<0.001, IL-8 p>0.05, IL-10 *p<0.05,

TNF-a *p<0.05) (Figure 4.8G-L).

78



81 |
6_
4 e
E 27 . . *%
g o I |
ST
=0.8
0.6 ,%
0.4
00l 71 = = rj,}| == | x FI_‘ x : x ﬁ
> N 12 N v QO D X \g¢ & 0 QO
RO PSR AP ROMIR LIPS S A
€) RN R 4\\ & ~k\'\ & _\\\ &
KR F & F = X &
0% O \x '\x s2\x x X %X
&£ &L SO N g
B IS IS Q Q R v
2.5 Sk Sk
\ I \
2.0
£ 151
2
2 10, | 5
0.5
AN .
oé‘@ c,‘”oq\ {b\(ﬂ« Q}\?}c /\QQ’(L §\0 OQQ\ Sl §\0 Qév & \9% O
o St o2 &N & &N RN .
XL R LS \S Q2
09 O \xQ’ \X Q‘& Q\xQ x@ %x
£ & SN N 3
C * & o 9 < A
2500
2000 | mil
1500- Ea
1000+ ek ww
= { I
D 5004 —_
;5 500 | *kk —=
= 4004 —
300
w ﬂ H
1001
0 W S D e T N Y N N N m 1
o N & Vv Q Q> v Q \of v 2] QO
S Oéz o & ,g% & :\Q‘b §\ N :\Q% &
o R ,\XO &J S NS N &
D R o o Y o \s R
) Q% xQ7 xQ x% xQ XQ’ xQ
@) Q'\ N QQ QQ\ Q\r Q%
O% o% Q Q Q \

Fkkk

kK

79



IL-8 (pg/ml)

TNFa (pg/ml)

Fkkk

Fkkk

5000, | |
4000
3000
I ]
2000
_ N = -
15007 1
1000
500
0 N N T Q\ q./ d \2“ "1‘, d ?‘. T T T
S .
© SRS N S N &
R P S X S Q&
0"9 O N N X X ¥ X
PN &g N g
& & SRV < N
6_
5| | i
4 1
g 1
= 31
S
4
2 * *
I
1,
ns
m ﬁ
ol == —— [ = 1 e ST
N .
& IS
cP O \S\ &® N ~ N < NG <«
2 NSO NS NS O ‘\“
N Q R R R
Q s \'s \o
) (ol 2 L 2 R N R
© CAE & N &
& & 9 ] N
40_ } ***iil *k ‘
“ 3
s —
104
5_4 Jek
4 | .
1
3 x ¥
i |—;‘ fq B
14
oL ] ﬁ L= (ATT ] i ﬁ ]
S N D S P O XD O W & L O
A U SRS ST O PSR SRR
° Q\ o N NS N «
N KX O & N & O &
A O X X &
@ O RN XX 3 2
AR AN N3 g
& & SRS ] >

80



IL-6 (pg/ml)

IL-2 (pg/ml)

IL-4 (pg/ml)

67@ Mock
5| B T2R14 KD
4_
3,
2__
2.0+
1.5 **
1
1.0 1
05 — ’L‘ L
ool CE1 (F1 e
0°° (5’ Q
2-5"|: Mock
T2R14 KD
2.0
1.59
1
1.0 T
1
0.5
ns
1
0.0 D_E et
QI\
o%
|
20009 Mock
T2R14 KD
1500 _‘,
1000+
1
500 ** 1T
1
— o
0 \\ T \S
N
«© Q’ 3
S 2 Q

81



T2R14 KD

8000, ] Mock

6000-

T
o
o
o
<

(wy/6d) g1

82

ns

] Mock
T2R14 KD
[ Mock
T2R14 KD

6
5

© O T N
© o S o

40,
0

2000
3



Figure 4. 8: Quantification of cytokines secreted in OKF6 WT, MOCK and T2R14 KD
OKF6 cells by Meso Scale multiplexing ELISA.

A-F: OKF6 WT cells were treated for 18 hours using S. mutans CSP-1 (50 uM), U73122 (5 uM),
Gallein (10 uM), BAY 11-7082 (10 uM), Pepinh-MyD inhibitor (40 uM), DPH (200 uM), PMA
(100 nM) and LPS (10 pg/ml). G-L: The MOCK and T2R14 KD OKF6 cells are treated with
CSP-1, DPH and PMA using the above-mentioned concentrations. The supernatants were
collected, filtered using 0.25 uM nylon filter to remove cell debris and the following cytokines
were analyzed (IL-2, IL-4, IL-6, IL-8, IL-10 and TNF-a) using a recombinant standard by a Meso
Scale reader. The representative graphs were generated using graph pad prism 7.0. One-way
Anova using Tukey’s multiple comparison was performed to calculate the statistical significance
and *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 was considered significant. The data
represents SEM of >3 independent experiments performed in triplicates (Medapati, Singh, et al.,

2021). Reproduced with permission from the FASEB journal; License number-5015461264517.

4.5.7 Effect of CSP-1 on dHL-60 cell migration.

To characterize the effect of CSP-1 induced GEC secretion on immune cell migration, we
used dHL-60 as a model (Figure 4.9A) (Millius et al., 2010). FACS analysis showed an
increased expression of CD11b and CD14 cell surface markers in dHL-60 cells as compared to
the undifferentiated cells (Figure 4.9A). The 18 hour conditioned medium (CM) of OKF6 cells
was used to induce migration in dHL-60 cells over a period of 24 hours. The data revealed that
CM from CSP-1 treated OKF6 cells increased migration of dHL-60 cells by 2.5-fold as compared
to the CM from untreated cells (***p<0.002) (Figure 4.10B, C). In contrast, CM of OKF®6 cells
co-treated with CSP-1 and T2R signaling inhibitors U73122, gallein and T2R14 antagonist 6-MF
significantly decreased dHL-60 migration compared to CM from CSP-1 treated cells
(**F**p<0.0001, **p<0.01, ***p<0.001) (Figure 4.10B, C). We observed an early increase in the
migratory cell index, which was similar between untreated, and CSP-1 treated cells; however, the

cell index in CSP-1 treated OKF6 cells continued to increase over a period of 24 hours but not in
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the untreated cells. A similar trend was observed in cells co-treated with CSP-1 and U73122
where the cell index reached lower than basal levels. In cells co-treated with CSP-1 and gallein
there was an early spike in the cell index, which then reached below the level of CSP-1 treated
cells but was not restored to basal levels. The inhibitors alone did not influence dHL-60
migration and neither did the dHL-60 cells treated with CSP-1 peptide. This shows that CSP-1
primed OKF6 cells were able to attract immune cells and this effect is dependent on T2R14 and
its canonical signaling proteins Gg, and PLCp. We also used the CM from MOCK and T2R14 KD
cells. The data from these experiments show a significant decrease in dHL-60 migration upon
treatment with CM from T2R14 KD cells primed with CSP-1 (**p<0.01) and DPH (**p<0.01) as
compared to MOCK cells (Figure 4.10D, E). However, the migratory effect was the same when
PMA treated CM from MOCK and T2R 14 KD cells was used (Figure 4.10D, E). These results
confirm that CSP-1 activation of T2R14 in OKF6 cells creates a microenvironment that can act

as an attractant for neutrophils.
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Figure 4. 9: Cell surface expression of CD14 and CD11b in differentiated and
undifferentiated HL-60 cells.

HL-60 cells are treated with 1.3% DMSO for 7 days and were allowed to differentiate into

neutrophil-like cells. The cells were labeled with fluorescent-tagged CD14 (APC) and CD11b
(FITC) antibodies and IgG. A: The graph represents the percentage of cells expressing the CD
surface marker in each gate obtained by using quadrant gating. B: Quadrant gating method was
used to determine the single-positive and double-positive cells. One-way Anova using Tukey’s
multiple comparison was performed to calculate the statistical significance and a *p<0.05 was

considered significant. The data represents SEM of >3 independent experiments performed in

triplicates (Medapati, Singh, et al., 2021). Reproduced with permission from the FASEB journal;
License number-5015461264517.
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Figure 4. 10: Effect of migration of differentiated HL-60 (dHL-60) cells treated with
conditioned medium from OKF6 cells.

A: Schematic display of xCELLigence migration chamber showing direction of migration of
dHL-60 cells towards OKF6 cell culture supernatant. B: The graphs shows the increase in
migration of dHL-60 cells over a period of 24 hours upon incubation with conditioned medium
from OKF6 cells treated with CSP-1 (50 uM) alone or in combination with U73122 (5 uM),
gallein (10 uM), 6-MF (30 uM) and fMLP (100 nM). C: The representative raw migration traces
depicting the cell index over a period of 24 hours. D: dHL-60 cells migration upon incubation
with CM from MOCK and T2R14 KD OKF6 cells treated with CSP-1 (50 uM), DPH (200 uM)
and PMA (100 nM). E: The representative raw migration traces depicting the cell index over a
period of 24 hours. One-way Anova using Tukey’s multiple comparison was performed to
calculate the statistical significance and a *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 was
considered significant. The data represents SEM of >3 independent experiments performed in
triplicates (Medapati, Singh, et al., 2021). Reproduced with permission from the FASEB journal;
License number-5015461264517.
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4.6 Discussion

Over the past decade several studies have examined the role of host — pathogen
interactions. The T2R family, the third largest class of GPCRs with 25 members (Munk et al.,
2016) has an exceptionally broad ligand spectrum. Although they are primarily identified as
targets for bitter compounds, recent studies have shown their importance in host-pathogen
interactions (Freund et al., 2018; 1. Gopallawa et al., 2020). Most of these studies focused on
Gram-negative P. aeruginosa and QSMs, specifically AHLs, secreted by it. Our study was the
first to examine the effect of oral QSMs (CSPs) secreted by cariogenic S. mutans on host GECs.
Together, these studies suggest a novel role of T2Rs as sentinels of the innate immune system in
our body.

Oral epithelial cells act as the primary barrier against microbial pathogens. Our
transcriptomic analysis suggests 26 GPCRs are expressed at higher levels than the well-
recognized pattern recognition receptors, TLRs (Figure 4.1A and B). Among 25 T2Rs that were
examined, T2R14 expression is highest in GECs, indicating a potential role for this T2R in host-
pathogen interactions (Figure 4.1B). Several studies have shown that the activation of T2Rs by
bacterial QSMs leads to an increase of intracellular calcium mobilization in different cell types
such as upper airway epithelial cells, nasal epithelial cells and in heterologous cell systems
(Freund et al., 2018; Gil et al., 2015; Jaggupilli et al., 2018; Jaggupilli et al., 2017). In oral
epithelial cells, we observed a robust increase in intracellular calcium mobilization upon
treatment with S. mutans CSP-1 compared to CSP-2 and CSP-3 (Figure 4.2B and C). The
cariogenic S. mutans is shown to secrete CSP-1 that is cleaved by membrane bound protease
sepM to produce CSP-2 (Hossain et al., 2012b; Y. H. Li et al., 2001). Interestingly several strains

of S. mutans (BM71, GB14, LT11, NG8 and UA159) are known to secrete CSP-1 with an
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exception for JH1005 that secrets CSP-2 (Y. H. Li et al., 2001) and NCTC10449 strain secreting
23-mer CSP containing LGKIR at the C-terminus (Petersen et al., 2006). This variability of C-
terminal amino acids is known to effect genetic transformation efficiency in these strains (Y. H.
Lietal., 2001). Hence the C-terminal amino acids play important role in S. mutans quorum
sensing. Interestingly, our results suggest the importance of the last three C-terminal amino acids
in CSP-1 in inducing calcium mobilization in GECs. Removal of the terminal lysine (K21) did
not affect the calcium response, while removal of the two C-terminal residues G20 and K21
significantly reduced intracellular calcium mobilization in GECs (Figure 4.21 and K). These
data suggest that G20 at the C-terminus is an important amino acid in S. mutans CSP-1.
Interestingly, a recent study has also shown an increased calcium response in mast cells upon
incubation with S. pneumonia CSP-1(Pundir et al., 2019). The same study also suggested that
peptide QSMs above a net charge of 2 were able to activate calcium responses in mast cells. The
S. mutans CSP-1 has a net charge of 3.0 as compared to CSP-2 and 3, which have a net charge of
1.8 each. Previous structural analysis showed CSP-1 to assume a random a-helix conformation in
aqueous and membrane-mimicking solutions (Syvitski et al., 2007). A recent study utilizing S.
mutans CSP analogues suggested a slight decrease in a-helix conformation and consistent
decrease in the activity of CSP-2 (Bikash et al., 2018). Although this decrease in QS activity
cannot be compared to the activation of host-signaling pathways, the change in the a-helix
conformation between CSP-1, CSP-2 and CSP-3 might affect the dynamics of CSP interaction
with the host membrane proteins.

