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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 expressed
in gingival epithelial cells (GECs) and interacts with competence stimulating peptides (CSPs) secreted
by the cariogenic Streptococcus 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, namely Staphylococcus aureus and S. mutans. We utilized CRISPR-Cas9 T2R14
knockdown (KD) GECs as the study model to address these key physiological mechanisms. Our
data reveal that the internalization of S. aureus is significantly decreased, while the internalization of
S. mutans remains unaffected upon knockdown 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 β-defensin-2 (hBD-2) secretion; however,
S. mutans–infected GECs did not induce hBD-2 secretion, but induced T2R14 dependent IL-8 secretion.
Interestingly, our results show that T2R14 KD affects the cytoskeletal reorganization in GECs, thereby
inhibiting S. aureus internalization. Our study highlights the distinct mechanisms and a direct role of
T2R14 in influencing physiological responses to Gram-positive bacteria in the oral cavity.

Keywords: gingival epithelial cell; G-protein-coupled receptor (GPCR); Gram-positive bacteria;
host-microbe interaction; innate immunity; internalization; bitter taste receptor (T2R)

1. 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 and lipopolysaccharide in Gram-negative organisms [1]. Apart
from these above-mentioned molecules, bacteria secrete quorum-sensing molecules (QSMs)
that are recognized by bitter taste receptors (T2Rs) [2–4].

T2Rs belong to G-protein-coupled receptor (GPCR) superfamily of proteins and were
first identified in the oral tissues [5,6]. However, several studies have shown both extra-
oral expression and extra-gustatory functions for T2Rs in physiological, as well as patho-
physiological, conditions [7,8]. T2Rs have now been identified as important modulators of
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innate immune responses in several cell types, including sinonasal epithelial cells; upper
airway epithelial cells; immune cells, such as macrophages; and gingival epithelial cells
(GECs) [2,9–11]. The stimulation of bronchial airway epithelial cells by bitter compounds
resulted in an increase in intracellular Ca2+, resulting in increased ciliary beat frequency [12],
nitric oxide (NO) production and increased bactericidal effects in sinonasal epithelial
cells [10] and regulation of type-2 immunity against gut pathogens [13,14].

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
(PMNs) [15]. Human neutrophils and phagocytes have been shown to express T2R38.
T2R38 binds to bacterial QSM and AHL-12 and cause neutrophil migration [16]. In contrast,
T2Rs expressed on human mast cells were not activated upon stimulation with agonists [17].
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
and quinine, as well as some bacterial signaling molecules, activated several T2Rs [11].
Activation of T2Rs resulted in increased NO production and enhanced phagocytosis of
Escherichia coli and Staphylococcus aureus [11]. All of 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 innate immune response
that is effective against Gram-positive bacteria. To test this hypothesis, we have used
opportunistic pathogen S. aureus, which is often associated with oral disorders, such as
mucositis, angular cheilitis and parotitis. We also followed up on our recent studies, where
we analyzed the effects of the competence stimulating peptides (CSPs) secreted by the
cariogenic S. mutans in GECs [2,18]. 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 answered 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. The CSP-1- and bitter-agonist-
mediated T2R14 activation in GECs inhibits growth of S. aureus but not for S. mutans.
Further, our results suggest that T2R14 influences the cytoskeleton rearrangement and
effects internalization of Gram-positive bacteria in GECs.

2. Results
2.1. T2R14 Mediates Internalization of S. aureus and S. mutans in GECs

A recent study on macrophages suggests that T2Rs are one of the important receptors
in the phagocytic machinery [11]. 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 opportunistic pathogen S. aureus, is not studied in GECs. To characterize
the role of T2R14 in bacterial internalization, the OKF6 WT, MOCK and T2R14 KD cells
were infected by 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 represented by the colony-forming units (CFUs)
(Figure 1A,B) and confirmed by immunofluorescence (Figure 1C) and TEM (Figure 1D).
When compared to control group, the GECs pretreated with TLR signaling inhibitor (MPP)
did not show any changes in the pattern of internalization between WT, MOCK and T2R14
KD GECs. However, the internalization levels decreased significantly in WT and MOCK
cells treated with cytochalasin D (Figure 1A,B).

Next, we characterized the internalization of cariogenic bacteria S. mutans in WT,
MOCK and T2R14 KD GECs. In the control group, there was no significant change in
internalization between WT, MOCK and T2R14 KD GECs. In the MPP-treated group, the
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internalization of S. mutans significantly increased in WT and MOCK cells, but not in T2R14
KD GECs. In the cytochalasin-D-treated group, the internalization of S. mutans is similar
between WT, MOCK and T2R14 KD GECs (Figure 1E–H).
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Figure 1. Internalization of S. aureus and S mutans in OKF6 WT, MOCK and T2R14 KD cells. (A) Representative LB agar
plates depicting S. aureus colonies that are internalized in OKF6 WT, MOCK and T2R14 KD cells pretreated with MPP (5 µM)
and cytochalasin D (1 µg/mL). A total of 100 µL of the diluent containing bacteria was grown on LB agar plates for 24 h
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to form CFUs. (B) S. aureus CFUs from representative LB agar plates were calculated and represented in a grouped bar
graph. (C) Immunofluorescence (IF). OKF6 cells infected with BCECF-AM (10 µM) labelled S. aureus. Cells were fixed with
paraformaldehyde and labeled with TRITC-phalloidin (50 µM) and DAP1 (1:10,000 dilution). The IF image shows nucleus
stained with DAPI (blue), F-actin stained with TRITC-phalloidin (red) and S. aureus stained with BCECF-AM (green). The
representative images are from 3 independent experiments. (D) Transmission electron microscopy (TEM) images of S. aureus
internalized OKF6 WT, MOCK and T2R14 KD cells. Nucleus (N), cytoplasm (C) and the red arrows in the image point to S.
aureus. Scale = 2 microns. The representative images are from 1 independent experiment and captured from 5 different
fields. (E) Representative BHI agar plates depicting S. mutans colonies that are internalized in OKF6 cells pretreated with
MPP (5 µM) and cytochalasin D (1 µg/mL). A total of 100 µL of the diluent containing bacteria was grown on BHI agar
plates for 24 h to form CFUs. (F) S. mutans CFUs from the representative BHI agar plates were calculated and represented
in a grouped bar graph. 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. (G) The IF
image shows OKF6 cells infected with BCECF-AM (green) labeled S. mutans, and nucleus stained with DAPI (blue) and
TRITC-phalloidin (red). The IF images were captured using a Nikon Ti microscope using 60X oil immersion objective. The
representative images are from 3 independent experiments. (H) TEM images of S. mutans internalized OKF6 WT, MOCK
and T2R14 KD cells. The red arrows in the image point to S. mutans. The representative images are from 1 independent
experiment and captured from 5 different fields.

