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Interleukin-10 Is Produced by a Specific Subset of Taste
Receptor Cells and Critical for Maintaining Structural
Integrity of Mouse Taste Buds

Pu Feng, Jinghua Chai, Minliang Zhou, Nirvine Simon, Liquan Huang, and Hong Wang
Monell Chemical Senses Center, Philadelphia, Pennsylvania 19104

Although inflammatory responses are a critical component in defense against pathogens, too much inflammation is harmful. Mecha-
nisms have evolved to regulate inflammation, including modulation by the anti-inflammatory cytokine interleukin-10 (IL-10). Previ-
ously we have shown that taste buds express various molecules involved in innate immune responses, including the proinflammatory
cytokine tumor necrosis factor (TNF). Here, using a reporter mouse strain, we show that taste cells also express the anti-inflammatory
cytokine IL-10. Remarkably, IL-10 is produced by only a specific subset of taste cells, which are different from the TNF-producing cells in
mouse circumvallate and foliate taste buds: IL-10 expression was found exclusively in the G-protein gustducin-expressing bitter receptor
cells, while TNF was found in sweet and umami receptor cells as reported previously. In contrast, IL-10R1, the ligand-binding subunit of
the IL-10 receptor, is predominantly expressed by TNF-producing cells, suggesting a novel cellular hierarchy for regulating TNF produc-
tion and effects in taste buds. In response to inflammatory challenges, taste cells can increase IL-10 expression both in vivo and in vitro.
These findings suggest that taste buds use separate populations of taste receptor cells that coincide with sweet/umami and bitter taste
reception to modulate local inflammatory responses, a phenomenon that has not been previously reported. Furthermore, IL-10 defi-
ciency in mice leads to significant reductions in the number and size of taste buds, as well as in the number of taste receptor cells per taste
bud, suggesting that IL-10 plays critical roles in maintaining structural integrity of the peripheral gustatory system.
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Introduction
Taste receptor cells are exposed to the oral cavity and thus face
great challenges from potential pathogens. Recent studies suggest
that taste cells are equipped with various immune mechanisms,
especially those involved in innate defense responses. These in-
clude pattern recognition receptors and their corresponding
adaptor proteins, cytokines and chemokines and their receptors,
and components of the complement system (Wang et al., 2007,
2009a; Hevezi et al., 2009; Cohn et al., 2010; Feng et al., 2012).
However, how defense responses are regulated in taste buds and
how they may affect taste bud structure and function remains
largely unclear.

Our recent studies found that a subset of taste bud cells, those
that express the taste receptor T1R3, produce the proinflamma-
tory cytokine tumor necrosis factor (TNF). Under inflammatory

conditions, such as when challenged with bacterial lipopolysac-
charide (LPS), these cells substantially increase TNF production
(Feng et al., 2012). However, excessive production of inflamma-
tory cytokines is likely destructive to taste buds as it is to various
other organs and tissues (Shoelson et al., 2006; Zipp and Aktas,
2006). Mechanisms to downregulate inflammatory cytokine pro-
duction should be crucial to protect taste tissues from damage by
undue immune responses.

One possible such mechanism is regulation via interleukin-10
(IL-10), an anti-inflammatory cytokine associated with immu-
nological tolerance and suppression. A wide variety of immune
cells have been identified as IL-10-producing cells (Saraiva and
O’Garra, 2010). Some nonimmune cells, such as gut epithelial
cells and keratinocytes, have also been reported to produce IL-10
(Michel et al., 1997; Autschbach et al., 1998). Similarly, IL-10
receptors are expressed by many cell types to mediate the effects
of IL-10 on target cells (Moore et al., 2001). As an anti-
inflammatory cytokine, IL-10 inhibits the production of various
proinflammatory cytokines, including TNF. Loss of IL-10 func-
tion in mice leads to the development of chronic enterocolitis
with pathological gut inflammation (Kühn et al., 1993).

To understand how inflammatory responses are regulated in
taste buds, here we investigated the expression and production of
IL-10 in taste buds using an IL-10 reporter mouse strain. IL-10
expression was found exclusively in a subset of type II taste cells
that express the G-protein gustducin. In contrast, expression of
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IL-10R1, the ligand-binding subunit of the IL-10 receptor, was
found preferentially in T1R3-expressing taste cells, the specific
subset of taste cells that produces TNF in taste buds. In response
to inflammatory challenges, taste cells can greatly increase IL-10
expression. To explore the potential roles of this local IL-10/IL-
10R signaling pathway in taste buds, we examined taste bud
structures in IL-10�/� mice and found that IL-10 deficiency led
to significant reductions in the number and size of taste buds and
the number of cells per bud. This study revealed a novel pathway
for interaction of taste cells via cytokines and their receptors and
provides a useful model for studying the relationship and regula-
tion of IL-10, TNF, and other cytokines in the unique microen-
vironment of taste buds.

Materials and Methods
Animals. Six- to eight-week-old adult male or female C57BL/6 (B6) mice
were obtained from the The Jackson Laboratory and maintained at the
Monell Chemical Senses Center animal facility. IL-10-green fluorescent
protein (GFP) mice were generated at Howard Hughes Medical Institute,
Yale University School of Medicine (Kamanaka et al., 2006), and ob-
tained from the The Jackson Laboratory. An internal ribosome entry site
(IRES)-GFP cassette followed by a loxP-flanked neomycin resistance cas-
sette was inserted between the stop codon and polyadenylation signal of
exon 5 of the IL-10 gene. GFP fluorescence in cells from these mice was
found to correlate with IL-10 protein expression (Kamanaka et al., 2006).
IL-10 �/� mice, obtained from the The Jackson Laboratory, carried a
targeted mutation of the IL-10 gene (Kühn et al., 1993). The mutant mice
had been backcrossed to C57BL/6 genetic background for 13 generations
and were housed under a specific pathogen-free condition at the time of
purchase. After purchase, mice were housed and maintained in strict
accordance with the guidelines for the management of laboratory ani-
mals at the Monell Chemical Senses Center animal facility (a conven-
tional animal care facility, not a pathogen-free facility). The animals were
housed three to four per cage, maintained in a room under a 12 h light/
dark cycle, and given standard rodent food (8604 Teklad rodent diet;
Harlan Laboratories) and water ad libitum. Mice were killed by carbon
dioxide asphyxiation. All procedures followed the protocols approved by
the Institutional Animal Care and Use Committee of the Monell Chem-
ical Senses Center.