Our results suggest the CSP-1 induced calcium response in GEC occurs primarily via the
T2R14- Gg,- PLCg pathway. The knock down of T2R14 in OKF6 cells led to a significant
decrease in maximal (Enax) calcium mobilization upon treatment with CSP-1 and DPH. However,

the ECsy values remain unchanged (Figure 4.3C and E). These results suggest CSP-1 as potent
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agonist for T2R14. Our findings are in alignment with the recent findings, in which P aeruginosa
QSM HHQ and 3-o0x0-C12 HSL were shown to induce T2R14-Gg,-PLCg dependent intracellular
calcium mobilization in airway epithelial cells and platelets (Freund et al., 2018; Yadav et al.,
2018). In addition to characterizing T2R14 as a major target for S. mutans CSP-1 in GECs it is
important to study the downstream signaling pathways affected by CSP-1 and T2R 14 interaction.
Thus, we examined activation of NF-kB pathway by CSP-1. We observed time-dependent
increase in the phosphorylation of NF-kB signaling intermediates IKKaf} and IKBa (Figure
4.5A-C). Interestingly the NF-kB signaling induced by either CSP-1 or DPH is not inhibited
upon T2R14 KD (Figure 4.5J-L). The results using signaling inhibitors of T2Rs also show a
decrease in phosphorylation only upon PLC inhibition but not with Gg, inhibition (Figure 4.6A
and B). Several studies have shown PKC dependent activation of NF-kB pathway and PKC is a
known downstream target for PLCg (Gukovsky et al., 2004; Satoh et al., 2006; Suh et al., 2008).
Studies have also reported Gq-PLC-PI3K mediated activation of NF-kB signaling (Rahman et al.,
2001; Shahrestanifar et al., 1999) and a recent study involving rat pulmonary nociceptors showed
T2R-PLC-PKC signaling mediated sensitization of transient receptor potential vanilloid receptor
1 (TRPV1) (Guetal., 2017). Hence, we believe CSP-1 mediated NF-kB signaling in GEC might
be regulated by PLC-DAG-PKC pathway or by Gq coupled GPCRs.

To examine the role of CSP-1 on oral innate immunity, we quantified the secretion profile
of several cytokines in GEC supernatants. We observed an increase in cytokine/chemokine IL-6,
IL-8 and TNF-a upon CSP-1 and DPH treatment (Figure 4.6C, D and F). The cytokines IL-2,
IL-4, IL-10 were not affected by CSP-1. Our data reflects on recent studies in which higher
levels of TNF-a and IL-8 were observed in children affected with caries as well as in oral
epithelial cell cultures (Horst et al., 2011; Ra et al., 2017). TNF-a is highly expressed in taste

buds and its signaling in these cells preferentially modulates bitter taste responses (Feng et al.,
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2015). Interestingly, IL-8 and TNF-a secretion are shown to be dependent on Gg, subunit
activation but not PLCg, NF-kB or TLR signaling pathways. Further, the knock down of T2R14
resulted in decreased basal levels of IL-6, IL-8 and TNF-a. These are recovered only with PMA
but not with CSP-1 or DPH. Previously, regulation of IL-8 is show to be dependent on several
transcriptional factors such as NF-kB, CREB, AP-1, NF-1L6 in human bronchial epithelial cells
treated with P. aeruginosa (Bezzerri et al., 2011). Currently there exists no direct evidence of
T2R mediated transcriptional regulation of AP-1, CREB or NF-kB; however, a recent study on
mice suggested that AP-1 transcription factors (c-Fos, Fosb and c-Jun) play a key role in
maintaining taste cell proliferation and taste bud structures (Shandilya et al., 2016). The data
from our study suggest CSP-1 and T2R 14 mediated cytokine secretions can occur via AP-1,
NFAT or CREB and PMA induced cytokine secretions are mediated by NF-kB signaling. We
assume that the knock down of T2R14 might alter one or many of the above mentioned AP-1
transcription factors leading to the impairment of IL-6, IL-8 and TNF-a secretion. Similar to IL-8
and TNF-a we also observed an increased secretion of IL-6 with CSP-1, DPH and PMA (Figure
4.61). Intriguingly, the knock down of T2R14 completely abolished IL-6 levels and these were
not recovered upon treatment with any of the above-mentioned compounds. We believe IL-6
secretion to be independent of T2R14 since its secretion is primarily dependent on NF-kB
signaling; however a knock down of T2R 14 might interfere with signaling pathways that are
responsible for IL-6 secretion. One possibility is the interference of T2R14 KD on transcription
factor NF-IL6, which along with NF-kB, is a known transcriptional regulator for IL-6 (Matsusaka
et al., 1993). This adds another layer of complexity in deciphering T2R14 mediated immune
responses. These data indicate activation of multiple signaling pathways leading to a broad
spectrum of innate immune responses in GECs. Studies have shown that alternate Gg, signaling

led to an activation of PI3K and its downstream signaling molecules such as PKB/Akt, src-
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kinase, ERK (Stephens et al., 1994) and Rho family GTPase (Siripurapu et al., 2017). These
findings collectively suggest that in GECs CSP-1 mediated activation of T2R14 can lead to
several signaling outcomes such as T2R 14-Gg, ~PLCp-IP;-Ca”" and T2R14-Gg, —PI3K-
PKB/Akt/MAPK pathway. The later signaling pathway however, is yet to be studied.

Gingival tissue inflammation is followed by the infiltration of immune cells such as
neutrophils and macrophages (Meyle et al., 2017). To investigate whether CSP-1 primed GECs
recruit immune cells, we used differentiated HL-60 cells (dHL-60) as a model for examining
immune cell infiltration. Our results indicate that CSP-1 treated GEC cells were better at
attracting dHL-60 cells than the untreated cells (Figure 4.10B). This effect was abolished when
GECs were treated with Gg, or PLCp inhibitors and the T2R14 antagonist 6-MF (Figure 4.10B).
We also examined the migratory effect of CSP-1 treatment on dHL-60 cells. Our results indicate
that CSP-1 alone did not influence dHL-60 cell migration. We believe that the migratory effect of
dHL-60 cells is caused by CSP-1 conditioned GEC secretions. Our cytokine analysis showed an
increased secretion of IL-8 upon treatment with CSP-1, DPH and PMA only in MOCK cells
(Figure 4.6J). Previously, IL-8 is shown to be a potent chemoattractant for neutrophils
(Boneschansker et al., 2014). It is possible that CSP-1 mediated T2R14 activation facilitates IL.-8
secretion, which in turn influences neutrophil migration. Our data supports a recently published
study in which mouse treated with S. pneumonia CSP-1 have increased number of mast cells and
this effect is dependent on mouse GPCR (Mrgprb2) (Pundir et al., 2019). Our results suggest a
novel role for T2R14 in oral mucosa that involves recruitment of immune cells in response to
chemoattractants.

In summary, our findings identify S. mutans CSP-1 as first bacteria derived peptide ligand
for the T2R family. The novel CSP-1/T2R 14 interaction is responsible for mediating innate

immune responses in oral epithelial cells. The results from this study add to a very limited pool of
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knowledge regarding the role of QSM-host interaction in defining the outcome of oral diseases.
Future studies using infection models will be useful to decipher the nature of CSP-1 and T2R14

interactions to enable use of T2Rs as potential therapeutic targets.
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BRIDGE TO CHAPTER 5
In chapter 4, using transcriptomics and western blot analysis I show T2R14 is highly

expressed in GECs. CRISPR-Cas9 knock down of T2R14 in GECs followed by a series of

signaling assays, I show that T2R14 is involved in interaction with CSPs secreted by S. mutans.

Further, I characterized the innate immune responses induced by CSP-1/T2R 14 activation in
GECs. In the following chapter 5, I test the hypothesis whether the innate immune responses
activated by T2R 14 in GECs are effective against many Gram-positive bacteria or are selective

for some.
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5.1 ABSTRACT

Bitter taste receptors (T2Rs) have emerged as key players in host-pathogen interactions
and important modulators of oral innate immunity. Previously, we reported that T2R14 is highly
expressed in gingival epithelial cells (GECs) and interacts with competence stimulating peptides
(CSPs) secreted by the cariogenic S. mutans. The underlying mechanisms of the innate immune
responses and physiological effects of T2R14 on Gram-positive bacteria are not well
characterized. In this study, we examined the role of T2R14 in internalization and growth
inhibitory effects on Gram-positive bacteria, Staphylococcus aureus and S. mutans. We utilized
CRISPR-Cas9 T2R14 KD GECs as the study model to address these key physiological
mechanisms. Our data reveals that the internalization of S. aureus is significantly decreased,
while the internalization of S. mutans remains unaffected upon knock down of T2R14 in GECs.
Surprisingly, GECs primed with S. mutans CSP-1 resulted in an inhibition of growth for S.
aureus, but not for S. mutans. The GECs infected with S. aureus induced T2R14 dependent
human B-defensin-2 (hBD-2) secretion, however S. mutans infected GECs did not induce hBD-2
secretion, but induced T2R 14 dependent IL-8 secretion. Interestingly, our results suggest that
T2R14 KD might affect the cytoskeletal reorganization in GECs thereby inhibiting S. aureus
internalization. Our study highlights the distinct mechanisms and a direct role of T2R14 in

influencing physiologic responses to Gram-positive bacteria in the oral cavity.

97



5.2 INTRODUCTION

Oral epithelial cells are in constant communication with several diverse microbes under
both normal and pathological conditions. However, the signaling mechanisms for pathogen
recognition and innate immune responses are not yet fully understood. Host cells express toll-like
receptors (TLRs), which can recognize pathogen-associated molecular patterns (PAMPs).
PAMPs are bacterial cell-wall components such as lipoteichoic acid in Gram-positive organisms,
lipopolysaccharide in Gram-negative organisms, and sometimes other bacterial products (Ooi et
al., 2008). Apart from these above-mentioned molecules, bacteria secrete QSMs that are
recognized by T2Rs (Freund et al., 2018; Jaggupilli et al., 2018; Medapati, Singh, et al., 2021).

T2Rs belong to GPCR superfamily of proteins and were first identified in the oral tissues
(Adler et al., 2000; Lindemann, 1996). However, several studies have shown both, extra-oral
expression as well as extra-gustatory functions for T2Rs in physiological as well as patho-
physiological conditions (Jaggupilli et al., 2017; Shaik et al., 2016). T2Rs have now been
identified as important modulators of innate immune responses in several cell types including
sinonasal epithelial cells, upper airway epithelial cells, immune cells such as macrophages and in
GECs (Carey, Workman, Yan, et al., 2017; I. Gopallawa et al., 2021; R. J. Lee et al., 2012a;
Medapati, Singh, et al., 2021). The stimulation of bronchial airway epithelial cells by bitter
compounds resulted in an increase in intracellular Ca®* resulting in an increase in ciliary beat
frequency (Alok S Shah et al., 2009), nitric oxide (NO) production and increased bactericidal
effects in sinonasal epithelial cells (R. J. Lee et al., 2012a) as well as regulation of type-2
immunity against gut pathogens (Howitt et al., 2016; von Moltke et al., 2016).

Apart from the epithelial cells, T2Rs are also expressed in immune cells such as

monocytes, Natural killer (NK) cells, B cells, T cells, and polymorphonuclear leucocytes (PMN5)
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(Malki et al., 2015). Human neutrophils and phagocytes have been shown to express T2R38, bind
to bacterial QSM AHL-12, and cause neutrophil migration (M. M. Gaida, U. Dapunt, et al.,
2016). In contrast, T2Rs expressed on human mast cells were not activated upon stimulation with
agonists (Ekoff et al., 2014). These studies suggest a tissue-specific role for T2Rs. A recent
study showed that stimulation of human monocyte derived macrophages by agonists such as
denatonium benzoate, quinine as well as some bacterial signaling molecules activated several
T2Rs (Indiwari Gopallawa et al., 2019). Activation of T2Rs resulted in increased NO production
and enhanced phagocytosis of Escherichia coli and S. aureus (Indiwari Gopallawa et al., 2019).
All these studies enumerate the role of T2Rs in innate immunity. However, the physiological
effect of T2R14 on Gram-positive bacteria is not well established.

