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Abstract

Cilia are microscopic projections that extend from eukaryotic cells. There are two general types of
cilia; primary cilia serve as sensory organelles, whereas motile cilia exert mechanical force. The
motile cilia emerging from human airway epithelial cells propel harmful inhaled material out of
the lung. We found that these cells express sensory bitter taste receptors, which localized on
motile cilia. Bitter compounds increased the intracellular Ca* concentration and stimulated ciliary
beat frequency. Thus, airway epithelia contain a cell-autonomous system in which motile cilia
both sense noxious substances entering airways and initiate a defensive mechanical mechanism to
eliminate the offending compound. Hence, like primary cilia, classical motile cilia also contain
sensors to detect the external environment.

Cilia can be divided into two general types, primary and motile (1-3). Primary cilia are
sensory organelles that contain a variety of receptors, including G protein-coupled receptors
(GPCRs) (1). Cells typically sprout a single primary cilium with a characteristic 9+0
cytoskeletal structure (axoneme). In contrast, motile cilia can occur in the tens and hundreds
on epithelial cells, they have a typical 9+2 axoneme, and they serve a mechanical role (1-3).
Although their functions differ, there are exceptions to the primary cilia-motile cilia
distinction (3,4); for example, primary nodal cilia exhibit rotational movement (29,30). In
addition, the two types of cilia share many structural and molecular features (2,7), they are
evolutionarily related (8) and genetic diseases such as Bardet-Biedl Syndrome can affect
both (9-11). However, whether classic matile cilia can also function as sensory organelles is
not clear.

On airway epithelia, motile cilia move mucus out of the lung, and their disruption causes
airway disease (12,13). Because defense of the airway involves detection of danger signals,
we hypothesized that motile cilia might sense noxious stimuli. To test this hypothesis, we
searched for sensory-related genes in microarray expression data from primary cultures of
differentiated human airway epithelia (14). Microarray analysis (15) and reverse
transcription-polymerase chain reaction (RT-PCR) revealed that the epithelia expressed
several members of the bitter taste receptor (T2R) family (Fig. 1A, 1B). The human genome
contains ~25 T2R genes. Several may detect more than one different bitter compound, and
individual taste receptor cells express multiple T2Rs (16,17). Thus, in the tongue, the system
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is broadly tuned to detect multiple bitter compounds and warn against ingestion of toxic
substances.

We studied several T2Rs for which antibodies are available and/or for which ligands are
known, and w identified T2R4, T2R43, T2R38, and T2R46 in human airway epithelia (Fig.
2A-2C, S1-S6). Only ciliated epithelial cells expressed these receptors, and they
specifically localized in cilia, which were identified by acetylated a-tubulin immunostaining.
Almost every ciliated cell expressed each of the four T2Rs, although the intensity varied
from cell to cell and in some ciliated cells T2R43 was not detected (Fig. 2B). Thus single
ciliated epithelial cells express multiple T2Rs, rather like individual taste receptor cells that
express multiple T2Rs (18). The receptors appeared to localize preferentially at different
places along the cilium. For example, T2R4 seemed to sit nearer the tips of cilia, whereas
T2R43 appeared to reside more proximally in cilia (Fig. 2A, 2B, S1, S3, S7), which was
more apparent when we immunostained both T2R4 and T2R43 in the same epithelia (Fig.
S7). Co-labeling T2R38 and T2R46 revealed a similar relationship, with T2R38 appearing
to sit more distally than T2R46 (Fig. 2C, S7).

The T2R signal transduction pathway comprises several proteins, including the G-protein a-
gustducin, the enzyme phospholipase C-p2, (PLC-B2), and the transient receptor potential
channel-M5 (TRPMB5) (16,17). We detected transcripts for all three in airway epithelia (Fig.
1B). Immunostaining revealed these signaling molecules only in ciliated epithelial cells (Fig.
3A-3C,S3). Like the T2Rs, a-gustducin and TRPMS5 resided in cilia. In contrast, PLC-p2
appeared to sit below the cilia in the apical portion of the cell. We speculate that the seeming
complexity of T2R and signaling protein localization along the ciliary shaft and in the cell
might provide a mechanism for coupling to other signaling pathways or influencing cilia
function. Distinct localization may also occur with other proteins that are localized
proximally in cilia and flagella (19-20).

To determine whether the T2R signaling pathway was functional, we applied bitter
compounds to differentiated human airway epithelia and measured changes in the T2R-
associated second messenger, intracellular Ca2* concentration [CaZ*];. Denatonium is a very
bitter compound and a ligand for T2R4 (16). Its application induced transient, dose-
dependent elevations of [Ca2*]; (Fig. 4A). Several other bitter compounds, including thujone
(activates T2R14), salicin (activates T2R16), quinine, and nicotine also elicited [Ca?*];
elevations. The denatonium and thujone concentrations inducing [Ca2*]; elevations were in
the same range as those that elicit responses in heterologous cells expressing T2Rs (21).