Reagents. A goat polyclonal antibody against mouse TNF-� was
purchased from R&D Systems (Cohn et al., 2010; Feng et al., 2013).
Rabbit polyclonal antibody against mouse ectonucleotidase nucleo-
side triphosphate diphosphohydrolase 2 (ENTPDase2) was pur-
chased from Centre de Recherché (Quebec, Canada; Bartel et al.,
2006). Rabbit polyclonal antibodies against phospholipase C-�2
(PLC-�2, sc-206; Clapp et al., 2001), gustducin (sc-395; Clapp et al.,
2001), and IL-10R2 (sc-69579) and goat polyclonal antibodies against
T1R3 (Daly et al., 2012) and KCNQ1 (Wang et al., 2009b) were pur-
chased from Santa Cruz Biotechnology. An affinity-purified goat
polyclonal antibody against carbonic anhydrase 4 (CA4) was pur-
chased from R&D Systems (Chandrashekar et al., 2009; Kataoka et al.,
2012). Rabbit polyclonal antibodies against polycystic-kidney-
disease-2-like-1 (PKD2L1; Gao et al., 2009), KCNQ1 (Wang et al.,
2009b), and IL-10R1 (Sasayama et al., 2012) were purchased from
Millipore. DyLight 649 (or DyLight 488)-conjugated donkey anti-
rabbit or anti-goat antibodies were purchased from Jackson Immu-
noResearch Laboratories. Collagenase A and dispase II were from
Roche Applied Sciences. A mouse monoclonal antibody against
�-actin (Wang et al., 2007; Li et al., 2013) and LPS (from E. coli
O111:B4) were purchased from Sigma. Staphylococcal enterotoxin A
(SEA) was purchased from Toxin Technology.

Immunohistochemistry. Tissue preparation and immunostaining pro-
cedures were described previously (Wang et al., 2007; Feng et al., 2012).
Briefly, excised mouse tongue tissues were fixed in freshly prepared 4%
paraformaldehyde (PFA) in PBS for 1 h on ice and then cryoprotected in
20% sucrose/PBS solution at 4°C overnight and embedded in OCT
mounting medium. Tissues were sliced into 10-�m-thick sections using

a Microm HM 500 OM cryostat (Thermo Scientific Microm). Circum-
vallate and foliate sections were cut in parallel to the surface of the
tongue. Fungiform sections were collected from the tip of the tongue,
which was cut coronally. Spleen, heart, liver, kidney, brain, and gut were
processed in the same procedure. IL-10 protein expression in all the
examined tissues of IL-10-GFP mice was visualized by intrinsic fluores-
cence of GFP using a Leica confocal microscope. To detect the cell types
that express IL-10 in taste buds, the following primary antibodies against
taste cell markers were applied on the tissue sections from IL-10-GFP
mice: PLC-�2 (1:500), CA4 (1:500), PKD2L1 (1:500), ENTPDase2 (1:
500), gustducin (1:1000), or T1R3 (1:500). For immunostaining, the
tissue sections were washed 3� with PBS containing 0.3% Triton X-100
and then incubated in the blocking buffer (3% bovine serum albumin,
0.3% Triton X-100, 2% horse serum, and 0.1% sodium azide in PBS) at
room temperature for 1 h. The sections were then incubated with the
aforementioned primary antibodies in the blocking buffer at 4°C over-
night and then incubated with DyLight 649-conjugated donkey anti-goat
or anti-rabbit antibodies at room temperature for 1 h. For immunostain-
ing of TNF-�, a permeabilization buffer containing 0.1% saponin and
0.009% sodium azide (eBioscience) was applied at room temperature for
1 h, followed by tissue blocking. The sections were then incubated with
affinity-purified goat antibody against TNF-� (1:200) in the blocking
buffer containing 0.1% saponin at 4°C overnight and then incubated
with DyLight 649-conjugated donkey anti-goat antibody at room tem-
perature for 1 h. For control experiments, nonspecific normal goat and
rabbit IgG or blocking buffer was used to replace the corresponding
specific primary antibodies. Fluorescent images were acquired using
Leica Sp2 confocal microscope.

To investigate lymphocyte infiltration in taste tissues, we performed
immunohistochemistry using an anti-CD3 antibody following the pro-
cedures described previously (Feng et al., 2009, 2010). Briefly, frozen
sections were incubated with an anti-CD3 antibody and then with a
biotinylated secondary antibody. Streptavidin-conjugated horseradish
peroxidase (HRP) was then added to the sections. Immunoreactivity to
the anti-CD3 antibody was detected using diaminobenzidine as the chro-
mogen. Controls for nonspecific binding were performed by excluding
primary antibody. Populations of CD3-immunoreactive cells in both the
taste epithelium and the lamina propria underneath the taste epithelium
were quantitatively measured using Image-Pro Plus image analysis soft-
ware (version 6.0; Media Cybernetics). The cell population was expressed
as the ratio of the stained area (cells) to the total area of tissue region
measured.