We hypothesized that T2R14 activation in GECs results in an innate immune response
that is effective against selective Gram-positive bacteria. To test this hypothesis, we
followed up on our recent studies where we analyzed the effects of the CSPs secreted by the
cariogenic S. mutans in GECs (Medapati, Singh, et al., 2021). S. mutans CSP-1 is shown to
activate T2R14 leading to an innate immune response in GECs. However, the underlying
mechanisms of these innate immune responses and physiological effects of T2R14 on Gram-
positive bacteria are not characterized. Therefore, one of the major questions we addressed in this
study is whether this innate immune response is deleterious for S. mutans or is S. mutans using
the host immune system to inhibit other Gram-positive bacteria. We show that the CSP-1 and
bitter agonist mediated T2R14 activation in GECs inhibits the growth of S. aureus but not S.
mutans. Our results suggest that T2R 14 influences cytoskeletal rearrangement and therefore

internalization of Gram-positive bacteria in GECs.
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5.3 MATERIALS AND METHODS

5.3.1 Reagents used in the study

Methylpiperidino pyrazole (MPP)(#13863), apigenin (#10010275) and nitrate/nitrite
fluorometric assay kit (#780001) were purchased from Cayman chemical company. Cytochalasin
D (# C8273), TRITC-phalloidin (#P1951) and diphenhydramine hydrochloride (#PHR1015) were
purchased from Sigma Aldrich (Oakville, ON). 2',7'-Bis-(2-Carboxyethyl)-5-(and-6)-
carboxyfluorescein-acetoxymethyl ester (BCECF-AM) (# B1170) was purchased from Thermo
Fisher Scientific. Human B-defensin 2 (hBD-2) ELISA kit (# 900-K172) was purchased from
PeproTech and IL-8/CXCLS8 ELISA kit (# D8000C) was purchased from R&D systems.
Keratinocyte growth medium-2 (KGM-2) for OKF6 cell culture was purchased from Promo Cell
(Heidelberg, Germany). The following antibodies were purchased: mouse monoclonal anti-f3-
actin (#A5441) from Sigma Aldrich (Oakville, ON), rabbit polyclonal anti-T2R14
(#OSRO0161W), goat anti- rabbit [gG-HRP conjugate (#17-6515) from Bio-Rad (Mississauga,
ON), goat anti- mouse IgG- HRP conjugate (#A-10668) from Thermo Scientific (Carlsbad, CA),

mouse monoclonal anti-Racl (#05-389) from Millipore (Oakville, ON).
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5.3.2 Cell line used in the study

The oral keratinocyte cell line OKF6 was an in-kind gift from Dr. Gill Diamond,
University of Florida (Dickson et al., 2000; McMahon et al., 2011). The T2R14 KD and a non-
targeting (MOCK) Alt®-R-control CRISPR-crRNA or MOCK OKF6 cells were generated using
CRISPR-Cas9 (Zuris et al., 2015), and published in our previous study (Medapati, Singh, et al.,
2021). The expression of T2R14 in WT, MOCK and T2R14 KD cells is confirmed by western-
blot analysis (Figure S1). The protocol for western blot detection of T2R 14 is previously

described (Medapati, Singh, et al., 2021).

5.3.3 Bacterial strains used in the study

The S. aureus (ATCC strain 6538) and S. mutans strain UA159 were purchased from
ATCC. The S. aureus strain is propagated in Luria-Bertani (LB) broth at 37°C under constant
agitation. The S. mutans strain is propagated in Brain Heart Infusion (BHI) broth at 37°C and 5%

CO; under constant agitation.

5.3.4 Bacterial internalization assay

To assay internalization, S. aureus and S. mutans were grown overnight at 37°C under
constant agitation in the corresponding liquid medium. The early log phase cultures for both S.
aureus and S. mutans were used for infections. For infection with S. aureus an MOI of 50:1 (50
bacteria per 1 epithelial cell) and for S. mutans an MOI of 100:1 (100 bacteria per 1 epithelial
cell) were re-suspended in GEC medium (Al Kindi et al., 2019; Maisonneuve et al., 2020). The
OKF6 WT, MOCK and T2R14 KD cells were infected with S. aureus for 1 hour and with S.
mutans for 2 hours at 37°C (Al Kindi et al., 2019; Maisonneuve et al., 2020). These conditions

were optimized prior to the experiments and the best MOI and infection times were chosen based
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on cell viability assays. After infection, the cells were washed four times with sterile PBS. The
extracellular bacteria were killed by treating the cells with gentamycin (100 pg/ml) for 1 hour.
After antibiotic treatment the cells were washed four times using sterile PBS and were incubated
with 1% saponin for 15 mins (Wunsch et al., 2015). Then, 100 pl of lysate was spread on LB agar
and BHI plates and incubated for 24 hours at 37°C. After 24 hours the plates were removed,

colonies were counted manually and represented in colony forming units (CFUs).

5.3.5 Immunofluorescence microscopy of internalized bacteria in host cells

The log phase cultures of S. aureus and S. mutans were labeled for 45 mins with BCECF-
AM (10 uM) (Wunsch et al., 2015). BCECF-AM is a non-fluorescent membrane permeable dye
that is converted to fluorescein (BCECF) by intracellular esterases. The labeled bacteria were
washed using sterile PBS and re-suspended in GEC medium. The OKF6 WT, MOCK and T2R 14
KD cells were infected using BCECF-AM labeled S. aureus (50 MOI for 1 hour) and S. mutans
(100 MOI for 2 hours). After infection, the GECs were washed three times using PBS and were
fixed using 4% paraformaldehyde. After fixation, GECs were washed three times using PBS and
the actin filaments were labeled using TRITC-phalloidin (50uM) for 45 mins followed by
washing thrice with PBS. The nucleus was stained with DAPI (1:10.000 dilution) for 5 mins. The
cover slips were then mounted on to a glass slide using fluoromount G mounting medium
(Southern Biotech). The cells were imaged using a Nikon Eclipse Ti microscope using narrow
standard band pass filters for DAPI, FITC for BCECF-AM and Texas Red for TRITC-phalloidin.
The images were acquired at different focal points using a Z-stack program. In total, 30 stacks
were obtained and with each stack having a size of 0.3um. The 30-stack image is then processed
to correct for out-of-focus light by deconvolution using a wide-field point spread function

algorithm in NIS-elements software.
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5.3.6 GTP-Racl pull-down assay

The OKF6 WT, MOCK and T2R14 KD cells were lysed and the total protein was
extracted according to the manufacturer’s protocol (#BK030, cytoskeleton). The protein
concentration was quantified and 500 ug of total protein was incubated with 50 ug of PAK1
beads for 1 hour at 4°C. After 1-hour incubation the beads were centrifuged at 5000xg at 4°C for
1 min. The supernatant was carefully removed and the beads were washed using wash buffer and
centrifuged at 5000xg at 4°C for 3 min. The wash buffer was carefully discarded and 2x Laemmli
buffer was added to the beads. The sample was then heated at 100°C for 2 min and western blot

analysis was performed and the membranes were probed with anti-Racl and anti-actin antibodies.

5.3.7 Bacterial survival assay

The early log phase cultures of S. aureus and S. mutans were used for the survival assay.
The bacteria were centrifuged at 5000xg for 5 mins and the pellet was re-suspended with
conditioned medium (CM) from OKF6 WT, MOCK and T2R14 KD cells treated using DPH,
CSP-1 and apigenin. For real-time analysis the bacterial pellet was re-suspended in 100ul of CM
and was plated in a clear bottom 96-well plate layered with sterile white mineral oil to prevent
evaporation of the media. The ODgop was measured every 10 minutes for a period of 24 hours

using a Synergy H4 Multimode Microplate Reader (BioTek).

5.3.8 Human f-defensin 2 (hBD-2) ELISA
Briefly, OKF6 WT, MOCK and T2R14 KD cells were seeded in a 12-well plate at a

density of 1.5 x 10°cells/well. These cells were infected with S. aureus and S. mutans for 18
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hours at an MOI of 50 and 100 respectively. After the treatments, supernatant was collected and
filtered using 0.2 um nylon filter. The filtered supernatant was used to determine the secreted
levels of hBD-2 using ELISA (Peprotech). The detection range of the assay is (1500 — 23 pg/ml).
The absorbance A4so nm was measured using a Flexstation3 plate reader (Molecular devices,

CA).

5.3.9 Measurement of Nitrate/Nitrite secretion

The supernatant from OKF6 WT, MOCK and T2R14 KD cells was collected and 50 pl
was used to measure the secreted levels of nitrate/nitrite using a fluorescent assay kit (Cayman
Chemical). The reductase enzyme cofactor and reductase enzyme were mixed with supernatant
and incubated for 30 mins at RT followed by addition of 2,3-diaminoapthelene (DAN) and
NaOH. The detection limit of the assay is (60 nM — 3.85 uM). The fluorescence is measured at
an excitation wavelength of 365 nm and an emission wavelength of 430 nm using a Flexstation3

plate reader (Molecular devices, CA).

5.3.10 Measurement of IL-8/CXCLS secretion
Briefly 1.5 x 10° cells were infected with S. aureus (50 MOI) or S. mutans (100 MOI) for
18 hours. After infection the supernatant was collected and filtered using a 0.2 um nylon filter.
The supernatant was diluted (1:10 dilution) and IL-8/CXCLS levels in the diluted supernatant
were measured by commercially available quantikine ELISA as per manufacturer instructions
(#D8000C, R&D systems). The detection limit of the assay is (2000 — 31 pg/ml). The absorbance
is measured using a using a Flexstation3 plate reader at the wavelength of 450 nm (Molecular

devices, CA).
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5.4 RESULTS

5.4.1 T2R14 mediates internalization of S. aureus and S. mutans in GECs

A recent study on macrophages suggests T2Rs as one of the important receptors in the
phagocytic machinery (I. Gopallawa et al., 2020). Although immune cells are the primary
mediators of bacterial phagocytosis, epithelial cells in the oral cavity and the upper respiratory
tract are the first line of defense against microbes. These epithelial cells are also known to
internalize several species of bacteria and also express several T2Rs. However, the role of T2Rs
in internalization of bacteria, especially Gram-positive pathogens such as the cariogenic S.
mutans and the methicillin-resistant S. aureus is not studied in GECs. To characterize the role of
T2R14 in bacterial internalization, the OKF6 WT, MOCK and T2R 14 KD cells were infected
using S. aureus and S. mutans.

In OKF6 T2R14KD cells the internalization of S. aureus was significantly decreased as
compared to the WT and MOCK cells, as indicated by the decreased colony forming units
(CFUs) (Figure 5.1A and B) and confirmed by immunofluorescence (Figure 5.1C). When
compared to the control GECs pretreated with TLR signaling inhibitor MPP, no changes were
observed in the pattern of internalization between WT, MOCK and T2R14 KD cells. However,
the internalization levels decreased significantly in WT and MOCK cells treated with
cytochalasin D (Figure 5.1A and B).

Next, we characterized the internalization of cariogenic bacteria S. mutans in WT, MOCK
and T2R14 KD cells. In the control group there was no significant change in internalization
between WT, MOCK and T2R14 KD cells. In the MPP treated group the internalization of S.

mutans has significantly increased in WT and MOCK cells but not in T2R14 KD cells. In the
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cytochalasin D treated group the internalization of S. mutans is similar between WT, MOCK and

T2R14 KD cells (Figure 5.1D-F).
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Figure 5. 1: Internalization of S. aureus and S mutans in OKF6 WT, MOCK and T2R14 KD
cells.