2.2. Knockdown of T2R14 Decreases PAK1 Associated Actin and F-Actin but Not GTP-Rac1
in GECs

The canonical internalization mechanism involves activation of the Src pathway,
leading to cortactin recruitment, followed by the polymerization of actin [19–21]. The actin
polymerization and cytoskeletal rearrangements are controlled by small GTPases, especially
Rac1. To characterize the role of these GTPases and their relationship to T2R14 activation,
pull-down assays were performed in MOCK and T2R14 KD GECs. The MOCK and T2R14
KD GECs exhibited similar levels of GTP-Rac1 (first panel, Figure 2A). However, in T2R14
KD GECs, there is a decreased pull-down of PAK1 associated actin (third panel, Figure 2A).
To characterize the T2R14-mediated actin polymerization, G and F actin isoforms were
isolated in MOCK and T2R14 KD GECs. The Western blot analysis on MOCK and T2R14
KD GECs shows a decreased level of F-actin upon T2R14 KD (Figure 2B,C).

2.3. S. 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 enve-
lope [22]. 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 h. Post-infection, the
conditioned medium (CM) from WT and MOCK cells infected with S. aureus showed a
significant increase in hBD-2 levels as compared to the T2R14 KD GECs. Interestingly, WT,
MOCK and T2R14 KD GECs 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
GECs remain unaffected (Figure 3A). These data suggest that S. aureus and S. mutans elicit
differential hBD-2 secretion in the GECs.
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Figure 2. Characterizing the GTP-Rac1, F/G actin levels in MOCK and T2R14 KD OKF6 cells. (A) The
MOCK and T2R14 KD OKF6 cell lysates (500 µg) were incubated with PAK1 agarose beads (20 µg)
for 1 h at 4 ◦C. After incubation the beads were washed, re-suspended in 2× Laemmli buffer and
separated by 12% SDS-PAGE. Western blot analysis of PAK1 pull-down and total protein lysates using
primary mouse monoclonal anti-Rac1 antibody (1:1000), mouse monoclonal anti β-Actin antibody
(1:25,000) and secondary anti-mouse HRP antibody (1:5000 and 1:25,000) re-spectively. To visualize
GTP-Rac1 that is at low levels compared to Total-Rac1, the blots were exposed for 5 min. To visualize
PAK1 associated Actin and β-Actin the blots were exposed for 1 min. (B) Western blot analysis of F
and G actin fractions isolated from MOCK and T2R14 KD cells and separated by 10% SDS-PAGE.
The blots were probed using primary mouse monoclonal anti β-Actin antibody and exposed for 1
min. (C) The corresponding densitometry analysis of F and G actin isoforms. The data represented
in the graphs are SEM of ≥3 independent experiments. One-way ANOVA analysis, using Tukey’s
multiple comparison analysis, was performed, and the observed p-value is * p < 0.05. The blots were
developed by using chemiluminescence detection system and imaged by using a ChemiDoc MP
imaging system, Bio-Rad, Toronto, ON, Canada).
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Figure 3. Characterizing the secretion of antimicrobial peptide hBD-2, nitrite/nitrate and IL-8/CXCL8 by ELISA. The OKF6
WT, MOCK and T2R14 KD cells were infected with S. aureus (50 MOI) and S. mutans (100 MOI) for 18 h. After infection,
the supernatants were collected and filtered by using 0.25 µm 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/CXCL8 as mentioned in methods. The representative grouped bar graphs were generated by using GraphPad 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 and *** p = 0.002, ns = not
significant.

2.4. Gram-Positive Bacteria Do Not Induce Nitrite/Nitrate Secretion in GECs

Epithelial cells produce nitric oxide (NO) as a part of 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 [9,23]. 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 fluorometric method, 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, namely S. aureus and S.
mutans (Figure 3B).

2.5. 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
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of IL-8 upon knockdown of T2R14 [2]. However, 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 were infected with S. aureus and S. mutans for 18 h. The analysis of CM from these
cells showed a significant decrease in basal IL-8 secretion in T2R14 KD GECs 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 decreased
IL-8 secretion (Figure 3C).