IL-10 mRNA in situ hybridization. Digoxigenin (DIG)-labeled sense
and antisense cRNA probes corresponding to the coding region of mouse
IL-10 were synthesized using the DIG RNA labeling kit (Roche Applied
Science). Fresh-frozen taste sections (10 �m/section) from IL-10-GFP
mice were attached to clean glass slides and processed for in situ hybrid-
ization as described previously (Wang et al., 2007). Briefly, after 10 min
fixation using 4% PFA, GFP fluorescent signals in taste buds were re-
corded using a Nikon fluorescence microscope. Hybridizations were per-
formed at 72°C overnight with DIG-labeled probes in 50% formamide,
5� SSC, 5� Denhardt’s solution, 250 �g/ml yeast RNA, and 500 �g/ml
sperm DNA. Sections were washed three times at 72°C with 0.2� SSC.
Hybridized DIG-labeled cRNA was detected immunologically with an
alkaline phosphatase-conjugated anti-DIG antibody and standard chro-
mogenic substrates 4-Nitro Blue tetrazolium chloride (Roche Applied
Science). Images were taken using a Nikon fluorescence microscope. In
situ hybridization and GFP overlay images were generated using Corel
PHOTO-PAINT X6. In all the experiments, hybridizations to antisense
and sense probes were performed in parallel to verify the specificity of
hybridization signals.

Taste cell counting. Counting of different types of taste cells was
performed as described previously (Feng et al., 2012; Kim et al., 2012).
In brief, to quantify the number of IL-10-producing cells in taste
tissues, two to four circumvallate sections at the middle ranges of the
papillae, separated from each other by at least 40 �m (four 10-�m-
thick sections away) to avoid double counting of any cells, were se-
lected for immunostaining from serial sections of each papillae from
IL-10-GFP mice. Nuclear staining with 4�,6-diamidino-2-phenylindole
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(DAPI) was performed to help distinguish individual taste cells. The
numbers of IL-10-producing cells and gustducin-positive cells were
counted from confocal images. In detail, gustducin-positive cells and
IL-10-producing cells were counted from single-channel images, and the
gustducin/IL-10 double-positive cells were counted from overlay (or
merged) images. The summed and averaged numbers of positive cells
from all examined sections of each mouse were defined as a representa-
tive value for that individual mouse. Only cells with staining clearly above
the background and with morphology of taste cells (spindle shaped) and
nuclei (based on DAPI staining) were counted as positive cells. The per-
centage of IL-10-producing cells among gustducin-positive cells was
then calculated. Three to four mice were included in each group.

To quantify the numbers of gustducin-, T1R3-, and CA4-positive cells
in taste buds, we conducted double immunostaining on IL-10 �/� or
wild-type mice by using KCNQ1 antibodies to label all taste cells and to
show the outline of the taste buds and using specific antibodies to other
taste cell markers to identify cells of interest. Quantification of different
types of taste receptor cells was performed as described above. Four to
five mice were included in each group.

To compare the number of taste cells in circumvallate taste buds of
IL-10 �/� mice and wild-type control mice, we conducted immunostain-
ing on circumvallate sections using an anti-KCNQ1 antibody to visualize
taste buds and used DAPI staining to visualize nuclei. All nuclei in taste
bud profiles with typical morphology (with clear taste pores and the
base of taste buds reaching the basement membrane) were counted and
recorded. The average number of nuclei per taste bud profile of each
mouse was used to represent the number of taste cells per taste bud
profile of that individual mouse. Five to six mice were included in each
group. The persons who performed cell counting were unaware of the
experimental groups.

Fluorescence intensity quantification. To quantitatively compare the
expression levels of IL-10-GFP in taste buds, we used Las NF Lite image
analysis software. This software allows selection of the area of interest
(AOI) on any of the channels of multiple-channel images and automat-
ically measures intensities for each of the channels in the same AOI. All
images were analyzed by the same person. The results are presented as
gray values.

Measurement of taste bud number and size. To enumerate the num-
bers and measure the size of circumvallate taste buds in IL-10 �/� and
wild-type control mice, we selected circumvallate sections from the
middle of the papilla with the same or similar serial numbers from
each mouse to minimize possible variations in taste bud number and
size at different positions of taste papillae. To ensure that a taste bud
was not represented twice in the data, adjacent sections were never
selected for the analysis and the chosen sections were spaced by at
least 40 �m. The taste bud outline was visualized using anti-KCNQ1
antibodies and fluorescence-conjugated secondary antibodies. For
counting taste bud number, all recognizable taste buds based on
KCNQ1 immunostaining were included. Measurement of taste bud
size was performed as described previously (Kim et al., 2012). To
avoid biases of taste buds cutoff-center, only the taste buds with
typical morphology (with clear taste pores and the base of taste buds
reaching the basement membrane) were included, and at least five
taste buds were selected from each section. The averaged area from
the selected taste buds was defined as the representative value for that
individual mouse. Measurement was done using Las NF Lite image
analysis software. Four to five mice per group were included.

Quantitative reverse-transcription PCR. Quantitative reverse-trans-
cription PCR (qRT-PCR) was performed as described previously (Wang
et al., 2007; Feng et al., 2012). For tissue collection, freshly excised
tongues were rinsed 3� in Ca 2�-free Tyrode’s solution containing (in
mM): 140 NaCl, 5 KCl, 10 HEPES, 1 MgCl2, 10 glucose, 10 Na-pyruvate,
and 2 EGTA, pH 7.4, injected with an enzyme solution (2 mg ml �1

dispase II, 1 mg ml �1 collagenase A in Ca 2�-free Tyrode’s solution)
beneath the epithelium, and incubated at 37°C for 15–20 min. The whole
epithelium was then peeled off the tongue and rinsed 3� in Tyrode’s
solution on ice. The circumvallate and foliate epithelia containing taste
buds were excised carefully from the nongustatory epithelia and placed

immediately in the lysis buffer for RNA preparation and qRT-PCR
analysis.