A, The OKF6 WT, MOCK and T2R 14 KD cells pre-treated with MPP (5 uM) and cytochalasin
D (1 pg/ml) were infected with S. aureus (50 MOI) for 1 hour and the internalized S. aureus
bacteria were released from OKF6 cells using 1% saponin and the lysate was diluted in 1:10
dilution. 100 pl of the diluent containing bacteria were grown on LB agar plates for 24 hours to
form CFUs. B, The corresponding CFUs in the representative LB agar plate were calculated and
were represented in a grouped bar graph. C, OKF6 cells infected with BCECF-AM (10 uM)
labelled S. aureus for 1 hour. Cells were fixed with paraformaldehyde and labelled with TRITC-
phalloidin (50 uM) and DAPI (1:10,000 dilution). The immunofluorescence image shows
nucleus stained with DAPI (blue), F-actin stained with TRITC-phalloidin (red) and S. aureus
stained with BCECF-AM (green). D, OKF6 cells pre-treated with MPP (5 uM) and cytochalasin
D (1pg/ml) were infected with S. mutans (100 MOI) for 2 hours and the internalized S. mutans
were released using 1% saponin and the lysate containing bacteria were grown on BHO agar
plate to form CFUs. E, The corresponding S. mutans CFUs from the representative BHI agar
plate were calculated and were represented in a grouped bar graph. F, The immunofluorescence
image shows OKF6 cells infected with BCECF-AM (green) labeled S. mutans, and the OKF6
cells nucleus stained with DAPI (blue) and TRITC-phalloidin (red). The images were captured
using a Nikon Ti microscope using 60X oil immersion objective. The data represented in the
graphs are SEM of > 5 independent experiments. Two-way ANOVA analysis using Tukey’s

multiple comparison analysis was performed and the observed P value is ***P=0.002.
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5.4.2 Knock down of T2R14 decreases PAK1 associated actin but not GTP-Racl in GECs
One of several bacterial internalization mechanisms involves activation of Src pathway
leading to cortactin recruitment followed by the polymerization of actin (Agerer et al., 2005;
Fowler et al., 2003; Selbach et al., 2005). The actin polymerization and cytoskeletal
rearrangements are controlled by small GTPases, especially Racl. To characterize the role of
these GTPases and their relationship to T2R14 activation, pull-down assays were performed in
MOCK and T2R14 KD cells. The MOCK and T2R14 KD cells exhibited similar levels of GTP-
Racl (First panel, Figure 5.2). However, in T2R14 KD cells there is a decreased pull-down of

PAK1 associated actin (Third panel, Figure 5.2).
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Figure 5. 2: Characterizing the GTP-Racl in MOCK and T2R14 KD OKF6 cells.

The MOCK and T2R14 KD OKF6 cells lysates (500 pg) were incubated with PAK1 agarose
beads (20 pg) for 1 hour at 4°C. After incubation the beads were washed and re-suspended in 2x
Laemmli buffer and were separated by SDS-PAGE using a 12% TGX gel and blotted onto a
PVDF membrane. Western blot analysis of PAK1 pull-down and total protein lysates of MOCK
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and T2R14 KD cells probed using primary mouse monoclonal anti-Rac1 antibody (1:1000),
mouse monoclonal anti B-Actin antibody (1:25000) and secondary anti-mouse HRP antibody
(1:5000 and 1:25000) respectively. The blots were developed using chemiluminescence detection

system and were imaged using a ChemiDoc MP imaging system.
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5.4.3 Activation of T2R14 in GECs by CSP-1 and agonist has a bactericidal effect on S.
aureus but not S. mutans.

To characterize the bactericidal effect of T2R14 the OKF6 WT, MOCK and T2R14 KD
cells were treated with the recently identified T2R 14 agonist CSP-1 secreted by S. mutans
(Medapati, Singh, et al., 2021), and bitter agonists DPH, apigenin. The CM from the above
treated GECs was used to test the bactericidal effect on S. aureus and S. mutans. The results show
that CM from untreated WT, MOCK and T2R14 KD inhibited the growth of S. aureus (Figure
5.3A and B). The CM from DPH treated T2R14 KD cells appears to have rescued S. aureus
growth as observed in the real-time growth curve (Figure 5.3C). However, the slope analysis did
not show any significance between WT, MOCK and T2R14 KD cells (Figure 5.3D). The CM
from CSP-1 and apigenin treated T2R14 KD cells rescued S. aureus growth as evident in real-
time growth curves and slope when compared to WT and MOCK treated cells (Figure 5.3E-H).
The T2R 14 agonists alone did not inhibit S. aureus growth (Figure 5.31 and J).

Next, we characterized the bactericidal effect of T2R14 activation on cariogenic bacterium
S. mutans. The growth of S. mutans is similar upon treatment with CM from untreated WT,
MOCK and T2R14 KD cells (Figure 5.3K and L). However, none of the T2R 14 agonists
including CSP-1 had any noticeable effect on S. mutans growth (Figure 5.3M-R). The growth of
bacteria in untreated and those treated with agonists remained same. The T2R14 agonists alone
did not inhibit S. mutans growth (Figure 5.3S and T). These data suggest that T2R 14 mediated

bactericidal effect inhibits S. aureus growth, but not S. mutans.
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Figure 5. 3: Characterizing the bactericidal affect of T2R14 on S. aureus and S. mutans.

Analysis of growth of S. aureus and S. mutans over a period of 24 hours measured at OD600.
A,C,E,G and I, Real-time growth curves of S. aureus in response to WT, MOCK and T2R14 KD
CM alone or with T2R14 agonists DPH (250 uM), CSP-1 (50 uM), apigenin (50 uM) and
compound alone treatment. B,D,F,H and J: The graphs depict the growth rate of S. aureus as
slope/hr. K.M,0,Q and S, Real-time growth curves of S. mutans in response to WT, MOCK and
T2R14 KD CM alone or treated with the above mentioned T2R14 agonists and compound alone
treatment. L,N,P,R and S, The graphs depict the growth rate of S. mutans as slope/hr. The data
represented in the graphs are SEM of > 3 independent experiments. Two-way ANOVA analysis

using Tukey’s multiple comparison analysis was performed and the observed P value is *P<0.05.
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5.4.4 §. aureus-induced hBD-2 secretion is T2R14 dependent

Defensins are small cationic peptides that are known to exert antimicrobial responses
towards both Gram-negative and Gram-positive bacteria by destroying their cell-wall (Lehrer,
2004). To characterize the role of T2R14 in hBD-2 secretion, the OKF6 WT, MOCK and T2R14
KD cells were infected with S. aureus and S. mutans for 18 hours. Post-infection, the CM from
WT and MOCK cells infected with S. aureus showed a significant increase in hBD-2 levels as
compared to the T2R14 KD cells. Interestingly, WT, MOCK and T2R14 KD cells infected with
S. mutans did not show any significant change in the secretion of hBD-2. The basal levels of
hBD-2 between WT, MOCK and T2R14 KD cells remain unaffected (Figure 5.4A). This data

suggests that different bacteria elicit differential innate immune responses in the host cells.

5.4.5 Gram-positive bacteria do not induce Nitrite/Nitrate secretion in GECs

Epithelial cells produce NO as a part of the innate immune response against bacteria.
Previous studies have shown a T2R mediated increase in NO upon treatment with Gram -positive
bacteria such as Staphylococcus epidermidis and Bacillus cereus (Carey et al., 2016; Carey,
Workman, Yan, et al., 2017). However, the T2R mediated NO secretion in oral epithelial cells
has not been characterized thus far. To characterize the T2R14 mediated NO secretion, OKF6
WT, MOCK and T2R14 KD cells were infected with S. aureus and S. mutans respectively. After
infection, the supernatants were collected and the end products of NO (Nitrite/Nitrate) were
measured by ELISA using a reference standard. The results from these assays show that OKF6
cells secrete basal levels of Nitrite/Nitrate and these levels remain unchanged upon infection with

Gram-positive bacteria S. aureus and S. mutans (Figure 5.4B).
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5.4.6 IL-8/CXCL-8 secretion in GECs is T2R14 dependent

Oral epithelial cells are known to secrete IL-8 chemokine, a potent neutrophil attractant
upon bacterial insult. Previously, we have shown an increased IL-8 secretion in GECs upon
treatment with T2R14 agonists, including S. mutans CSP-1, as well as a decreased secretion of
IL-8 upon knock down of T2R14 (Medapati, Singh, et al., 2021). However, the T2R14 dependent
IL-8 secretion profile upon bacterial insult has not been investigated.

To analyze the secretion of IL-8 upon bacterial insult, OKF6 WT, MOCK and T2R14 KD
cells where infected with S. aureus and S. mutans for 18 hours. The analysis of conditioned
medium from these cells showed a significant decrease in basal IL-8 secretion in T2R14 KD cells
compared to WT and MOCK cells. Interestingly, the levels of IL-8 did not change upon infection
with S. aureus while the infection of WT and MOCK cells with S. mutans significantly increased
IL-8 secretion. In T2R14 KD cells S. mutans treatment did not increase IL-8 secretion (Figure

5.4C).
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Figure 5. 4: Characterizing the secretion of Antimicrobial peptide hBD-2, Nitrite/Nitrate and IL-
8/CXCLS8 by ELISA.

The OKF6 WT, MOCK and T2R 14 KD cells were infected with S. aureus (50 MOI) and
S. mutans (100 MOI) for 18 hours. After infection the supernatants were collected and filtered
using 0.25um nylon filter to remove cellular debris and bacteria. The supernatant was then used
to determine secreted innate immune markers such as A, hBD-2, B, Nitrite/Nitrate and C, IL-
8/CXCLS by standard ELISA. The representative grouped bar graphs were generated using graph
pad prism 7.0. The data represented in the graphs are SEM of > 3 independent experiments. Two-
way ANOVA analysis using Tukey’s multiple comparison analysis was performed and the

observed P values are *P=0.01, **P=0.004, ***P=0.002.
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5.5 DISCUSSION

T2Rs have recently emerged as important receptors in innate immunity. Studies suggest
different bacterial metabolites and QSMs to be interacting and signaling through several T2Rs
(Freund et al., 2018; Jaggupilli et al., 2018; Medapati, Singh, et al., 2021). The T2R-QSM
interactions are shown to induce several innate immune responses such as NO secretion mainly in
the sinonasal cavity, upper airway epithelial cells and in macrophages (Carey, Workman, Yan, et
al., 2017; 1. Gopallawa et al., 2020; Hariri et al., 2017). Although these findings provide
insightful knowledge into T2R mediated innate immune mechanisms there exists a gap in
knowledge mainly in deciphering the physiological effects of T2Rs on bacteria. In this context,
our study addresses the physiological effects of T2R14 on Gram-positive pathogenic bacteria S.
aureus and S. mutans.

Our results show that S. aureus, but not S. mutans internalization is significantly decreased
upon knock down of T2R14 (Figure 5.1B and E). To identify the mechanisms of internalization
we have utilized TLR inhibitor MPP and actin polymerization inhibitor cytochalsin D. Our
results show that upon inhibition of actin polymerization the internalization of S. aureus is
significantly decreased in WT, MOCK and in T2R14 KD cells. Interestingly, the TLR signaling
inhibitor MPP did not effect on the internalization of S. aureus. Previous studies have shown that
S. aureus is known to internalize via F-actin mediated host-directed endocytosis (Agerer et al.,
2005). Therefore, the GECs were pretreated with cytochalasin D a well-known inhibitor of F-
actin polymerization. The S. aureus internalization was completely abolished in WT, MOCK and
T2R14 KD upon treatment with cytochalasin D (Figure 5.1A and B) suggesting F-actin
mediated internalization of S. aureus in GECs. The internalization of S. aureus is regulated

mainly by receptor mediated endocytosis in non-phagocytotic cells in a fibronectin-binding
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protein (FnBP) dependent manner (Patti et al., 1994). In several cell types such as endothelial
cells (Massey et al., 2001), osteoblasts (Ahmed et al., 2001), HEK293T cells (Schaefer et al.,
2001) and human keratinocyte cell line, HaCat (Mempel et al., 2002), S. aureus FnBP is known
to bind with integrin a5f1 on the host cells for internalization (Grundmeier et al., 2004). The
internalization mechanism of S. aureus involves several molecular events such as recruitment of
focal adhesion kinase (FAK) followed by activation of the Src pathway leading to cortactin
recruitment and polymerization of actin (Agerer et al., 2005; Fowler et al., 2003; Selbach et al.,
2005). Recent study using macrophages has shown T2R mediated phagocytosis of bacteria via
Ca®", NO and cGMP signaling (I. Gopallawa et al., 2020). In our GECs, although the
internalization of S. aureus is T2R14 dependent, it might not be dependent on NO mediated
cGMP signaling cascade as the treatment of GECs with S. aureus and S. mutans did not affect
NO secretion (Figure 5.4B). Hence, the internalization mechanism involving T2R14 might differ
based on the cell type being infected. It is possible that knock down of T2R14 can lead to
changes in the protein expression of S. aureus binding proteins on the host cell membranes such
as a5 1 integrins, cortactins and FAK leading to a decrease in internalization. Further studies
into the analysis of expression profiles of the above-mentioned proteins in T2R14 KD cells may
shed light on this mechanism.