2.6. Activation of T2R14 in GECs by CSP-1 and DPH has a Growth Inhibitory Effect on S. aureus
but Not S. mutans

To characterize the bacterial growth inhibitory effect of T2R14, the OKF6 WT, MOCK
and T2R14 KD cells were treated with the recently identified T2R14 agonist CSP-1 secreted
by S. mutans [2], and bitter agonists DPH and apigenin. The CM from the abovementioned
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 inhibited the growth of S. aureus
(Figure 4A). The CM from DPH-treated T2R14 KD GECs appears to have rescued S. aureus
growth, as observed in the real-time growth curve (Figure 4B). The CM from CSP-1- and
apigenin-treated T2R14 KD GECs rescued S. aureus growth, as is evident in the real-time
growth curves when compared to WT- and MOCK-treated cells (Figure 4C,D). The T2R14
agonists alone did not inhibit S. aureus growth (Figure 4E).
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Figure 4. Characterizing the bactericidal effect of T2R14 on S. aureus and S. mutans. Real-time analysis of bacterial growth
over 24 h measured at OD600. (A–E) Real-time growth curves of S. aureus in response to WT, MOCK and T2R14 KD CM alone
or with T2R14 agonists DPH (250 µM), CSP-1 (50 µM), apigenin (50 µM) and compound alone treatment. (F–J) Real-time
growth curves of S. mutans in response to WT, MOCK and T2R14 KD CM alone or with T2R14 agonists DPH (250 µM),
CSP-1 (50 µM), apigenin (50 µM) and compound alone treatment. The data represented in the graphs are SEM of ≥3
independent experiments. One-way ANOVA analysis, using Tukey’s multiple comparison analysis, was performed, and
the observed p-value is * p < 0.05.

Next, we characterized the growth inhibitory effect of T2R14 activation on cariogenic
bacterium S. mutans. The CM from untreated WT, MOCK and T2R14 KD GECs inhibited
the growth of S. mutans (Figure 4F). However, none of the T2R14 agonists, including CSP-1,
had any noticeable effect on S. mutans growth (Figure 4G–I). The growth of bacteria in
untreated and those treated with agonists remained the same. The T2R14 agonists alone
did not inhibit S. mutans growth (Figure 4J).
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3. 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 [2–4]. 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 [9,11,24]. 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, namely
S. aureus and S. mutans.

Our results show that S. aureus, but not S. mutans, internalization is significantly
decreased upon T2R14 KD in GECs (Figure 1B,F). Our results show that, upon inhibition of
actin polymerization, the internalization of S. aureus is significantly decreased in WT, MOCK
and T2R14 KD GECs. Interestingly, the TLR signaling inhibitor MPP did not have effect
on the internalization of S. aureus but inhibited S. mutans internalization in combination
with T2R14 KD. Previous studies have shown that S. aureus is known to internalize via F-
actin-mediated host-directed endocytosis [20]. The S. aureus internalization was completely
abolished in WT, MOCK and T2R14 KD upon treatment with cytochalasin D (Figure 1A,B),
and T2R14 KD GECs exhibited decreased levels of F-actin (Figure 2B,C). The data suggest
that T2R14 promotes F-actin, which in turn mediates internalization of S. aureus in GECs.
It is possible that knockout of T2R14 can lead to changes in the protein expression of S.
aureus–binding proteins on the host cell membranes, such as α5β1 integrins, cortactins and
FAK, leading to a decrease in S. aureus internalization. Further studies into the analysis of
expression profiles of the abovementioned proteins in T2R14 KD cells may shed light on
this mechanism.

To better understand the molecular mechanism behind T2R14-regulated bacterial in-
ternalization, we performed small GTPase activation assays for Rac1, and quantified F-actin
levels upon T2R14 KD. Actin cytoskeleton reorganization facilitates bacterial internaliza-
tion and endocytosis. Our results indicate decreased PAK1-associated actin pull-down
and decreased F-actin levels in T2R14 KD GECs compared to MOCK cells. Previously,
we showed that bitter-agonist-quinine-mediated activation of T2R4 inhibits Rac1 activa-
tion [25]. Hence, there exists a link between T2Rs and small GTPases and their possible
role in cytoskeletal reorganization. Previous studies on platelet cells have shown PAK1
(GTP-Rac1 binding partner) to interact with cortical-actin-binding protein (cortactin) and
N-WASP, which interact with actin [26,27]. However, in GECs, the effect of T2R14 KD
on expression of cortactin and N-WASP and their interaction with PAK1 remains to be
determined.

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. We characterized T2R14-mediated innate immune responses, such as
hBD-2, NO and IL-8, upon infection of GECs 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 GECs. Recent study of gingival tissues of gustducin knockout mice showed
decreased levels of beta-defensins and LL-37 [28]. Intriguingly, in our study, S. mutans
treatment did not elicit significant hBD-2 response in the presence or absence of T2R14
(Figure 3A). A recent study utilizing primary GECs also reported minimal secretion of
hBD-2 upon stimulation with S. mutans [29]. It is not surprising to observe that only certain
bacterial species induce AMP secretions. While S. aureus is a low-abundance commensal,
infection with S. aureus is often associated with mucositis, angular cheilitis and parotitis.
An earlier study showed differential hBD-2 regulation in oral keratinocytes in response to
pathogenic and commensal bacterial species [30]. Hence, in-depth analysis of other AMPs
in the 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
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cytokines and chemokines, such as IL-8/CXCR8, to attract neutrophils and monocytes to
the site of infection. In our previous study, we showed that T2R14 agonist and CSP-1 from
S. mutans induce the secretion of IL-8, and this is abolished upon a knockdown of T2R14
leading to decreased neutrophil chemotaxis [2]. 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 3C).
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 crosstalk between T2R and TLR signaling pathways (Figure 5).
This interesting finding highlights the importance of T2R14 in regulating innate immune
responses in oral epithelial cells.

S. mutans
' 

TLRs 

Phagolysosome 

 

. 
Bacterial 

internalization 

Figure 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/CXCL8 and antimicrobial peptide hBD-2 in GECs. It is currently unknown whether T2R14 internalizes into
clathrin-coated vesicles and signals (dotted arrows on the membrane). Figure was drawn by using BioRender, Toronto, ON,
Canada.