Total RNA was extracted using Absolutely RNA Microprep Kit (Strat-
agene). Epithelial pieces containing foliate and circumvallate taste buds
from three mice in each group were pooled as the taste epithelium sam-
ple. Approximately equal amounts of total RNA from these samples were
reverse transcribed into cDNA using oligo (dT) primers and Superscript
III reverse transcriptase (Life Technologies). qPCR was set up using
Power SYBR Green PCR Master Mix (Applied Biosystems) and analyzed
on an ABI PRISM 7000 Sequence Detection System (Applied Biosys-
tems). Relative quantification of gene expression was performed using
ABI software, which was based on the 2 ���Ct method (Livak and
Schmittgen, 2001). In brief, the method normalizes the expression levels
of genes of interest against those of “housekeeping” genes in the same
samples and then compares relative expression levels among control and
treatment samples. �-Actin was used as the endogenous “housekeeping”
control gene for these analyses. The gene expression levels of target genes
in the control sample were designated as 1. The relative gene expression
levels in treatment samples were determined as fold differences to the
control sample. The experiments were repeated three times. RT-PCR
primers for IL-10 were as follows: forward, AAGGCAGTGGAGCAGGT-
GAA, and reverse, CCAGCAGACTCAATACACAC. Primers for GFP
were as follows: forward, TTCAAGGAGGACGGCAACAT, and reverse,
GTTCTGCTGGTAGTGGTCGG. Primers for TNF were as follows: for-
ward, CCACATCTCCCTCCAGAAAAGA, and reverse, GCTGGG-
TAGAGAATGGATGAAC. Primers for IL-10R2 were as follows:
forward, TTTGTCGTGCTGTGGCTCAT, and reverse, AGGGAAGGAG
AACAGCAGAA. Primers for �-actin were as follows: forward, GAT-
TACTGCTCTGGCTCCTA, and reverse, ATCGTACTCCTGCTT-
GCTGA. Primer design was performed using Oligo Explorer software
(Softpedia). Forward and reverse primers for each gene were selected
from different exons to minimize amplification from genomic DNA.
Melting curve analyses were performed to verify the purity of PCR prod-
ucts. The size of DNA products was confirmed by gel electrophoresis.

Western blot analyses. Mouse lingual epithelium was freed from the
rest of the tongue as described above. Taste epithelium containing fun-
giform, foliate, and circumvallate taste buds and a piece of control epi-
thelium devoid of taste buds were collected from each mouse. Tissues
from three to four mice were pooled together for sample preparation in
Laemmli sample buffer (Bio-Rad). Protein electrophoresis and Western
blotting were performed as described previously (Wang et al., 2007; Li et
al., 2013). Briefly, protein samples were run on 4 –15% mini-PROTEAN
TGX gels (Bio-Rad). Western blots were incubated with a rabbit anti-IL-
10R2 antibody and a mouse monoclonal antibody against �-actin (Wang
et al., 2007). The secondary antibodies were HRP-conjugated anti-rabbit
or anti-mouse antibodies. Pierce ECL 2 Western blotting substrate
(Thermo Scientific) was used for detection. Western blots were scanned
using Typhoon 9400 Imager (GE Healthcare).

Stimulation of IL-10 or TNF expression in vivo. IL-10-GFP mice were
injected intraperitoneally with SEA to stimulate IL-10 expression. Each
mouse was injected three times with 5 �g of SEA dissolved in 200 �l of
PBS at 2 d intervals as described previously (Kamanaka et al., 2006).
Control mice were injected with the same volume of PBS. Taste tissues
were collected 4 h after final injection for immunostaining or for RNA
isolation. Serum was also collected for IL-10 measurement by ELISA
(Bosschaerts et al., 2011). qRT-PCR was performed as described above.

C57BL/6 mice and IL-10-GFP were injected intraperitoneally with
LPS at a dose of 5 mg/kg body weight. Taste tissues were collected 3 h post
injection for RNA isolation as described above. For the controls, the same
volume of PBS was injected.

To study the response of IL-10 �/� mice to inflammatory challenges,
we injected IL-10 �/� mice and wild-type C57BL/6 mice intraperitone-
ally with LPS at a dose of 0.5 mg/kg body weight. For the controls, the
same volume of PBS was injected. Taste tissues were collected 16 h or 5 d
post injection for RNA isolation and qRT-PCR analysis.

IL-10 secretion by cultured taste epithelium and measurement of IL-10
level by ELISA. Isolated foliate and circumvallate taste bud-containing
epithelia from three mice in each group were pooled as the taste epithe-
lium sample. The same amount of peeled-off nontaste epithelium from

Feng et al. • Expression and Function of IL-10 in Taste Buds J. Neurosci., February 12, 2014 • 34(7):2689 –2701 • 2691



the same animals (excised from the back of the
tongue) was also collected as nontaste tissue
control. To minimize microbial contamina-
tion, the collected tissues were incubated for 20
min on ice in DMEM containing 5�
Antibiotic-Antimycotic solution (Invitrogen).
Following 3� washes in DMEM, the tissues
were cultured at 37°C in DMEM containing
10% fetal bovine serum and 1� Antibiotic-
Antimycotic in a 5% CO2 atmosphere. LPS (5
�g ml �1) was added to the treatment group.
The supernatants were collected at designated
time points and were stored at �80°C before
ELISA.

Levels of IL-10 in serum and culture super-
natants were measured by ELISA, using Quan-
tikine Mouse IL-10 Immunoassay kit (R&D
Systems) according to the manufacturer’s rec-
ommendations. Briefly, samples were loaded
to the microplate wells in duplicates in 100 �l
assay diluent, and the plates were incubated at
room temperature for 2 h. Serial twofold dilu-
tions of recombinant IL-10 were included as
standards. A 100 �l volume of IL-10 conjugate
was added to each well and incubated for 2 h at
room temperature. After washing, 100 �l of
substrate solution was added to each well and
the plate was allowed to develop at room tem-
perature for 30 min in dark. The reaction was
stopped by addition of stop solution. The op-
tical density value at 450 nm was measured us-
ing Flex Station 2. IL-10 concentrations in
different groups were determined by compari-
son with the standard curve.