Previously, we have shown that QSMs mainly CSP from cariogenic bacterium S. mutans
are recognized by T2R14 in GECs (Medapati, Singh, et al., 2021) and mediate an innate immune
response. However, the role played by T2R14 on S. mutans infection is not well characterized.
The results from our internalization experiments show that T2R14 KD does not directly affect the
internalization of S. mutans as compared to S. aureus (Figure 5.1B and E). Interestingly, the

internalization of S. mutans is significantly increased in T2R14 expressing GECs treated with
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TLR signaling inhibitor MPP (Figure 5.1E). However, the internalization of S. mutans in control
and cytochalasin D groups is not significantly different between WT, MOCK and T2R14 KD
cells (Figure 5.1E). These results indicate that S. mutans internalization in GECs might not be
dependent on F-actin. Our results are similar to an earlier study in which cytochalasin D did not
affect internalization of S. gordonii strain DL1 in HEp-2 cells and the internalization of S.
gordonii is mediated by host B1 integrin (Nobbs et al., 2007). However, the S. mutans
internalization mechanisms need to be characterized.

To better understand the molecular mechanism behind T2R 14 regulated bacterial
internalization we performed small GTPase activation assays for Racl, as it is primarily involved
in actin cytoskeleton reorganization that is known to facilitate bacterial internalization and
endocytosis. Our results indicate decreased PAK1 associated actin pull-down in T2R14 KD cells
compared to MOCK cells. Previous studies on platelet cells have shown PAK1 (GTP-Racl
binding partner) to interact with cortical actin binding protein (cortactin) and N-WASP, which
interact with actin (Grassart et al., 2010; Vidal et al., 2002). However, in GECs the expression of
cortactin and N-WASP and their interaction with PAK1 remains to be determined. In our study
the internalization of S. aureus is significantly inhibited by cytochalasin D. Taken together, these
results suggest that T2R14 KD in GECs might affect the cytoskeletal reorganization thereby
inhibiting S. aureus internalization (Figure 5.5). In line with this assumption our previous study
has shown that bitter agonist quinine mediated activation of T2R4 inhibits Rac1 activation (Sidhu
et al., 2017). Hence there exists a link between T2Rs and small GTPases and their possible role
in cytoskeletal reorganization. The internalization data from our study suggest that S. aureus and
S. mutans invoke different mechanisms of internalization both of which are regulated by T2R 14.
However, the internalization of T2R14 into endocytic vesicles is not yet characterized (Figure

5.5). Previously, we reported that some T2Rs such as T2R4 and T2R38 are localized in
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extracellular vesicles (Medapati et al., 2017). Therefore, studies focused on understanding the
internalization mechanisms of T2Rs in epithelial and immune cells infected with bacteria are
warranted.

T2Rs have emerged as important receptors in modulating innate immune responses and
their activation is known to induce protective responses mainly in upper airway epithelial cells. In
SCCs the bitter agonist denatonium is shown to induce antimicrobial peptide secretion and
invoke bactericidal effect of Gram-negative CF bacterium P. aeruginosa (Carey, Workman,
Hatten, et al., 2017). We performed bacterial survival assays to test T2R14 mediated bactericidal
effect on S. aureus and S. mutans. Our data show that DPH, CSP-1 and apigenin CM from
T2R14 KD cells increased S. aureus growth compared to that of WT and MOCK. Intriguingly,
the CM from untreated cells showed growth inhibitory effects on S. aureus and addition of bitter
agonist blunted the inhibitory response only in T2R14 KD cells. However, we did not observe
similar effects on cariogenic S. mutans. Our data is in agreement with earlier findings in which
bactericidal effects on Gram-negative bacteria such as P. aeruginosa were mediated by T2Rs
agonists such as denatonium (Carey, Workman, Hatten, et al., 2017; R. J. Lee et al., 2014). In our
cell model the bactericidal effect was minimal compared to effect induced by denatonium in
sinonasal ciliary cells (Carey, Workman, Hatten, et al., 2017; R. J. Lee et al., 2014). However, the
effect we observed in GECs is comparable to that in sinonasal ciliary cells in which lower
concentrations of bitter agonist (0.1mM denatonium) had a minimal bactericidal effect compared
to higher concentrations of agonist (10 mM denatonium). In our study, lower concentrations of
bitter agonists and QSMs were chosen to better reflect the physiological concentrations. While
the differential bactericidal effects on S. aureus and S. mutans are interesting, one possible
explanation could be the high biofilm formation by strain used in this study, S. mutans UA159,

thus evading host response mechanisms (Ahn et al., 2008). Another interesting observation is the

122



inhibition of S. aureus upon treatment of GECs with CSPs from S. mutans. This result is in
agreement with a recent study, which isolated bioactive molecules from biofilms of S. mutans
and observed a bactericidal effect on other commensal bacteria (Tang et al., 2020). Our finding
provides hints into a host-directed mechanism by which commensal bacteria such as S. mutans
overcome competition by other commensals such as S. aureus in dysbiotic states (Figure 5.5).

To understand the mechanisms behind the T2R mediated bactericidal effects, the AMP
and NO secretions were analyzed upon infection with S. aureus and S. mutans. Interestingly, only
WT and MOCK cells treated with S. aureus secreted higher levels of hBD-2 but not T2R14 KD
cells. Recent study of gingival tissues of gustducin knock-out mice showed decreased levels of
beta-defensins and LL-37 (Zheng et al., 2019). Intriguingly, in our study S. mutans treatment did
not elicit significant hBD-2 response in the presence or absence of T2R14 (Figure 5.4A). A
recent study utilizing primary GECs also reported minimal secretion of hBD-2 upon stimulation
with S. mutans (Gil et al., 2015). It is not surprising to observe that only certain bacterial species
induce AMP secretions, as S. mutans is the most abundant inhabitant of the healthy oral cavity.
While S. aureus is also a low-abundance commensal, infection with S. aureus is often associated
with mucositis, angular chelitis and parotitis. An earlier study has shown differential hBD-2
regulation in oral keratinocytes in response to pathogenic and commensal bacterial species
(Chung et al., 2004). Hence in depth analysis of other AMPs in presence of different bacterial
strains is warranted.

The gingival epithelial barrier is the first line of defense against several pathogenic
bacteria. In response to increasing numbers of bacteria it is known to secrete several cytokines
and chemokines such as IL-8/CXCRS to attract neutrophils and monocytes to the site of
infection. In our previous study we have shown that T2R14 agonist and CSP-1 from S. mutans

induce the secretion of IL-8 and this is abolished upon a knock-down of T2R14 leading to
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decreased neutrophil chemotaxis (Medapati, Singh, et al., 2021). In the same study we have
observed IL-8 secretion regulated by expression of T2R14 in GECs. However, the mechanisms
for T2R14 mediated IL-8 secretion are yet to be investigated. In the present study we observed a
similar effect in which T2R14 expressing GECs were able to secrete significantly higher amounts
of IL-8 upon infection with S. mutans as compared to the T2R14 KD cells (Figure 5.4C).
Although the LPS from Gram-negative bacteria and S. mutans are known to signal via TLRs the
regulation of IL-8 by T2R14 KD can affect the TLR signaling responses. Hence our findings
point to a possible cross-talk between T2R and TLR signaling pathways (Figure 5.5). This
interesting finding highlights the importance of T2R14 in regulating innate immune responses in
oral epithelial cells.

In summary, our findings identify previously unexplored mechanisms of T2R14 mediated
Gram-positive bacterial internalization and bactericidal affects. Future studies should be focused
on examining the global cellular effects of T2R14KD. Further, generating T2R14 CRISPR
knock-down animal models might help to better understand the role of microbial colonization in

the oral cavity and in deciphering the mechanisms involved in TLR/T2R cross talk.
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Figure 5. 5: Schematic showing the mechanism of T2R mediated Gram-positive bacterial
internalization and survival in GECs.

T2R14 mediated internalization of S. aureus might involve actin remodeling, while S. mutans
internalize via T2R/TLR dependent mechanisms in GECs (pathway 1A, B). T2R14 in GEC
influences actin remodeling (based on cytochalasin D treatment and PAK1 associated actin pull-
down) thus modulating bacterial internalization (pathway 2). The activation to T2R14 signaling
by bacteria or their signaling molecules leads to an increased secretion of innate immune markers
such as IL-8/CXCLS8 and antimicrobial peptide hBD-2 in GECs (pathway 3). The T2R14
dependent AMP secretion by GECs inhibits the growth of S. aureus (pathway 4). It is currently
unknown whether T2R 14 internalizes into clathrin-coated vesicles and signals (dotted arrows on

the membrane). Figure drawn using BioRender.
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BRIDGE TO CHAPTER 6

In chapter 4, I reported that T2R14 is highly expressed in GECs and interacts with CSPs
secreted by S. mutans. In chapter 5, I report an intriguing finding that the S. mutans CSP-1
mediated activation of T2R14 leading to innate immune responses in GECs is not deleterious
for S. mutans, in contrast, S. mutans might be using the host immune system to inhibit other
Gram-positive bacteria. These results suggest that CSP-1 and bitter agonist mediated T2R 14
activation in GECs inhibits growth of S. aureus but not for S. mutans. Further, the result suggests
that T2R14 influences cytoskeleton rearrangement in GECs and modulates internalization of
Gram-positive bacteria. The two chapters (4 and 5), show a major role for T2R14 in host-microbe
interaction and oral innate immunity. In chapter 6, I test the hypothesis whether extracellular
vesicles (EVs) isolated from saliva express GPCRs including T2Rs. To keep this hypothesis
feasible, I focus on the well-studied, Angiotensin II receptor type 1 (AT1R), T2R38 and T2R4. In
chapter 6, I characterized the localization of the three GPCRs in EVs isolated from cell lines and
saliva using two different isolation techniques, ultracentrifugation and PEG mediated

precipitation.
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Chapter 6: Characterization of G protein-coupled receptors (GPCRs) in Extracellular
Vesicles (EVs).

Manoj Reddy Medapati, Anula Singh, Ranjit R Korupally, Dana Henderson, Thomas Klonisch,
Sasidhar V Manda, Prashen Chelikani.

Reproduced with permission from Methods in Cell Biology; License number-501635748, doi:
10.1016/bs.mcb.2017.07.004, © by Elsevier Ltd.
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6.1 Abstract

Extracellular vesicle (EV) are tiny membranous vesicles usually <500 nm in size that
recently emerged as a new paradigm in human intercellular signaling. EVs have shown a
promising role in development of diagnostic markers in many pathophysiological disorders. The
presence of chemosensory and therapeutically relevant GPCRs on EV membranes is poorly
characterized. Here we compare different methods including ultracentrifugation and polymer-
charge based separation to isolate EVs from cell culture media and human saliva. The presence of
bitter taste GPCRs (T2R4 and T2R38) and a class A GPCR Angiotensin II type 1 receptor
(AT1R) on these EVs was characterized by ELISA and immuno-transmission electron

microscopy (TEM).
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6.2 Introduction

Extracellular vesicles (EVs) are tiny membranous vesicles of varying sizes (50 -500 nm)
and origin (plasma membrane vs. endosome) released by human cells. They are produced by
endocytosis of membrane components, formation, and exocytosis of multivesicular bodies
(MVBs) to the plasma membrane of a cell (Trams et al., 1981). Several studies have identified
EVs as intercellular messengers in several biological processes such as inflammation, cell
proliferation, and neuronal function (Raposo et al., 1996; Simhadri et al., 2008). EVs were also
identified to be involved in various pathophysiological conditions such as atherosclerosis,
thrombosis, liver disease, neurodegenerative disease and cancer (Azevedo et al., 2007; Masyuk et
al., 2013; Rak et al., 2012; Vella et al., 2008). Both in vitro and in vivo studies have shown that
normal cells (non-malignant) and tumors cells can engulf EVs and facilitate the release of EV
contents within the cells (Kourembanas, 2015; Tian et al., 2010). Previously, EVs are believed to
carry waste products of the cells, but studies suggest that they can carry functional nucleic acids
(DNA, RNA) and proteins, as well as other biochemical products (Stoorvogel et al., 2002). They
have been shown to carry proteins that are ubiquitous (GAPDH), tetraspanins (CD9, CD63,
CD81), heat shock proteins (Hsp70 and Hsp90) (Record et al., 2011), and proteins involved in
EV synthesis (ALIX, TSG101) (Nabhan et al., 2012; Raiborg et al., 2009). EVs also carry unique
biological molecules from the parent cells which releases them. Some of these molecules are
CD3 in T cells (Blanchard et al., 2002), transferrin receptor (TFR) in reticulocytes (Blanchard et
al., 2002), GPCRs like somatostatin receptor 2 (SSTR-2), chemokine receptors 4 and 7 (CXCR4,
CCR7) and ATIR (Delcayre et al., 2005; Estelles et al., 2007; Pironti et al., 2015).