Finally, we have performed bacterial growth inhibition assay to characterize the
physiological role of T2R14 in GECs. Previously, in SCCs the bitter agonist denatonium
induced AMP secretion and invoked bactericidal effect on Gram-negative CF bacterium
Pseudomonas aeruginosa [31]. 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
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CM from untreated cells inhibited S. aureus growth and addition of bitter agonist blunted
the inhibitory response only in T2R14 KD cells. However, we did not observe similar
effects on S. mutans. Our data reflect previous studies in which inhibition of Gram-negative
bacteria, such as P. aeruginosa, were mediated by T2Rs agonists, such as denatonium [31,32].
In our cell model, the bactericidal effect was minimal compared to effect induced by
denatonium in sinonasal ciliary cells [31,32]. However, the effect we observed in GECs is
comparable to that in sinonasal ciliary cells in which lower concentrations of bitter agonist
(0.1 mM 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 the strain used in this study, S. mutans UA159, thus
evading host response mechanisms [33]. Another interesting observation is the inhibition of
S. aureus upon treatment of GECs with CSPs from S. mutans. This result is in agreement with
a recent study that isolated bioactive molecules from biofilms of S. mutans and observed
a bactericidal effect on other commensal bacteria [34]. Our finding provides hints into a
host-directed mechanism by which bacteria, such as S. mutans, overcome competition by
other commensals, such as S. aureus, in dysbiotic states (Figure 5).

4. Materials and Methods
4.1. Reagents Used in the Study

Methylpiperidino pyrazole (MPP) (#13863), Apigenin (#10010275) and nitrate/nitrite
fluorometric assay kit (#780051) were purchased from Cayman Chemical Company, Ann
Arbor, MI, USA. Cytochalasin D (#C8273), TRITC-Phalloidin (#P1951) and Diphenhy-
dramine hydrochloride (#PHR1015) were purchased from Sigma Aldrich, Oakville, ON,
Canada. The 2’,7’-Bis-(2-Carboxyethyl)-5-(and-6)-Carboxyfluorescein-Acetoxymethyl Ester
(BCECF-AM) (#B1170) was purchased from Thermo Fisher Scientific, Carlsbad, CA, USA.
Synthetic S. mutans competence stimulating peptide (CSP-1) of 98% purity was purchased
from GenScript (Picataway, NJ, USA). Human β-defensin 2 (hBD-2) ELISA kit (#900-K172)
was purchased from PeproTech, Cranbury, NJ, USA and IL-8/CXCL8 ELISA kit (#D8000C)
was purchased from R&D systems, Toronto, ON, Canada. 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-β-actin (#A5441) from
Sigma Aldrich (Oakville, ON, Canada), goat anti-rabbit IgG-HRP conjugate (#17-6515)
from Bio-Rad (Mississauga, ON, Canada), goat anti-mouse IgG-HRP conjugate (#A-10668)
and rabbit polyclonal anti-T2R14 (#OSR00161W) from Thermo Fischer Scientific, Carlsbad,
CA, USA, and mouse monoclonal anti-Rac1 (#05-389) from Millipore, Oakville, ON, USA.

4.2. Cell Line Used in the Study

The oral keratinocyte cell line OKF6 was a kind gift from Dr. Gill Diamond, University
of Florida [35,36]. The T2R14 KD and a non-targeting (MOCK) Alt®-R-control CRISPR-
crRNA or MOCK OKF6 cells were generated by using the CRISPR-Cas9 technique [37], and
published in our previous study [2]. The expression of T2R14 in WT, MOCK and T2R14 KD
cells is confirmed by Western blot analysis and flow cytometry analysis (Supplementary
Materials Figure S1). The protocols for Western blot detection and flow cytometry analysis
of T2R14 was previously described [2].

4.3. 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% CO2, under constant agitation.
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4.4. Bacterial Internalization Assay

For internalization assay, 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 resuspended in GEC medium [38,39]. The OKF6 WT, MOCK
and T2R14 KD cells were infected with S. aureus for 1 h and with S. mutans for 2 h at 37
◦C [38,39]. These conditions were optimized prior to the experiments, and the best MOI
and infection times were chosen based 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 µg/mL) for 1 h. After antibiotic treatment, the cells were
washed four times, using sterile PBS, and were incubated with 1% saponin for 15 min [40].
Then, 100 µL of lysate was spread on LB agar and BHI plates and incubated for 24 h at 37
◦C. After 24 h, the plates were removed, and then colonies were counted manually and
represented in colony forming units (CFUs).

4.5. Immunofluorescence Microscopy of Internalized Bacteria in Host Cells

The log-phase cultures of S. aureus and S. mutans were labeled for 45 min with
2’,7’-Bis-(2-Carboxyethyl)-5-(and-6)-Carboxyfluorescein-Acetoxymethyl Ester (BCECF-AM)
(10 µM) [40]. 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 T2R14 KD
cells were infected by using BCECF-AM-labeled S. aureus (50 MOI for 1 h) and S. mutans
(100 MOI for 2 h). 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 (50 µM) for 45 min, fol-
lowed by washing thrice with PBS. The nucleus was stained with DAPI (1:10,000 dilution)
for 5 min. The cover slips were then mounted onto a glass slide, using Fluoromount G
mounting medium (Southern Biotech, Birminghan, AL, USA). The cells were imaged by
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, with
each stack having a size of 0.3 µm. The 30-stack image was then processed to correct for
out-of-focus light by deconvolution, using a wide-field point spread function algorithm in
NIS-elements software.

4.6. Transmission Electron Microscopy Imaging of GECs

The OKF6 WT, MOCK and T2R14 KD cells treated with S. aureus and S. mutans were
fixed with 3% gluteraldehyde in 0.1 M Sorensen’s buffer for 3 h. After fixation the cells
were suspended in sucrose solution and stored at 4 ◦C for processing. The above fixed cell
suspensions were embedded into plastic resins and thin sections (90–100 nm) are placed on
mesh copper grids. The copper grids are finally stained with osmium tetroxide and uranyl
acetate. The grids were imaged by using a Philips CM10 microscope at a magnification of
10,500×.