Statistical analysis. The numbers of animals
used for different experiments are described
above and in the figure legends. Calculations
for quantitative data were performed in Mi-
crosoft Excel or GraphPad PRISM computer
program (GraphPad Software). Averaged data
are presented in graphs as mean � SD. Two-
tailed unpaired Student’s t tests were per-
formed to analyze data to compare means
between the control and experimental groups.
One-way ANOVA multiple-comparison tests
with post hoc t tests were performed for analyz-
ing data presented in Figures 6B and 9; p values
�0.05 were considered significant.

Results
Selective expression of IL-10 in mouse
taste buds
To investigate the expression of IL-10 in
taste tissues, we first analyzed the level of
IL-10 mRNA in circumvallate and foliate
epithelium from C57BL/6 mice by qRT-
PCR and compared this level with that in
lingual epithelium devoid of taste buds.
As shown in Figure 1A, the IL-10 mRNA
level in taste epithelium was significantly
higher than that in nontaste lingual epi-
thelium (p 	 0.001). In situ hybridization with antisense probes
to IL-10 showed strong signals in taste buds (Fig. 1B), whereas
sense probes showed no specific hybridization (Fig. 1C). These
results demonstrate the preferential expression of IL-10 mRNA
in taste buds compared with nontaste lingual epithelium. To fur-
ther investigate the expression of IL-10 in taste tissues, we used an

IL-10 reporter mouse line that carries a knock-in IRES-GFP fol-
lowing the IL-10 coding region (IL-10-GFP mice; Kamanaka et
al., 2006). The expression of GFP was shown to correlate with the
expression of IL-10 in various immune cells from these mice
(Kamanaka et al., 2006). To confirm that GFP expression also
reflects IL-10 expression in taste tissues, we analyzed the expres-
sion of IL-10 and GFP mRNA in taste versus nontaste lingual

Figure 1. Expression of IL-10 in the taste buds and other tissues. A, qRT-PCR analysis of IL-10 expression in taste (TE) and
nontaste (NT) lingual epithelia of C57BL/6 mice: relative expression levels (fold) of IL-10 mRNA. �-Actin served as an
endogenous control gene for relative quantification, and IL-10 expression level in nontaste samples was designated as 1.
Taste and nontaste epithelial tissues from three mice were pooled for each set of RNA sample preparations. Data are
mean � SD; **p 	 0.001 (unpaired two-tailed t test, df 	 4, n 	 3 experiments). B, C, IL-10 mRNA in situ hybridization.
Mouse circumvallate sections were processed for in situ hybridization with antisense (B) and sense (C) probes to mouse
IL-10. D, E, qRT-PCR analysis of IL-10 and GFP mRNA expression in IL-10-GFP mice. Relative expression levels (fold) in taste
(TE) and nontaste (NT) lingual epithelia were analyzed using �-actin as the endogenous control gene. Expression levels in
nontaste samples were designated as 1. Data are mean � SD; **p 	 0.0002 in D; **p 	 0.001 in E (unpaired two-tailed
t test, df 	 4, n 	 3 experiments). F, Colocalization of GFP fluorescent signal (green) with IL-10 antisense probe in situ
hybridization (pseudocolored red) on a circumvallate section from IL-10-GFP mice. Two taste buds are shown (circled
areas). G–O, IL-10 expression was detected by intrinsic fluorescence of GFP (white) in IL-10-GFP mice in taste papillae
(G–I ) and other tissues (J–O). Strong GFP signals were observed in circumvallate papillae (CV; G), foliate papillae (Fo; H ),
and fungiform papillae (FF; I ), as well as in the spleen, an immune organ (J ), which was used as a positive control. Weak
but detectable levels of GFP signals were also observed in some cells of the colon epithelium (K, arrows). No GFP expression
was observed in the kidney (L), heart (M ), liver (N ), or brain (O). Scale bars: G–K, 20 �m; L–O, 40 �m.
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epithelia from IL-10-GFP mice by qRT-PCR. As shown in Figure
1, D and E, both IL-10 and GFP showed preferential expression in
the taste epithelium (p 	 0.0002 for IL-10, p 	 0.001 for GFP),
similar to IL-10 expression in C57BL/6 mice (Fig. 1A). In addi-
tion, in situ hybridization using antisense probes to IL-10 showed
colocalization of IL-10 hybridization signals with GFP fluores-
cence in taste bud cells of IL-10-GFP mice (Fig. 1F), suggesting
that GFP expression correlates with IL-10 expression in taste
buds of these reporter mice. Further analyses of IL-10-GFP mice
showed that GFP signal was evident in taste buds of all three types
of taste papillae on the tongue, with GFP-expressing cells display-
ing typical slender morphology of taste cells within taste buds
(Fig. 1G–I). Taste papillae and taste buds from these mice exhibit
normal morphology. Because some splenic leukocytes from naive
mice were reported to express IL-10 (Madan et al., 2009), we also
examined tissue sections from the spleen as a positive control. As
expected, numerous GFP-positive cells were observed in the
spleen (Fig. 1J). To ascertain the tissue specificity of IL-10 expres-
sion, we further examined the presence of GFP-positive cells in
colon, kidney, heart, liver, and brain (Fig. 1K–O). Some GFP-
positive cells were observed in colon epithelium (Fig. 1K); no
obvious expression of GFP was detected in the other tissues.

The results suggest that the taste bud, a highly specialized
structure in the oral cavity, can produce the cytokine IL-10 in
addition to its basic functions in taste signaling. These results also
indicate that IL-10 in taste buds is produced by taste cells them-
selves and not by infiltrating leukocytes, because our previous

studies found no infiltration of immune cells in taste buds of
healthy subjects (Feng et al., 2009, 2010, 2012).