In humans, the majority of the cell surface proteins or membrane proteins belong to the

GPCR family. The GPCR family is catergorized into different classes, with Class A containing
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the highest number of well characterized receptors. A recent nomenclature places the 25 human
T2Rs in Class T (Munk et al., 2016). T2Rs are initially discovered in the oral cavity and are
involved in the perception of bitter compounds (Adler et al., 2000; Chandrashekar et al., 2000).
Several recent studies, including a recent Nanostring sequencing analysis, suggest expression of
T2Rs in many extra-oral tissues (D. A. Deshpande et al., 2010; Foster et al., 2014; Jaggupilli et
al., 2017). The roles of T2Rs in these tissues are being investigated, with some T2Rs implicated
in pathophysiological disorders (Shaik et al., 2016; Singh et al., 2014).

In this study, we describe a detailed methodology to isolate EVs from cell culture media
of GPCR expressing stable cell lines (T2R4-FLAG tag, T2R38-Avi tag and AT1R-Avi tag) and
from human saliva. Different methods to isolate EVs are compared and the immunolocalization

of these GPCRs on the isolated EVs by immuno-TEM and ELISA is described.

6.3. Materials
All solutions were prepared using ultrapure double deionized water and are filtered through 0.2

um nylon filter to remove a particulate matter and contaminants (unless otherwise indicated).

6.3.1 Preparation of 10ml PEG solution:

Items required

1. PEG of molecular weight 6000-8000 (Sigma Aldrich).
2. Sodium Chloride (NaCl).

3. Filtered 1x PBS.

4. Vortex.

5.50 ml and 15 ml conical tubes.

Procedure
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A. 2x (24% w/v) PEG stock solution (see Note i): Add 10ml (see Note ii) of filtered sterile 1x
PBS to a 15 ml conical tube.

B. Weigh 2.5 grams of PEG and 0.584 grams of NaCl/ to obtain a final concentration of 1M.

C. The above contents are mixed gently using a vortex at low speed settings (see Note ii) for 5
min with an intermittent break of 5 min. This should be carried out for about 30 — 40 min during
which the contents are completely dissolved.

Note

i. Stock solution of PEG is prepared fresh one hour before the experiment at room temperature.
ii. Care should be taken while dissolving PEG. Higher vortex speed will cause foam, which will

be hard to remove.

6.3.2 EV depleted cell culture media

Cell culture medium is the same as previously described for growth of HEK293 cells
(Chakraborty et al., 2015). However, this medium supplemented with FBS contains EVs that may
interfere with the isolation procedures. Hence EVs were depleted from cell culture media
containing FBS as follows.

Items required

1. Thick walled polycarbonate ultra-centrifuge tubes (Thermo Fisher, #75000610).

2. Micro ultracentrifuge (Sorvall™ MTX 150).

3. DMEM-F12 cell culture media with 1% (or 1x) penicillin, streptomycin and glutamine
(Chakraborty et al., 2015).

4. Fetal Bovine Serum (FBS) heat inactivated (Chakraborty et al., 2015).

Procedure
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A. 20 ml of medium (DMEM-F12) containing 20% FBS (see Note iii) was taken in
polycarbonate thick walled tube in a total of six tubes (120 ml in total).

B. Centrifuge the medium overnight at 120,000xg at 4°C for 16 hours.

C. Collect the supernatant carefully without disturbing the pellet.

D. Filter the supernatant through 0.2um filter connected to a vacuum pump.

120 ml of DMEM-F 12 medium in added to 120ml of EV depleted medium to obtain a final
concentration of 10% FBS in DMEM-F12.

E. Store the depleted medium up to 2 weeks at 4°C until further use.

6.3.3 Cell culture

Items required

1. HEK 293T cells, and GPCR-T2R4, T2R38 and ATIR (with either a FLAG at the N-terminus
and/or Avi tag at the C-terminus) overexpressing cells prepared as described elsewhere
(Chakraborty et al., 2015).

2. 100 mm and 150 mm cell culture petri dishes.

3. EV depleted medium from section 2.2.

4. 50 ml and 15 ml conical tubes.
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6.3.4 Cell seeding for isolation of EVs by Ultra Centrifugation (UC)
A. Cells were seeded in two 150 mm petri dishes at a density of 1x10° cells/dish in 30 ml of
DMEM-F12 containing 10% FBS.
B. After 24 hours, the medium was removed and the cells were washed with 5Sml of calcium and
magnesium free 1x PBS and 30 ml of EV depleted cell culture media was added to each petri
dish.
C. The cells were allowed to grow for six days and EV depleted cell culture media was
replenished on the 3™ day. The medium collected on the 3™ day is centrifuged at 500xg to
remove cell debris and stored at -80°C for EV isolation along with medium collected on 6™ in
step D.
D. After six days the medium collected will used for EVs isolation immediately or can be stored
at -80°C for further use.
Note

iii. Cells used in all the experiment were between passages 1 to 5. It is important to use cells of
lower passage number. Cells with higher passage numbers are subjected to stress. This leads to

shedding of membrane fragments and other particles that show up during EVs isolation.

6.3.5 Cell seeding for isolation of EVs by PEG precipitation

A. Cells were seeded in two 100mm petri dishes at a density of 5x10° cells/dish in 10 ml of
DMEM-F12 containing 10% FBS.

B. After 24 hours, the medium was removed and the cells were washed with 2ml of calcium and
magnesium free 1x PBS and 10ml of EV depleted cell culture media was added to each petri

dish.
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C. The cells were allowed to grow for three days and EV depleted cell culture media was
collected on the third day. The medium collected was used for EVs isolation immediately or can

be stored at -80°C until further use.

6.4 Methods

6.4.1 Isolation of EVs by UC

Items required

1. Conditioned medium from step D of section 2.3.1.

2. 0.45pum nylon filter (fisher scientific).

3. Polycarbonate ultracentrifuge tubes.

4. Micro ultracentrifuge (Sorvall™ MTX 150) with fixed angle rotor of maximum 209,438xg
(Thermo Fisher, Sorvall, #S50-A).

5. 1x PBS ice cold with 1uM protease inhibitor.

Procedure

A. Medium harvested from cells in step D of section 2.3.1 is centrifuged at 500xg for 5 min to
remove cells.

B. The supernatant is spun down at 3000xg for 30 min to remove cell debris.

C. The supernatant is filtered through a 0.4puM nylon filter to remove apoptotic bodies and large
vesicles.

D. The filtrate is than centrifuged for 2 hours at 120,000xg at 4°C and the supernatant is
discarded without disturbing the pellet.

E. The pellet is carefully washed with 20 ml of 1x PBS and centrifuged for 2 hours at 120,000xg

at 4°C.
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F. The supernatant is carefully discarded without disturbing the pellet and the pellet is dissolved
in 200ul of 1xPBS containing 1M protease inhibitor.
G. EVs can be used immediately for downstream applications or can be stored at -80°C in

aliquots for future use.

6.4.2 Isolation of EVs by PEG precipitation

Items required

1. Conditioned medium from step C of section 2.3.2.

2. 0.45pum nylon filter (fisher scientific).

3. 15 ml conical tubes.

4. Centrifuge with swing bucket M4 rotor (Thermo Fisher, #11175338) at 10,000xg (Thermo
Fisher, Sorvall, RT3).

5. 1x PBS ice cold with 1uM protease inhibitor.

Procedure

A. The processing of harvested medium is same as in steps 4, B and C of section 3.1.

B. The filtrate is mixed with PEG in ratio of 1:1 (10 ml medium and 10 ml of 24% PEG).

C. The mixture is incubated at 4°C for at least 14 hours.

D. After overnight incubation the mixture was centrifuged for 30 min at 3000xg at 4°C

E. The supernatant is discarded and the tubes are centrifuged twice for 5 min to remove excess
medium.

F. The obtained pellet is re-suspended in washed with 5 ml of 1xPBS to remove FBS
contamination.

G. The above suspension is incubated with 5 ml of 24% PEG for 2 hours at 4°C.

H. After incubation for 2 hours, the mixture is centrifuged for 30 min at 3000xg at 4°C.
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I. The pellet obtained is suspended in 100 pl of 1x PBS containing 1uM protease inhibitor.
J. EVs can used immediately for downstream applications or can be stored at -80°C in aliquots

for future use.

6.4.3 Immuno Transmission Electron Microscopy (TEM) of EVs:

Items required

1. EVs isolated from step G and J of section 3.1 and 3.2.

2. 4% (w/v) Paraformaldehyde (PFA): Dissolve 2g of PFA in 40 ml of 1x PBS and the heat the
solution to 65°C while stirring. Add drops of 1N NaOH until the solution turns clear. Add 1x
PBS to make it up to 50ml and filter the solution through a 0.2um nylon filter. Make 1ml aliquots
and store them at -20°C, thaw them for future use and do not refreeze them.

3. Formvar carbon coated EM grids (Cedarlane, #01800-F).

4. Clean forceps.

5. Transmission Electron Microscope (TEM) (Philips CM10).

6. Antibodies used: Anti CD63 mouse monoclonal (Abcam, #ab59479), Anti Flag-M2
monoclonal (Sigma, #F1804), Anti Avi mouse monoclonal (Genscript, #A01738), Normal mouse
IgG (Upstate cell signaling solutions,#), Goat anti mouse secondary (10nm gold) conjugate
(Abcam, #ab39619).

7. 0.5 % BSA blocking solution: Dissolve 0.25g of BSA in 50 ml of 1x PBS and filter the
solution through a 0.2um nylon filter.

8. Permeabilization solution: Dissolve 10 ul of Tween-20 in 50 ml of 1x PBS and store the

solution at 4°C for future use.
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9. 1% glutaraldehyde: Dissolve 40 pl of 25% glutaraldehyde (Electron Microscopy Sciences,
#16210) in 1 ml of 1x PBS and use the solution immediately. Do not store the solution for future
use.

10. 2% (w/v) Uranyl Acetate (UA): Dissolve 4g of UA crystals in 100 ml of distilled water by
stirring. Once the crystals are completely dissolved filter the solution through 0.2um nylon filter.
Store the solution in a glass bottle protected from light at 4°C.

Procedure

Fixing EVs on to EM grids

A. 10ul of EVs are diluted in 10pl of 4% PFA.

B. 10pl of resuspended EVs are deposited on Formvar carbon coated grids. The grids are covered
and EVs are adsorbed for 30 min at room temperature.

Wash and block EVs

C. Grids are transferred to 100ul of 1x PBS drops (EVs coated side facing the drop) and washed
twice for 3 min each.

D. Grids are transferred to 100l of 50mM glycine drops and washed three times for 3 min each.
E. EVs were permeabilized in 1x PBS containing 0.02% Tween-20 for 30 min at room
temperature (See Note v).

Note v: The permeabilization step is only done for Flag and Avi tag antibodies. These antibodies
were unable to bind to the respective GPCRs when the EVs were not permeabilized.

F. Grids are blocked with 0.5% BSA in 1x PBS for 10 min at room temperature.

Antibody incubation

G. Grids are incubated with 100ul of corresponding primary antibodies at a concentration of
20pg/ml for 2 hours at room temperature.

EVs incubated with non-immunized IgG serve as a negative control.
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H. Grids are washed in 100ul of 1x PBS three times for 3 min each.

I. Grids are then incubated with corresponding gold conjugated secondary antibodies at 1:10
dilution for 2 hours at room temperature (See Note vi).