4.7. GTP-Rac1 Pull-Down Assay

The OKF6 WT, MOCK and T2R14 KD cells were lysed, and the total protein was
extracted according to the manufactures protocol (#BK030, cytoskeleton, Denver, CO, USA).
The protein concentration was quantified, and 500 µg of total protein was incubated with
50 µg of PAK1 beads for 1 h at 4 ◦C. After 1 h of incubation, the beads were centrifuged at
5000× g at 4 ◦C for 1 min. The supernatant was carefully removed, and the beads were
washed, using wash buffer, and centrifuged at 5000× g at 4 ◦C for 3 min. The wash buffer
was carefully discarded, and 2× Laemmli buffer was added to the beads. The sample
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was then boiled for 2 min, Western blot analysis was performed and the membranes were
probed with anti-Rac1 and anti-actin antibodies.

4.8. Isolation and Quantification of F/G-Actins in GECs

Briefly, the OKF6 cells were homogenized in cold lysis buffer (10 mM K2HPO4, 50 mM
KCL, 100 mM NAF, 2 mM MgCl2, 1 mM EGTA, 0.2 mM DTT, 0.5 Triton X-100 and 1mM
sucrose, at pH 7.9. The soluble actin (G-actin) was centrifuged at 15000× g for 30 min.
The insoluble actin (F-actin) was suspended by lysis buffer and equal volume of buffer
2 (1.5 mM guanidine hydrochloride, 1 mM sodium acetate, 1 mM CaCl2, 1 mM ATP
and 20 mM Tris-HCl, at pH 7.5) incubated on ice for 1 h after which the samples were
centrifuged at 15,000× g for 30 min, and F-actin was measured in this supernatant. The
fractions were analyzed by Western blotting.

4.9. 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 5000× g for 5 min, and the pellet was resuspended
with conditioned medium (CM) from OKF6 WT, MOCK and T2R14 KD cells treated with
DPH, CSP-1 and apigenin. For real-time analysis, the bacterial pellet was resuspended in
100 µL 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 OD600 was measured every 10 min
for a period of 24 h, using a Synergy H4 Multimode Microplate Reader (BioTek, Winooski,
VT, USA).

4.10. Human β-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 × 105 cells/well. These cells were infected with S. aureus and S. mutans for
18 h at an MOI of 50 and 100, respectively. After the treatments, supernatant was collected
and filtered by using 0.2 µm nylon filter. The filtered supernatant was used to determine
the secreted levels of hBD-2, using ELISA (# 900-K172, PeproTech, Cranbury, NJ, USA). The
detection limit of the assay is (1500–23 pg/mL). The absorbance A450 nm was measured by
using a Flexstation3 plate reader (Molecular Devices, San Jose, CA, USA).

4.11. Measurement of Nitrate/Nitrite Secretion

The supernatant from OKF6 WT, MOCK and T2R14 KD cells was collected, and 50 µL
was used to measure the secreted levels of nitrate/nitrite, using a fluorescent assay kit
(#780051, Cayman Chemical, Ann Arbor, MI, USA). The reductase enzyme cofactor and
reductase enzyme were mixed with supernatant and incubated for 30 min at RT followed
by addition of 2,3-diaminoapthelene (DAN) and NaOH. The detection limit of the assay is
500–7.8 pmol. The fluorescence was measured at an excitation wavelength of 365 nm and
an emission wavelength of 430 nm, using a Flexstation3 plate reader (Molecular Devices,
San Jose, CA, USA).

4.12. Measurement of IL-8/CXCL8 Secretion

Briefly, 1.5 × 105 cells were infected with S. aureus (50 MOI) and S. mutans (100 MOI)
for 18 h. After infection, the supernatant was collected and filtered by using 0.2 µm
nylon filter. The supernatant was diluted (1:10 dilution), and IL-8/CXCL8 levels in the
diluted supernatant were measured by commercially available Quantikine ELISA as per
manufacturer instructions (#D8000C, R&D Systems, Toronto, ON, Canada). The detection
limit of the assay is 2000–31 pg/mL. The absorbance was measured by using a Flexstation3
plate reader at the wavelength of 450 nm (Molecular Devices, San Jose, CA, USA).
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5. Conclusions

In summary, our findings identify previously unexplored mechanisms of T2R14-
mediated Gram-positive bacterial internalization and bactericidal affects in oral cells.
Future studies could be focused on examining the global cellular effects of T2R14 KD and
in deciphering the mechanisms involved in TLR/T2R crosstalk.
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Author Contributions: Conceptualization, P.C. and M.R.M.; methodology, validation, formal analy-
sis, investigation, M.R.M., A.Y.B., N.S.; resources, P.C., R.P.B.; writing—original draft preparation,
M.R.M.; writing—review and editing, All authors.; supervision and project administration, P.C.;
funding acquisition, P.C., R.J.S., K.D.; All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by a project operating grant (PJT-159731) from the Canadian
Institutes of Health Research (CIHR).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available on
reasonable request from the corresponding author.

Acknowledgments: This work was supported by a project operating grant (PJT-159731) from the
Canadian Institutes of Health Research (CIHR), University of Manitoba Graduate Fellowship and
GETS funding.

Conflicts of Interest: The authors declare that they have no conflict of interest with the contents of
this article.

References
1. Ooi, E.H.; Wormald, P.-J.; Tan, L.W. Innate Immunity in the Paranasal Sinuses: A Review of Nasal Host Defenses. Am. J. Rhinol.