Selective expression of IL-10 in type II taste cells
Taste buds contain three types of mature taste cells: type I cells
that may function as supporting cells; type II cells that are respon-
sible for sweet, bitter, and umami taste reception; and type III
cells that may detect salty and sour taste compounds (Finger,
2005; Chaudhari and Roper, 2010). Each of these three types of
taste cells can be identified by different biomarkers that are ex-
pressed specifically by these cell types. To study what types of
taste cells produce IL-10, we performed immuno-colocalization
experiments using IL-10-GFP mice and antibodies specific to
various taste cell-type markers. As shown in Figure 2, GFP was
exclusively expressed in type II taste cells labeled by an antibody
to PLC-�2 (Fig. 2B) and was not detected in type I cells labeled by
an antibody to ENTPDase2 (Fig. 2A) or type III cells labeled by
antibodies to CA4 and PKD2L1 (Fig. 2C,D). The results indicate
that type II taste cells are the exclusive cellular source for IL-10
produced in taste buds. It is also noteworthy that almost all IL-
10-producing cells in taste buds are PLC-�2 positive, whereas less
than half of PLC-�2-positive cells in taste buds of circumvallate
papillae express IL-10 (Fig. 2B). These observations suggest that
PLC-�2-expressing type II taste cells are heterogeneous in terms
of IL-10 expression.

IL-10 is selectively produced by gustducin-expressing type II
taste cells
Different from type I and III taste cells, type II cells express
G-protein-coupled T1R and T2R taste receptors and their down-
stream signaling molecules, such as PLC-�2, TrpM5, and gust-
ducin (a G-protein �-subunit; McLaughlin et al., 1992; Huang et
al., 1999; Pérez et al., 2002; Zhang et al., 2003). However, type II
cells are heterogeneous in function and in expression of taste
receptors: umami, sweet, and bitter type II cells express umami
(T1R1/T1R3), sweet (T1R2/T1R3), and bitter (T2Rs) receptor

Figure 2. Identification of IL-10-producing cells in taste buds. Confocal images of intrinsic
fluorescence of GFP (green) and immunofluorescent staining of different taste cell-type mark-
ers (red) on circumvallate papillae sections from IL-10-GFP mice. A, Immunostaining of type I
taste cell marker ENTPDase2 (red), showing no GFP expression in type I taste cells. B, Immuno-
staining of type II taste cell marker PLC-�2 (red), showing GFP expression in type II taste cells.
Note that all GFP-positive cells express PLC-�2, but some PLC-�2-positive cells do not express
IL-10. C, D, Immunostaining of type III taste cell markers CA4 (red) and PKD2L1 (red) showing no
GFP expression in type III taste cells. Five mice were included in each experimental group. Scale
bars: 30 �m.

Figure 3. Identification of a subpopulation of type II taste cells that express IL-10 in mouse
taste buds. Confocal images of intrinsic fluorescence of GFP (green) and immunofluorescent
staining of different type II taste cell markers (red) on circumvallate papillae sections from
IL-10-GFP mice. A, Immunostaining of gustducin (Gust; red), showing GFP is coexpressed with
gustducin in type II taste cells. B, Immunostaining of T1R3 (red), showing no coexpression of
GFP and T1R3 in taste cells. Scale bars: 35 �m. C, Venn diagrams illustrate colocalization of IL-10
(represented by GFP signals) with gustducin (Gust), but not with T1R3 in circumvallate sections
of IL-10-GFP mice.
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molecules, respectively (Hoon et al., 1999; Adler et al., 2000; Mat-
sunami et al., 2000; Max et al., 2001). The expression of G-protein
subunits, such as gustducin, is also heterogeneous among type II
cells. Gustducin and T1R3, a critical subunit of umami and sweet
taste receptors, are coexpressed in fungiform taste buds but are
mostly segregated in circumvallate taste buds (Kim et al., 2003;
Feng et al., 2012; Tomonari et al., 2012). Most gustducin-
expressing cells in circumvallates are bitter receptor cells (Adler et
al., 2000; Kim et al., 2003). To further investigate the subpopula-
tion of type II taste cells that produce IL-10, we analyzed the
coexpression of GFP with T1R3 and gustducin in circumvallate
and foliate papillae from IL-10-GFP mice. As shown in Figure 3,
most, if not all, GFP-positive cells in circumvallate taste buds are
also positive for gustducin (Fig. 3A,C), whereas GFP expression
is not detected in T1R3-positive sweet and umami receptor cells
(Fig. 3B,C), suggesting that IL-10-producing cells are mostly bit-
ter receptor cells in circumvallate taste buds. Same colocalization
patterns were also observed in foliate taste buds (data not shown).
These data strongly suggest that gustducin-expressing type II bit-
ter receptor cells are the exclusive cellular source of IL-10 in
posterior taste buds.

IL-10 and TNF-� are produced by distinct subtypes of type II
taste cells
Our recent research demonstrated that the cytokine TNF-� was
also produced by a subset of type II taste cells identified by
PLC-�2 and the taste receptor T1R3 (Feng et al., 2012). IL-10 and
TNF are two important cytokines that often perform opposite
biological roles in immune responses. Both are produced by
many different types of cells in response to various inflammatory
stimulations, although the amount of these cytokines produced
depends on the type of stimuli and the cellular source (Beutler
and Cerami, 1989; Saraiva and O’Garra, 2010). To address
whether IL-10 and TNF are produced by the same or different
type II taste cells in taste buds, we performed immuno-
colocalization experiments with IL-10-GFP mice using antibody
against TNF and compared the expression patterns of these two
cytokines in taste tissues and in the spleen. As shown in Figure 4,
A and B, IL-10 and TNF are clearly produced by different taste
cells in circumvallate and foliate taste buds, and no coexpression
of these two cytokines was observed. In contrast, IL-10 and TNF
are highly coexpressed in the spleen, with a small fraction of cells
expressing only IL-10 or TNF (Fig. 4C). These results demon-
strate that although both IL-10 and TNF are expressed in taste
buds by type II taste cells, they are produced by completely dif-
ferent subtypes of taste cells, an expression pattern that differs
sharply from that in the spleen, an immune organ.