Note vi: EVs incubated only with secondary antibody serve as negative control.

J. Grids are washed in 100ul of 1x PBS three times for 3 min each.

Post fixation of EVs

K. Grids are fixed in 100pl of 1% glutaraldehyde for 5 min.

L. Grids are washed in 100ul of filtered distilled water twice for 2 min each.

Contrast staining of EVs

H. Grids are counter stained using 50ul of 2% UA for 3 min and air-dried.

I. Grids are stored in EM boxes and imaged using TEM.

6.4.4 Preparation of Saliva for EV isolation:

Unstimulated saliva is collected in a collection tube supplemented with Sigma FAST™ protease
inhibitor. All the samples are incubated on ice until further processing.

Items required

1. Collection tubes (Tarsons, #510030).

2. Micro centrifuge (Eppendorf, #5424).

3. Sigma FAST™ protease inhibitor, (Catalogue #S8820, Sigma Aldrich).

Procedure

A. 500ul of Sigma FAST™ (See Note vii) is added to each labeled collection sterile tube before

collecting the saliva sample.
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Note vii: One tablet of Sigma FAST ™ is dissolved in 100ml of nuclease free water and 500ul of
the inhibitor solution is added to each tube used in the saliva collection.

Whole unstimulated saliva (1 ml) is collected from ten healthy individuals in sterile collection
tubes.

B. The saliva samples are diluted 1:1 with 1x PBS and centrifuged at 1500xg for 10 minutes at
room temperature.

C. The clarified saliva mixture is filtered through a 0.2uM sterile filter and processed for EV

1solation.

6.4.5 Isolation of salivary EVs

All solutions are prepared using ultrapure double deionized water and are filtered through 0.2um
nylon filter to remove particulate matter and contaminants.

Items required

1. PEG of molecular weight ~35,000 (Sigma Aldrich, #81310).

2. Protamine chloride (Sigma Aldrich, #P3880).

3. BCA Protein Assay Kit II (Biovision, SKU K812)

4. Filtered 1x PBS.

5. Micro centrifuge (Eppendorf, #5424)

6. 2ml conical Eppendorf tubes

7. Weigh balance

Procedure

Polymer-based precipitation with enhancement of a charge-based isolation leads to increased

salivary EV yields.
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A. EV precipitation solution contains 0.2gm of PEG 35,000 and 0.1 mg protamine chloride in
Iml of distilled water (See Note viii):

B. 1 volume of precipitation solution is added to 4 volumes of diluted saliva derived from
Section 3.5.

C. The above contents are mixed on a rotary shaker for 15 min at room temperature and then
incubated at 4°C overnight.

D. After overnight incubation, samples are centrifuged at 1500g for 30min at room temperature.
E. Supernatant is discarded and the pellet containing salivary EV is resuspended in 200ul PBS.
F. Isolated salivary EV are stored at -20°C for downstream experiments.

Note viii: The maximal yield of salivary EV is found at 0.1 mg/ml protamine chloride along with
PEG 35,000 polymer, higher concentration of protamine chloride ranging from 0.25 to Img/ml
may be used.

G. Protein content of the isolated salivary EVs was determined using BCA protein assay (item

#3) and was 276 + 122 pg/ml (SD).

6.4.6 ELISA on salivary EVs:

T2R38 expression levels in salivary EVs were quantified using an ELISA established in the
laboratory. All antibodies and peptides used in this ELISA are from Santa Cruz, unless otherwise
mentioned.

Items required

1. T2R38 peptide (#Sc-34294-P)

2. T2R38 primary antibody (T-16, #Sc-34294, goat polyclonal IgG)
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3. Secondary Antibody (rabbit anti-goat IgG), horseradish peroxidase conjugate (#R21459 from
Invitrogen Life Technologies)

4. TMB substrate (HiMedia, #ML-168)

5. ELISA wash buffer (0.05% Tween-20 in PBS)

6. ELISA diluent buffer (0.5% BSA, 0.01% Tween-20 in PBS)

7. ELISA blocking buffer (0.5%BSA, 0.01% Tween-20 in PBS)

8. 96 well — Maxisorb plate (ThermoFisher, #44-2404-21)

9. Plate reader - SynergyH1 Hybrid multimode plate reader (Biotek)

Procedure

A. A standard curve is generated using T2R38-peptide in concentration range of 30 — 1200
pg/ml. Peptide standards along with 30ug of EV protein in PBS are dispensed into respective
wells and incubated at 4°C overnight.

B. After overnight incubation, wells are washed thrice with ELISA wash buffer (item #5)
followed by blocking for 1hour at 37°C using ELISA blocking buffer (item #7).

C. 50ul of primary antibody is diluted 1:250 in ELISA diluent buffer (item # 6) and incubated for
90 min at room temperature followed by 4-5 washes with ELISA wash buffer (item # 5).

D. 50ul of secondary antibody diluted 1:5000 in ELISA diluent buffer was added to all wells and
plate was incubated for 120min at room temperature.

E. 100ul of TMB substrate is added per well and incubated for 30 min at 37°C in the dark.

F. Equal volume of 1N H,SOy is added to stop the reaction.

G. Color development is quantified with a plate reader at A450nm. T2R38 protein level on the

surface of EVs is derived from T2R38-Peptide standard curve.
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6.5 Results
6.5.1 Bitter taste receptors are localized in EVs isolated by ultracentrifugation.

To characterize the localization of T2Rs in EVs we have utilized HEK 293T cells
overexpressing FLAG tagged T2R4 and Avi tagged T2R38 and AT1R a well-known GPCR to be
localized in EVs. The cell culture supernatants from the above mentioned cell lines were
ultracentrifuged and the pellet obtained was re-suspended in PBS. The immuno-TEM was
performed on EVs as described earlier (Section 6.4.3). The immune-TEM images show
localization of Flag-T2R4 (Figure 6.1A) and Avi-T2R38 (Figure 6.1B) in EVs. We have also
shown ATIR to be present in EVs isolated from HEK 293T-ATI1R cells (Figure 6.1C). The EVs
isolated from the T2R expressing cells were also positive for EV marker CD81 (Figure 6.1D).
The EVs isolated from HEK 293T and HEK 293S parental cells not expressing Flag or Avi
constructs did not stain for Flag and Avi antibodies (Figure 6.1E-G). The Flag-T2R4, Avi-
T2R38 expressing cells stained using mouse IgG or secondary antibodies alone did not show any

staining (Figure 6.1H and I).
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Figure 6. 1: Immuno TEM on EVs isolated from HEK293 parental and GPCR
overexpressing HEK293 cells.

(A—C) Immuno TEM of EVs isolated from T2R4 (A), T2R38 (B), and AT1R (C) overexpressing
HEK293 cells using specific antibodies against FLAG or Avi tags. T2R4 has a FLAG tag at
its N-terminus, while T2R38 and AT1R have an Avi tag at the C-terminus. (D) EVs isolated from
the same cell lines were positive for CD81, a marker of EVs. (E-G) EVs isolated from HEK
293T and HEK?293S parental cells did not stain or showed minimal staining with either FLAG or
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Avi antibodies. (H-I) EVs incubated with mouse IgG or with secondary gold conjugated antibody
alone served as negative controls and did not show any staining. The arrows represent positive

staining for the proteins on EVs.

6.5.2 EVs isolated from saliva express T2R38.

EVs are known to be present in several biological fluids such as serum, urine and saliva.
However the expression of T2Rs in these salivary EVs has not been identified thus far. To
characterize T2R38 localization the salivary EVs were isolated using PEG based precipitation as
described earlier (section 6.4.5). The T2R38 expression in salivary EVs is characterized using
ELISA (Figure 6.2A and B). Our results show that levels of T2R38 in salivary EVs ranged from
80-1000 ng/mg of EV protein. Also, the expression of T2R38 in EVs varied between different

subjects (Figure 6.2B).
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Figure 6. 2: T2R38 ELISA on EVs isolated from saliva of healthy individuals.

(A) ELISA standard curve. Duplicate readings were averaged for each standard, and blank values
were subtracted. Standard curve was plotted from the mean absorbance and concentration for
each standard and best-fit curve was plotted by regression analysis. (B) T2R38 ELISA. Salivary
EVs were isolated from n = 10 (healthy individuals, P1-P10). T2R38-specific ELISA was done
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on the salivary EVs according to the procedure mentioned in the text. Absorbance at 450 nm was
measured, and T2R38 concentrations were deduced from the standard curve. All experiments

were run in triplicate.
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6.6 Discussion

The EVs are nanocarriers released by many human cells. EVs are membranous vesicles
raging between 50 to 500 nm in size and are secreted by endocytosis of membranes ultimately
leading to exocytosis of MVBs or by shedding of plasma membrane of blebs (Trams et al., 1981).
EVs play an important role in intercellular communication and are involved in regulating several
biological processes such as inflammation, cell proliferation, and neuronal function (Raposo et
al., 1996; Simhadri et al., 2008).

EVs carry unique biological molecules from the parent cells they are released such as
CD3 in T-cells, transferrin receptor (TFR) in reticulocytes. However, recent studies have also
shown the localization of GPCRs like SSTR-2, CXCR4, CCR7 and AT1R (Blanchard et al.,
2002; Delcayre et al., 2005; Estelles et al., 2007; Pironti et al., 2015). In this study we have
shown the localization of T2Rs in EVs isolated from HEK293T cells and in saliva using immuno
TEM and ELISA assays. It was the first report to suggest expression of T2R4 and T2R38 in EVs
isolated from saliva of healthy individuals. However, the specific role of T2Rs in EV life cycle
and conversely, the contributions of EVs in T2R signaling remain to be determined.

The intertwined mechanism of intercellular communications between GPCRs and EV's
was recently reviewed (Bebelman et al., 2020). Although the role of T2Rs in EVs is not yet
known, the notion of extracellular localization of GPCRs is well established in the case of AT1R
(Pironti et al., 2015), GPCR5B (Kwon et al., 2014) and kinin1B receptors (Kahn et al., 2017).
The process of GPCR internalization and sorting into endosomal compartments is similar to that
of MVB formation in EV life cycle. Hence there exists a mechanistic link between GPCR
internalization via endosomal sorting leading to their EV secretion. Conventional knowledge

suggests endosomal GPCR MVBs fuse with lysosomes leading to degradation or recycling to the
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plasma membrane. However, these GPCR MVBs can also fuse with plasma membrane leading to
their extracellular release.

The localization of T2R4 and T2R38 in EVs might offer renewed focus onto T2R
recycling in cells via EV secretion pathways. Currently, few studies were pursued on T2R
internalization or recycling upon activation by cognate ligands (J. D. Upadhyaya et al., 2016;
Woo et al., 2019). Studies on T2R4 suggest that it does not internalize upon agonist treatment
and the agonist quinine has a pharmacochaperone activity increasing the cell surface expression
of T2R4 (J. D. Upadhyaya et al., 2016). In contrast, recent studies on T2R14 suggest all agonists
except diphenhydramine cause T2R14 internalization (Woo et al., 2019). These studies suggest

that internalization might be T2R and agonist specific.
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Chapter 7: Conclusion and future directions
7.1 Conclusion

T2Rs are primarily expressed in gustatory tissues and recognize bitter compounds.
However, over the past few years several studies including ours have identified extra-oral
expression and extra-gustatory roles for T2Rs. T2Rs along with TLRs have emerged as the
sentinels of the innate immune system in several tissues and cell types. The innate immune
responses modulated by T2Rs have been studied mainly in pathophysiological conditions such as
CRS and CF. Most of these earlier studies have focused on QSMs secreted by Gram-negative
bacteria.

In this study I have characterized the interaction of T2R14 and QSM-CSPs secreted by
Gram-positive cariogenic bacterium S. mutans. The transcriptome analysis showed that T2R14
was expressed at high levels compared to the remaining 24 T2Rs and 10 TLRs in two GEC lines.
CSP-1, a major QSM secreted by S. mutans, was shown to increase intracellular calcium levels
but did not affect cAMP levels in GECs. Other CSP derivatives such as CSP-2 and CSP-3
lacking the C-terminal amino acids (LGK) did not induce significant intracellular calcium
mobilization compared to CSP-1. The effect of different artificially synthesized CSPs having
varying lengths of amino acids at the C-terminus on T2R 14 signaling was examined. These
experiments showed that the two C-terminal amino acids (GK) in CSP-1 are important in
mediating intracellular calcium mobilization in GECs.