2008, 22, 13–19. [CrossRef]
2. Medapati, M.R.; Singh, N.; Bhagirath, A.Y.; Duan, K.; Triggs-Raine, B.; Batista, E.L.; Chelikani, P. Bitter taste receptor T2R14

detects quorum sensing molecules from cariogenic Streptococcus mutans and mediates innate immune responses in gingival
epithelial cells. FASEB J. 2021, 35, e21375. [CrossRef]

3. Jaggupilli, A.; Singh, N.; De Jesus, V.C.; Duan, K.; Chelikani, P. Characterization of the Binding Sites for Bacterial Acyl Homoserine
Lactones (AHLs) on Human Bitter Taste Receptors (T2Rs). ACS Infect. Dis. 2018, 4, 1146–1156. [CrossRef]

4. Freund, J.; Mansfield, C.J.; Doghramji, L.J.; Adappa, N.D.; Palmer, J.N.; Kennedy, D.W.; Reed, D.R.; Jiang, P.; Lee, R.J. Activation
of airway epithelial bitter taste receptors by Pseudomonas aeruginosa quinolones modulates calcium, cyclic-AMP, and nitric
oxide signaling. J. Biol. Chem. 2018, 293, 9824–9840. [CrossRef]

5. Lindemann, B. Taste reception. Physiol. Rev. 1996, 76, 719–766. [CrossRef]
6. Adler, E.; Hoon, M.A.; Mueller, K.L.; Chandrashekar, J.; Ryba, N.J.; Zuker, C.S. A Novel Family of Mammalian Taste Receptors.

Cell 2000, 100, 693–702. [CrossRef]
7. Jaggupilli, A.; Singh, N.; Upadhyaya, J.; Arakawa, M.; Dakshinamurti, S.; Duan, K.; Chelikani, P.; Sikarwar, A.S.; Bhullar, R.P.

Analysis of the expression of human bitter taste receptors in extraoral tissues. Mol. Cell. Biochem. 2017, 426, 137–147. [CrossRef]
8. Shaik, F.A.; Singh, N.; Arakawa, M.; Duan, K.; Bhullar, R.P.; Chelikani, P. Bitter taste receptors: Extraoral roles in pathophysiology.

Int. J. Biochem. Cell Biol. 2016, 77, 197–204. [CrossRef]
9. Carey, R.M.; Workman, A.D.; Yan, C.; Chen, B.; Adappa, N.D.; Palmer, J.N.; Kennedy, D.W.; Lee, R.; Cohen, N.A. Sinonasal

T2R-Mediated Nitric Oxide Production in Response to Bacillus Cereus. Am. J. Rhinol. Allergy 2017, 31, 211–215. [CrossRef]
10. Lee, R.; Xiong, G.; Kofonow, J.M.; Chen, B.; Lysenko, A.; Jiang, P.; Abraham, V.; Doghramji, L.; Adappa, N.D.; Palmer, J.N.; et al.

T2R38 taste receptor polymorphisms underlie susceptibility to upper respiratory infection. J. Clin. Investig. 2012, 122, 4145–4159.
[CrossRef]

11. Gopallawa, I.; Freund, J.; Lee, R.J. Bitter taste receptors stimulate phagocytosis in human macrophages through calcium, nitric
oxide, and cyclic-GMP signaling. Cell. Mol. Life Sci. 2021, 78, 271–286. [CrossRef] [PubMed]

12. Shah, A.S.; Ben-Shahar, Y.; Moninger, T.O.; Kline, J.N.; Welsh, M.J. Motile Cilia of Human Airway Epithelia Are Chemosensory.
Science 2009, 325, 1131–1134. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms22189920/s1
https://www.mdpi.com/article/10.3390/ijms22189920/s1
http://doi.org/10.2500/ajr.2008.22.3127
http://doi.org/10.1096/fj.202000208R
http://doi.org/10.1021/acsinfecdis.8b00094
http://doi.org/10.1074/jbc.RA117.001005
http://doi.org/10.1152/physrev.1996.76.3.719
http://doi.org/10.1016/S0092-8674(00)80705-9
http://doi.org/10.1007/s11010-016-2902-z
http://doi.org/10.1016/j.biocel.2016.03.011
http://doi.org/10.2500/ajra.2017.31.4453
http://doi.org/10.1172/JCI64240
http://doi.org/10.1007/s00018-020-03494-y
http://www.ncbi.nlm.nih.gov/pubmed/32172302
http://doi.org/10.1126/science.1173869


Int. J. Mol. Sci. 2021, 22, 9920 15 of 16

13. Howitt, M.R.; Lavoie, S.; Michaud, M.; Blum, A.M.; Tran, S.V.; Weinstock, J.V.; Gallini, C.A.; Redding, K.; Margolskee, R.F.;
Osborne, L.C.; et al. Tuft cells, taste-chemosensory cells, orchestrate parasite type 2 immunity in the gut. Science 2016, 351,
1329–1333. [CrossRef]

14. Von Moltke, J.; Ji, M.; Liang, H.E.; Locksley, R.M. Tuft-cell-derived IL-25 regulates an intestinal ILC2–epithelial response circuit.
Nature 2016, 529, 221–225. [CrossRef] [PubMed]

15. Malki, A.; Fiedler, J.; Fricke, K.; Ballweg, I.; Pfaffl, M.; Krautwurst, D. Class I odorant receptors, TAS1R and TAS2R taste receptors,
are markers for subpopulations of circulating leukocytes. J. Leukoc. Biol. 2015, 97, 533–545. [CrossRef] [PubMed]

16. Gaida, M.M.; Dapunt, U.; Hänsch, G.M. Sensing developing biofilms: The bitter receptor T2R38 on myeloid cells. Pathog. Dis.
2016, 74. [CrossRef] [PubMed]