SEA stimulates IL-10 expression in taste buds
After determining the identity of IL-10-producing taste cells, we
examined whether these cells can increase IL-10 expression in
response to immune stimulatory agents such as SEA, which can
induce IL-10 production by immune cells. We first injected IL-
10-GFP mice intraperitoneally with SEA, a superantigen that ac-
tivates T-cells and other immune cells (Sundstedt et al., 1997;
Kissner et al., 2011). Repeated administration of SEA to IL-10-
GFP mice has been reported to stimulate lymphocytes to produce
IL-10 in the spleen and the gut (Kamanaka et al., 2006). Follow-
ing the same procedure of SEA administration, we studied IL-10
expression in taste buds of IL-10-GFP mice after SEA adminis-
tration. qRT-PCR analyses showed that mRNA expression of IL-
10, as well as GFP, was significantly induced by SEA in taste
epithelia containing circumvallate and foliate taste buds (p 	

0.002 for IL-10, p 	 0.007 for GFP; Fig. 5A,B). The level of GFP
fluorescence was also markedly upregulated in the taste buds of
mice injected with SEA compared with PBS (vehicle control)-
injected control animals (Fig. 5C,D). Quantitative measurement
of GFP fluorescence intensity showed a significant increase of
gray values in taste buds of SEA-injected mice compared with
control mice (125 vs 85, p 	 0.029; Fig. 5G). In addition, the
number of GFP-expressing cells in taste buds was increased in
mice injected with SEA. The fraction of GFP-expressing cells
among gustducin-positive cells in taste buds increased from 49 to
63% (Fig. 5E,F). As expected, serum levels of IL-10 were also
significantly increased in SEA-injected mice (p 	 0.041; Fig. 5H),
which reflects the systemic response of the immune system to
SEA stimulation. These results indicate that IL-10-expressing
cells in taste buds, similar to immune cells, can be activated to
increase IL-10 expression by repeated administration of SEA.

LPS induces IL-10 expression and secretion in the
taste epithelium
As a gram-negative bacterial cell-wall component, LPS induces
cytokine production in immune cells through Toll-like receptor
(TLR)-dependent pathways (Akira et al., 2006). Binding of LPS
to its cognate transmembrane receptors CD14 and TLR4 leads to
activation of NF-�B and production of cytokines, including IL-
10. To investigate the role of this important IL-10 induction path-
way in taste cells, we injected IL-10-GFP mice with LPS (5 mg
kg�1 body weight; Cohn et al., 2010) or PBS as a control and
assessed levels of IL-10 and GFP mRNA in taste tissues 3 h later by
qRT-PCR. As shown in Figure 6A, LPS challenge significantly
increased IL-10 and GFP mRNA levels in taste epithelia com-
pared with PBS control mice (p 	 0.004 for IL-10, p 	 0.0002 for
GFP). To further investigate whether taste cells can produce and
secrete IL-10 into their environment, we analyzed IL-10 secretion

Figure 4. IL-10 and TNF are produced by different subsets of type II taste cells. Confocal
images of intrinsic fluorescence of GFP (green) and immunofluorescent staining of TNF (red) on
tissue sections of taste papillae (A, B) and spleen (C) of IL-10-GFP mice. Both TNF and IL-10
(represented by GFP expression) were highly expressed in circumvallate (A) and foliate papillae
(B), but no clear coexpression of IL-10 and TNF was observed, indicating separate cellular origins
of these two cytokines in the taste bud. In contrast to taste tissues, most GFP-positive cells in the
spleen coexpressed TNF (C), and only a small proportion of cells in the spleen expressed either
IL-10 or TNF. Scale bars: A, B, 25 �m; C, 40 �m.
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from cultured taste tissues. Isolated foliate and circumvallate ep-
ithelia from C57BL/6 mice, as well as the tongue epithelium de-
void of taste buds, were cultured in a medium with or without 5
�g ml�1 LPS for 24 – 48 h (Frost et al., 2002). The amount of
IL-10 in culture supernatants collected at different time points
was measured by ELISA. As shown in Figure 6B, the supernatant
of cultured taste epithelium treated with LPS had a low but sus-
tained level of IL-10 over the observed time period. The amount
of IL-10 was below the detection limit in cultured taste epithe-
lium without LPS treatment or cultured nontaste epithelium
with or without LPS treatment (p 	 0.04, taste epithelia treated
with LPS vs nontaste epithelia treated with LPS). These results
demonstrate that taste cells can produce and secrete IL-10 in
response to the inflammatory activator LPS.

T1R3-expressing cells are major targets of IL-10 in taste buds
As a pleiotropic cytokine with important immunoregulatory
functions, IL-10 regulates activities of many cell types in the im-

mune system through binding to its receptor IL-10R. To identify
the target cells of IL-10 in taste buds, we performed immuno-
colocalization experiments using antibodies against IL-10R1, the
ligand-binding subunit of IL-10R, and various taste cell-type
markers. As shown in Figure 7A, IL-10R1 immunoreactivities
were detected in a subset of circumvallate taste bud cells (mid-
dle), whereas no specific signals were observed when the primary
antibody was omitted (left) or when the antibody was pre-
incubated with the antigenic peptide (right). In colocalization
experiments, IL-10R1 was preferentially coexpressed with type II
taste cells markers PLC-�2 and T1R3 in foliate taste buds (Fig.
7B,D), but rarely coexpressed with gustducin (Fig. 7C). IL-10R1
immunostaining was not observed in type III cells labeled by CA4
(Fig. 7E). Same colocalization patterns were also observed in cir-
cumvallate taste buds (data not shown). The results suggest that
T1R3-expressing type II taste cells are the main targets of IL-10 in
taste buds. To study the expression of IL-10R in the IL-10-
producing taste cells, we performed IL-10R1 immunostaining on
taste tissue sections from IL-10-GFP mice. As shown in Figure 7F,
no clear IL-10R1 expression was detected in GFP-positive taste
cells. We also examined the expression of IL-10R2, the receptor