To characterize the interaction between CSP-1 and T2R14 in GECs, a CRISPR/Cas9
approach to knock down T2R14 was pursued. The mutation in the TAS2R 14 gene created by a
CRISPR-mediated approach yielded a complete gene cleavage as determined by T7EI assay. This
resulted in complete knock down of T2R 14 protein expression in OKF6 cells as determined by

western blot analysis. Next, calcium mobilization assays in T2R14 KD cells using CSP-1 and the
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T2R14 agonist DPH were performed; this resulted in decreased intracellular calcium
mobilization. Interestingly, the ECsy of CSP-1 and DPH did not change in T2R14 KD cells
although the maximal calcium responses were significantly reduced. In a complementary
approach, competition assays using T2R14 antagonist 6-MF and T2R signaling inhibitors show
inhibition of CSP-1 mediated intracellular calcium mobilization in GECs. In T2R14
overexpressing HEK293T cells, intracellular calcium mobilization was increased upon treatment
with CSP-1. Taken together, the above data suggested that S. mutans CSP-1 primarily signals via
T2R14 leading to increased intracellular calcium mobilization in GECs.

Next, I characterized the downstream signaling pathways activated by CSP-1 in GECs.
Since activation of PLC is shown to induce NF-kB signaling via PKC, I quantified
phosphorylation of the NF-kB signaling intermediates IKKo/f3 and IkBa.. CSP-1 was found to
induce phosphorylation of IKKo/f3 and IkBa that was inhibited by PLC inhibitor but not with
GPy inhibitor or by knock down of T2R14. This showed that CSP-1 can also act independently of
T2R14.
The main conclusions from the work in chapter 4 are as follows:

1) Among the CSP’s secreted by S. mutans, CSP-1 caused significant activation of T2R14 in
GECs.

2) The CSP-1 mediated activation of T2R14 induced innate immune responses such as
cytokine/chemokine secretion that resulted in immune cell recruitment to the site of
inflammation. T2R 14 activation led to increased secretion of cytokines IL-6, TNF-o and
chemokine IL-8/CXCI8 upon treatment with CSP-1. The CSP-1 CM from GECs
increased migration of dHL-60 cells compared to untreated cells and this migration was

decreased in T2R14 KD cells treated with CSP-1 or agonist DPH.
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In the oral epithelium, GECs are in constant contact with several microbes. The bacteria
and their products are known to interact and signal via host cell surface proteins. LPS from
bacteria is recognized by TLRs and several QSMs are recognized by T2Rs. However, the
physiological significance of these interactions involving T2Rs remain unclear. In chapter 5, I
examined the role of T2R14 in mediating bacterial internalization into GECs and bactericidal
effects of T2R14 activation on Gram-positive bacteria. Internalization of S. aureus was
significantly decreased in T2R14 KD cells and the internalization of S. mutans remained
unaffected. To further understand the mechanism of T2R14 mediated internalization of Gram-
positive bacteria the GECs were treated with an actin polymerization inhibitor (cytochalasin-D)
and TLR signaling inhibitor (MPP). The internalization of S. aureus was significantly decreased
by cytochalasin-D but not with MPP. Interestingly, S. mutans internalization has increased only
in WT cells treated with MPP. These results suggest that S. aureus internalization is dependent
on T2R 14 mediated actin polymerization and S.mutans internalization is TLR/T2R signaling
mediated. Since actin cytoskeleton is a major player in internalization I performed pull-downs of
GTP-Rac-1 a well-known cytoskeletal modulator. I observed a decreased pull-down of PAK-1
associated actin but not Rac-1 in T2R14 KD cells. These results show that T2R14 KD alters
cytoskeletal dynamics in GECs thereby affecting internalization of Gram-positive bacteria.

Earlier studies have shown bactericidal affects of T2R activation in CRS. In this work, I
have analyzed the effect of T2R14 activation in GECs on S. aureus and S. mutans. The S. aureus
growth is decreased upon treatment with DPH, apigenin and CSP-1 in the presence of T2R14. On
the contrary, S. mutans growth was unaffected. Interestingly, S. mutans CSP-1 is shown to inhibit
another commensal bacteria S. aureus. These findings provide insight into a host-directed
mechanism by which commensal bacteria inhibit other bacterial species. To better understand the

mechanisms behind the observed bactericidal effects I have analyzed secretion of nitrates and
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anti-microbial peptides such as hBD-2. The nitrate levels were not affected by Gram-positive

bacterial infection of GECs. However, cells infected with S. aureus have shown T2R 14 mediated

hBD-2 secretion. I have also quantified secretion of chemokine IL-8/CXCLS in response to

bacterial infection and found that only S. mutans treated GECs increased T2R14-dependent IL-8

secretion. My findings provide a new and yet unexplored mechanism of T2R mediated innate

immune responses in oral epithelial cells, and suggest possible T2R/TLR cross-talk.

The main conclusions from the work in chapter 5 are as follows:

1) The S. aureus internalization is dependent on T2R 14 mediated actin polymerization and S.
mutans internalization is TLR/T2R signaling mediated.

2) T2R 14 mediates bactericidal effect on S. aureus but not S. mutans.

Results from the final chapter of this thesis provided the first evidence that T2Rs are
present in EVs isolated from human saliva and cell cultures. This discovery might be of
diagnostic significance as T2Rs might be useful as biomarkers for certain diseases. More
importantly, the presence of T2R in EVs might be interesting from a mechanistic perspective in
understanding T2R internalization and recycling. The results from chapters 5 and 6 suggest that
T2Rs mediate bacterial internalization and T2Rs themselves can be internalized into endosomes
leading to their EV release. However, the mechanisms of T2R internalization into EVs need to be
deciphered. It is possible that T2R localization into MVBs upon bacterial exposure and their
extracellular release might act as a secondary communication between cells. Hence, future
studies should focus on understanding the mechanisms involved in T2R internalization into EVs

upon bitter agonist treatment or QSMs from bacteria.
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The main conclusions from the work in chapter 6 are as follows:
1) T2R4 and T2R38 are present in EVs isolated from cell lines and saliva.

2) The mechanisms of T2R internalization into EVs should be characterized.
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7.2 Future directions

In recent years the extra-gustatory roles of T2Rs have been tremendously expanded with a
major focus on mediating innate immune responses. These findings place T2Rs as important
receptors in the field of host-pathogens interactions. The knowledge available till date about
QSM-T2R interactions and signaling is mostly based on heterologous cell system over-
expressing T2Rs or endogenous cell systems using T2R signaling blockers. Although these
provide a preliminary understanding about the QSM-T2R interactions there is an urgent need to
develop T2R knock out models to study these interactions. The work presented in this thesis is
among the few that utilizes a T2R knock out cell model to study host-pathogen interactions in a
cell-based system. Future studies should be focused on generating T2R knock out mouse models
to study host-pathogen interactions in oral and upper respiratory tract. The T2R mediated innate
immune responses identified thus far include release of Nitric oxide, AMPs and several
cytokines. However, many of these are also known to be regulated by TLRs. So future studies are
warranted to understand the mechanism of cross-talk between TLR and T2R signaling pathways.
As T2Rs are known to affect secretion of AMPs and other innate immune markers it would be
useful to identify oral and gut microbiome profile using T2R knock out mouse models. It would
be useful in answering very important questions, including whether T2R expression is required
for maintaining normal microbial flora, and knock out of T2Rs cause dysbiosis of oral and gut
microbiota.

Most of the knowledge of T2R activation by bitter agonists and QSMs is based on
intracellular calcium mobilization regulated via Gofy-PLC pathways. However, recent studies
have shown biased signaling where T2Rs can signal via Gi leading to inhibition of cAMP

responses. Therefore, understanding T2R-Gi mediated signaling becomes of paramount

153



importance in several pathological conditions such as caries and CF. This study has also
identified the role of T2Rs in Gram-positive bacterial internalization, and possible role of T2Rs
in cytoskeletal rearrangement.

Non-phagocytic cells internalize Gram-positive bacteria by zipper and trigger mechanisms
that are regulated by several signaling events leading to cytoskeletal rearrangements in the host
cells. For example, Gram-positive food born bacteria Listeria monocytogenes is internalized by
zipper mechanism by binding to host cell receptors E-cadherin and hepatocyte growth factor
receptor (MET) (Mengaud et al., 1996; Shen et al., 2000). The binding to host cell receptors
activates two signaling cascades. The first being, internalization of the bacteria into clathrin-
coated vesicles that are later cleaved by dynamin family proteins. The other pathway activates
downstream signaling cascades leading to phosphorylation of Src kinases and PI3 kinase to
generate PIP3 followed by the recruitment of actin remodeling proteins N-WASP and Arp2/3.
These induce actin polymerization thus facilitating host cell membrane reorganization and
bacterial intake. Other Gram-positive bacteria internalize by fibronectin mediated host cell a531
integrin receptor clustering (Nitsche-Schmitz et al., 2007). Thus, facilitating activation of focal
adhesion kinases, Src-dependent phosphorylation of cortactin, recruitment of Arp2/3 complex
responsible for actin polymerization and promoting internalization by membrane ruffling (Ozeri
et al., 2001).

In this study I have shown T2R 14 mediated internalization of S. aureus in GECs.
However the molecular mechanisms behind T2R 14 mediated internalization of bacteria is not
characterized. Future studies should be focused on characterizing these internalization
mechanisms. First, T2R mediated cytoskeletal remodeling such as F-actin formation and its effect
on bacterial internalization should be characterized. This entails investigating the expression,

phosphorylation, recruitment of actin remodeling proteins (cortactin, N-WASP and Arp2/3) and
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a5P1 integrin receptor clustering using T2R signaling inhibitors and knock out cell models.

In this study we have utilized cultured monolayer GECs for internalization. However, the
epithelial cells in oral tissues are multilayered and are supported by fibroblasts. Future studies on
T2R internalization can use organoid or 3D cultures to replicate the physiological conditions of
the oral tissues. The use of 3D cultures will also be useful in characterizing T2R mediated effect
on epithelial barrier integrity and transepithelial electrical resistance (TEER) upon oral bacterial
infections.

My study has shown T2R dependent Gram-positive bacterial internalization in GECs,
However T2Rs are also expressed in ciliated nasal epithelial cells and upper airway epithelial
cells (Jaggupilli et al., 2017; Workman et al., 2018). In these cells, T2Rs are known to recognize
QSMs from Gram-negative bacteria and induce innate immune responses. It would be interesting
to study the role of T2Rs in the internalization of Gram-negative bacterial species mainly P.
aeruginosa known to be predominant in CF. This would involve characterizing T2R mediated
cytoskeletal rearrangements leading to airway epithelial cell remodeling and its effect on ciliary
beat frequency and mucus secretion upon exposure to pathogens. To study the impact of T2Rs in
microbial colonization of CF airways it would be useful to generate specific T2R knock out
animal (mouse or pig) model containing CFTR mutation (AF508). Further, these animal models
can be used to study the microbiome during different stages of CF lung function decline and
understand T2R mediated airway remodeling.

Finally my work has shown that T2Rs are present in EVs isolated from cell culture
supernatants and saliva. However, the function of T2Rs in EVs is not characterized in this study.
As discussed earlier GPCR internalization into endosomes and MVB formation leading to EV
release are physiologically similar processes. Most of the agonist activated GPCRs are inhibited

from binding to G protein binding by phosphorylation of the receptor by G protein regulated
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kinases (GRK) and B-arrestin binding leading to receptor internalization into endosomes (Jean-
Charles et al., 2017). These receptors present in the endosomes were then recycled back to the
plasma membrane. However there exists a possibility by which these receptors are secreted into
EVs without fusing to the plasma membrane (Bebelman et al., 2020). The internalization or
desensitization mechanism of T2Rs is not characterized. However, the presence of T2Rs in EVs
offers renewed focus on receptor trafficking. One interesting approach is to link T2R
internalization upon bacterial infection and on exposure to bacterial QSMs. This study would
further lead into understanding T2R sorting into EVs either by B-arrestin dependent or
independent mechanisms. This could be more relevant in the case of immune cells such as
macrophages and neutrophils, where functional T2Rs are expressed and their activation by QSMs
or bitter agonists could lead to their release into EVs. These future studies can cement the role of

T2Rs as sentinels of innate immune system and in governing host-pathogen interactions.
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