17. Ekoff, M.; Choi, J.H.; James, A.; Dahlén, B.; Nilsson, G.; Dahlén, S.E. Bitter taste receptor (TAS2R) agonists inhibit IgE-dependent
mast cell activation. J. Allergy Clin. Immunol. 2014, 134, 475–478. [CrossRef]

18. De Jesus, V.C.; Khan, M.W.; Mittermuller, B.A.; Duan, K.; Hu, P.; Schroth, R.J.; Chelikani, P. Characterization of Supragingival
Plaque and Oral Swab Microbiomes in Children With Severe Early Childhood Caries. Front. Microbiol. 2021, 12, 683–685.
[CrossRef]

19. Fowler, T.; Johansson, S.; Wary, K.K.; Höök, M. Src kinase has a central role in in vitro cellular internalization of Staphylococcus
aureus. Cell. Microbiol. 2003, 5, 417–426. [CrossRef]

20. Agerer, F.; Lux, S.; Michel, A.; Rohde, M.; Ohlsen, K.; Hauck, C.R. Cellular invasion by Staphylococcus aureus reveals a functional
link between focal adhesion kinase and cortactin in integrin-mediated internalisation. J. Cell Sci. 2005, 118, 2189–2200. [CrossRef]

21. Selbach, M.; Backert, S. Cortactin: An Achilles’ heel of the actin cytoskeleton targeted by pathogens. Trends Microbiol. 2005, 13,
181–189. [CrossRef]

22. Lehrer, R.I. Primate defensins. Nat. Rev. Microbiol. 2004, 2, 727–738. [CrossRef]
23. Carey, R.M.; Chen, B.; Adappa, N.D.; Palmer, J.N.; Kennedy, D.W.; Lee, R.J.; Cohen, N.A. Human upper airway epithelium

produces nitric oxide in response to Staphylococcus epidermidis. Int. Forum Allergy Rhinol. 2016, 6, 1238–1244. [CrossRef]
24. Hariri, B.M.; McMahon, D.B.; Chen, B.; Freund, J.; Mansfield, C.J.; Doghramji, L.J.; Adappa, N.D.; Palmer, J.N.; Kennedy, D.W.;

Reed, D.R.; et al. Flavones modulate respiratory epithelial innate immunity: Anti-inflammatory effects and activation of the
T2R14 receptor. J. Biol. Chem. 2017, 292, 8484–8497. [CrossRef]

25. Sidhu, C.; Jaggupilli, A.; Chelikani, P.; Bhullar, R.P. Regulation of Rac1 GTPase activity by quinine through G-protein and bitter
taste receptor T2R4. Mol. Cell. Biochem. 2017, 426, 129–136. [CrossRef]

26. Vidal, C.; Geny, B.; Melle, J.; Jandrot-Perrus, M.; Fontenay, M. Cdc42/Rac1-dependent activation of the p21-activated kinase
(PAK) regulates human platelet lamellipodia spreading: Implication of the cortical-actin binding protein cortactin. Blood 2002,
100, 4462–4469. [CrossRef]

27. Grassart, A.; Meas-Yedid, V.; Dufour, A.; Olivo-Marin, J.-C.; Dautry-Varsat, A.; Sauvonnet, N. Pak1 Phosphorylation Enhances
Cortactin-N-WASP Interaction in Clathrin-Caveolin-Independent Endocytosis. Traffic 2010, 11, 1079–1091. [CrossRef]

28. Zheng, X.; Tizzano, M.; Redding, K.; He, J.; Peng, X.; Jiang, P.; Xu, X.; Zhou, X.; Margolskee, R.F. Gingival solitary chemosensory
cells are immune sentinels for periodontitis. Nat. Commun. 2019, 10, 1–11. [CrossRef] [PubMed]

29. Gil, S.; Coldwell, S.; Drury, J.L.; Arroyo, F.; Phi, T.; Saadat, S.; Kwong, D.; Chung, W.O. Genotype-specific regulation of oral innate
immunity by T2R38 taste receptor. Mol. Immunol. 2015, 68, 663–670. [CrossRef] [PubMed]

30. Chung, W.O.; Dale, B.A. Innate Immune Response of Oral and Foreskin Keratinocytes: Utilization of Different Signaling Pathways
by Various Bacterial Species. Infect. Immun. 2004, 72, 352–358. [CrossRef]

31. Carey, R.M.; Ba, A.D.W.; Hatten, K.M.; Siebert, A.P.; Brooks, S.G.; Chen, B.; Adappa, N.D.; Palmer, J.N.; Kennedy, D.W.; Lee, R.;
et al. Denatonium-induced sinonasal bacterial killing may play a role in chronic rhinosinusitis outcomes. Int. Forum Allergy
Rhinol. 2017, 7, 699–704. [CrossRef]

32. Lee, R.; Kofonow, J.M.; Rosen, P.L.; Siebert, A.P.; Chen, B.; Doghramji, L.; Xiong, G.; Adappa, N.D.; Palmer, J.N.; Kennedy, D.W.;
et al. Bitter and sweet taste receptors regulate human upper respiratory innate immunity. J. Clin. Investig. 2014, 124, 1393–1405.
[CrossRef]

33. Ahn, S.J.; Ahn, S.J.; Wen, Z.T.; Brady, L.J.; Burne, R.A. Characteristics of biofilm formation by Streptococcus mutans in the presence
of saliva. Infect. Immun. 2008, 76, 4259–4268. [CrossRef] [PubMed]

34. Tang, X.; Kudo, Y.; Baker, J.L.; LaBonte, S.; Jordan, P.A.; McKinnie, S.M.K.; Guo, J.; Huan, T.; Moore, B.S.; Edlund, A. Cariogenic
Streptococcus mutans Produces Tetramic Acid Strain-Specific Antibiotics That Impair Commensal Colonization. ACS Infect. Dis.
2020, 6, 563–571. [CrossRef] [PubMed]