Airway epithelia contain both ciliated and non-ciliated cells, and when [CaZ*]; increases in
an individual airway epithelial cell, it can rapidly spread through gap junctions to adjacent
cells (22). Thus, the [Ca2*]; increase shown in Fig. 4A could have begun from either cell
type. Therefore, we asked if [Ca2*]; first increased in ciliated or non-ciliated cells by
applying the bitter compound apically and comparing the latency to a [Ca%*]; elevation in
the different cells. After adding denatonium or thujone, [Ca2*]; rose in ciliated cells before
increasing in other cells (Fig. 4B), consistent with our finding that only ciliated cells bear
receptors for bitter compounds. We also studied cells growing on glass in short-term culture
because the [Ca2*]; increase does not spread; in those cells denatonium increased [Ca2*];
only in ciliated cells (Fig. S8).

We assessed the functional consequences of activating T2Rs in airway epithelia by
measuring the frequency of cilia beating. Because an elevated [Ca%*]; can stimulate ciliary
motility (23), we predicted that a bitter compound would increase frequency. Indeed,
applying denatonium increased cilia beat frequency ~25% (Fig. 4C, S9).
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Thus some of the same receptors that detect noxious compounds on the tongue to protect
animals from ingesting harmful material may also defend human airways. The receptors are
positioned on cilia, a location optimal for sampling air and material entering the lung.
Moreover, the bitter compound denatonium stimulated ciliary activity, which should hasten
elimination of noxious and harmful substances. Substances that activate T2Rs might enter
airways through inhalation or aspiration or be generated within the lung by infection. We
speculate that this signaling system might also play a role in airway disease. For example, in
cystic fibrosis, lungs are commonly infected with Pseudomonas aeruginosa. This bacterium
produces quorum-sensing molecules that are lactones, which activate some bitter taste
receptors (24,25). Airway T2Rs might also be activated by cigarette smoke, which contains
the bitter tasting compound nicotine (26). In addition, airway cilia are lost in some viral
infections and with cigarette smoking (27), which would disrupt this defensive system.

Previous work suggested a general dichotomy for vertebrate cilia — primary cilia are sensory
and motile cilia are mechanical. Studies of primary nodal cilia in embryos indicated that the
distinction is not absolute; those cilia can exhibit a rotational movement different from the
planar beating typical of motile cilia (5,6). Now our data indicate that classical motile cilia
also have a sensory function.

T2Rs on taste receptor cells, which are not known to have primary cilia, detect bitter ligands
and transmit that information to nerves to elicit a response (16,21). In cells outside the
tongue where a-gustducin and T2Rs have been identified - nasal and laryngeal solitary
chemosensory cells (SCCs) and intestinal tract enteroendocrine cells - signals are
transmitted to the associated nerve networks (28-30). In contrast, in airway epithelia, T2Rs
enable cell-autonomous detection of a signal followed by a response in the same cell to
eliminate harmful substances.
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Figure 1.
Bitter taste receptors are expressed in human airway epithelia. (A) Microarray analysis of

MRNA isolated from airway epithelial samples isolated from eight human donors (15). Data
are meantSEM. (B) RT-PCR analysis of mRNA isolated from differentiated cultures of
human airway epithelia.
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Figure 2.
T2Rs localize along the motile cilia of airway epithelia. Confocal immunofluorescence

microscopy of cultured human airway epithelia with anti-T2R antibodies showed that (A)
T2R4 and (B) T2R43 (both green) localize to motile cilia, which were identified by antibody
to acetylated a-tubulin (red). Nuclei stained with DAPI are blue. Arrows in panel B indicate
location of ciliated cells that were not labeled by anti-T2R43 antibody. (C) T2R38 (red) and
T2R46 (green) localize to motile cilia. Data are stacks of confocal z-series images in X-Y
plane and a single X-Z plane image (right, dashed line indicates the filter). Panel B (right)
also shows anti-pericentrin antibody (purple), which labels the basal body below cilia. Scale
bars indicate 20 uM. See also Fig. S1-S7.
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Figure 3.

Components of the bitter taste transduction pathway localize to ciliated cells and to the cilia.
Immunolocalization of (A) a-gustducin, (B) PLC-f2, and (C) TRPM5 are in green and
acetylated a-tubulin is in red. Other aspects of Figure are as described in legend of Fig. 2.
Scale bars indicate 20 uM. See also Fig. S1-S3.
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Figure 4.

Bitter compounds increase [Ca?*]; in ciliated cells. (A) Differentiated airway epithelia were
loaded with Fura2-AM and fluorescence imaging was performed to assess changes in
[Ca?*];, indicated as the ratio of 340nm/380nm. Denatonium, thujone, salicin, quinine, or
nicotine was added as indicated. “PBS” indicates addition of phosphate buffered saline and
arrows indicate the time of addition. Data points are average of 20 cells. (B) Latency to
increase in [Ca2*]; following addition of 1 mM denatonium or 1 mM thujone; latency
includes the time for the compound to diffuse to the cell following its addition. Asterisks
indicate P<0.001, N = 20. See also Fig. S8. (C) Denatonium increases ciliary beat frequency.
Data are ciliary beat frequency in differentiated human airway epithelia treated with PBS or

denatonium.

N = 4. Asterisks indicate P<0.01. See also Fig. S8, S9.
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