35. Dickson, M.A.; Hahn, W.C.; Ino, Y.; Ronfard, V.; Wu, J.Y.; Weinberg, R.A.; Louis, D.N.; Li, F.P.; Rheinwald, J.G. Human
Keratinocytes That Express hTERT and Also Bypass a p16 INK4a -Enforced Mechanism That Limits Life Span Become Immortal
yet Retain Normal Growth and Differentiation Characteristics. Mol. Cell. Biol. 2000, 20, 1436–1447. [CrossRef]

36. McMahon, L.; Schwartz, K.; Yilmaz, O.; Brown, E.; Ryan, L.K.; Diamond, G. Vitamin D-Mediated Induction of Innate Immunity
in Gingival Epithelial Cells. Infect. Immun. 2011, 79, 2250–2256. [CrossRef]

37. Zuris, J.A.; Thompson, D.B.; Shu, Y.; Guilinger, J.P.; Bessen, J.; Hu, J.H.; Maeder, M.L.; Joung, J.K.; Chen, Z.-Y.; Liu, D.R. Cationic
lipid-mediated delivery of proteins enables efficient protein-based genome editing in vitro and in vivo. Nat. Biotechnol. 2015, 33,
73–80. [CrossRef]

http://doi.org/10.1126/science.aaf1648
http://doi.org/10.1038/nature16161
http://www.ncbi.nlm.nih.gov/pubmed/26675736
http://doi.org/10.1189/jlb.2A0714-331RR
http://www.ncbi.nlm.nih.gov/pubmed/25624459
http://doi.org/10.1093/femspd/ftw004
http://www.ncbi.nlm.nih.gov/pubmed/26782143
http://doi.org/10.1016/j.jaci.2014.02.029
http://doi.org/10.3389/fmicb.2021.683685
http://doi.org/10.1046/j.1462-5822.2003.00290.x
http://doi.org/10.1242/jcs.02328
http://doi.org/10.1016/j.tim.2005.02.007
http://doi.org/10.1038/nrmicro976
http://doi.org/10.1002/alr.21837
http://doi.org/10.1074/jbc.M116.771949
http://doi.org/10.1007/s11010-016-2886-8
http://doi.org/10.1182/blood.V100.13.4462
http://doi.org/10.1111/j.1600-0854.2010.01075.x
http://doi.org/10.1038/s41467-019-12505-x
http://www.ncbi.nlm.nih.gov/pubmed/31582750
http://doi.org/10.1016/j.molimm.2015.10.012
http://www.ncbi.nlm.nih.gov/pubmed/26552761
http://doi.org/10.1128/IAI.72.1.352-358.2004
http://doi.org/10.1002/alr.21949
http://doi.org/10.1172/JCI72094
http://doi.org/10.1128/IAI.00422-08
http://www.ncbi.nlm.nih.gov/pubmed/18625741
http://doi.org/10.1021/acsinfecdis.9b00365
http://www.ncbi.nlm.nih.gov/pubmed/31906623
http://doi.org/10.1128/MCB.20.4.1436-1447.2000
http://doi.org/10.1128/IAI.00099-11
http://doi.org/10.1038/nbt.3081


Int. J. Mol. Sci. 2021, 22, 9920 16 of 16

38. Al Kindi, A.; Alkahtani, A.M.; Nalubega, M.; El-Chami, C.; O’Neill, C.; Arkwright, P.D.; Pennock, J.L. Staphylococcus aureus
Internalized by Skin Keratinocytes Evade Antibiotic Killing. Front. Microbiol. 2019, 10, 2242. [CrossRef]

39. Maisonneuve, E.; Chevrier, J.; Dubus, M.; Varin-Simon, J.; Sergheraert, J.; Gangloff, S.C.; Reffuveille, F.; Mauprivez, C.; Kerdjoudj,
H. Infection of Human Dental Pulp Stromal Cells by Streptococcus mutans: Shedding Light on Bacteria Pathogenicity and Pulp
Inflammation. Front. Cell Dev. Biol. 2020, 8. [CrossRef]

40. Wunsch, C.M.; Lewis, J.P. Porphyromonas gingivalis as a Model Organism for Assessing Interaction of Anaerobic Bacteria with
Host Cells. J. Vis. Exp. 2015, 53408. [CrossRef]

http://doi.org/10.3389/fmicb.2019.02242
http://doi.org/10.3389/fcell.2020.00785
http://doi.org/10.3791/53408

	Introduction 
	Results 
	T2R14 Mediates Internalization of S. aureus and S. mutans in GECs 
	Knockdown of T2R14 Decreases PAK1 Associated Actin and F-Actin but Not GTP-Rac1 in GECs 
	S. aureus–Induced hBD-2 Secretion Is T2R14 Dependent 
	Gram-Positive Bacteria Do Not Induce Nitrite/Nitrate Secretion in GECs 
	IL-8/CXCL-8 Secretion in GECs Is T2R14-Dependent 
	Activation of T2R14 in GECs by CSP-1 and DPH has a Growth Inhibitory Effect on S. aureus but Not S. mutans 

	Discussion 
	Materials and Methods 
	Reagents Used in the Study 
	Cell Line Used in the Study 
	Bacterial Strains Used in the Study 
	Bacterial Internalization Assay 
	Immunofluorescence Microscopy of Internalized Bacteria in Host Cells 
	Transmission Electron Microscopy Imaging of GECs 
	GTP-Rac1 Pull-Down Assay 
	Isolation and Quantification of F/G-Actins in GECs 
	Bacterial Survival Assay 
	Human -Defensin 2 (hBD-2) ELISA 
	Measurement of Nitrate/Nitrite Secretion 
	Measurement of IL-8/CXCL8 Secretion 

	Conclusions 
	References