Figure 5. Increased expression of IL-10 following repeated administration of SEA. IL-10-GFP
mice were injected with SEA or PBS three times with 2 d intervals. IL-10 and GFP mRNA expres-
sion in taste tissues was determined by qRT-PCR. GFP fluorescence in circumvallate papillae was
detected using confocal microscopy. The amount of IL-10 in the blood was measured by ELISA.
A, B, qRT-PCR analysis of IL-10 and GFP mRNA expression in taste epithelium containing cir-
cumvallate and foliate taste buds from IL-10-GFP mice injected with SEA or PBS. �-Actin served
as the endogenous control gene for relative quantification. Data are mean � SD; **p 	 0.002
in A; **p 	 0.007 in B (unpaired two-tailed t test, df 	 4, n 	 3 experiments). C, D, GFP
expression in circumvallate taste buds of PBS-injected control mice (C) and SEA-injected mice
(D) detected by intrinsic fluorescence of GFP (green). Scale bars: 40 �m. E, F, Changes in GFP-
and gustducin-positive (Gust) cell counts in circumvallate taste buds of IL-10-GFP mice after PBS
(E) or SEA (F ) injections, expressed as the percentage of each cell type. G, Average intensities of
intrinsic fluorescence of GFP of circumvallate taste buds from SEA- or PBS-treated mice. *p 	
0.029 (unpaired two-tailed t test, df 	 5, n 	 3– 4 animals per group). H, Concentrations of
IL-10 in the serum of PBS- and SEA-injected mice. Data are mean � SD; *p 	 0.041 (unpaired
two-tailed t test, df 	 5, n 	 3– 4 animals per group).

Figure 6. LPS induces IL-10 expression and secretion in taste buds. A, Relative levels (fold) of
IL-10 and GFP mRNA expression in taste epithelia of IL-10-GFP mice. LPS or PBS (vehicle control)
was intraperitoneally injected into IL-10-GFP mice, and 3 h later IL-10 and GFP mRNA levels in
taste epithelia containing circumvallate and foliate taste buds were determined using qRT-PCR.
The expression level of mRNA in taste epithelia of PBS-injected mice was defined as 1. �-Actin
served as the endogenous control gene for relative quantification. Data are mean � SD; **p 	
0.004 for IL-10; **p 	 0.0002 for GFP (unpaired two-tailed t test, df 	 4, n 	 3 experiments).
B, Production and secretion of IL-10 by taste epithelia upon LPS challenge in vitro. Taste epithe-
lia (TE; containing circumvallate and foliate taste buds) and nontaste lingual epithelia (NT) were
isolated from C57BL/6 mice and incubated in complete DMEM, with or without 5 �g ml �1 LPS,
for the time periods indicated. Cultures with no LPS in the medium served as controls. Concen-
trations of IL-10 in the supernatant of the cultured tissues were measured using ELISA. IL-10
was detected in the supernatant of cultured taste epithelium treated with LPS, but was below
the detection limit in all other samples. Three mice were used for each treatment, and all the
collected samples were assayed in duplicate for each experiment. The results are representative
of three experiments. Data are mean � SD; *one-way ANOVA: F 	 6.88, p 	 0.018; post hoc t
test: p 	 0.04 (TE LPS vs NT LPS).
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signaling subunit shared by IL-10, IL-22, IL-26, and IL-28 (Don-
nelly et al., 2004). RT-PCR and Western blotting experiments
showed that IL-10R2 is expressed in taste, as well as nontaste
lingual epithelia (Fig. 7G). This result is consistent with previous
reports that showed broader tissue distribution of IL-10R2 com-
pared with IL-10R1 (Donnelly et al., 2004). Together, these ob-
servations suggest that IL-10 produced by taste cells targets

Figure 7. Identification of IL-10R1-expressing cells in taste buds. A, Confocal fluorescent
images of circumvallate sections stained with no specific primary antibody (No Primary),
affinity-purified rabbit antibody against IL-10R1 (IL-10R1), or antibody against IL-10R1 pre-
incubated with the peptide used for antibody production (Ag Blocking). A DyLight 649-
conjugated donkey anti-rabbit secondary antibody was used for the experiment. Specific
staining of taste bud cells was seen only in IL-10R1 antibody staining (middle). B–E, Confocal
images of double immunofluorescent staining of IL-10R1 (red) with different taste cell-type
markers (green) on foliate papillae sections of C57BL/6 mice. B, Immunostaining of IL-10R1
(red) and type II taste cell marker PLC-�2 (green), showing IL-10R1 expression in type II taste
cells. C, D, Immunostaining of IL-10R1 (red) and taste cell marker gustducin (Gust) or T1R3
(green), showing more selective IL-10R1 expression in T1R3-positive type II taste cells. E, Im-
munostaining of IL-10R1 (red) and type III taste cell marker CA4 (green), showing no IL-10R1
expression in type III taste cells. F, Confocal images of intrinsic fluorescence of GFP (green) and
immunofluorescent staining of IL-10R1 (red) in IL-10-GFP mice, showing largely nonoverlap-
ping expression of IL-10R1 and GFP in foliate taste buds. G, IL-10R2 expression in taste and
nontaste lingual epithelia. Left, DNA products from RT-PCR experiments showing RNA expres-
sion of IL-10R2 and �-actin in nontaste lingual epithelium (NT) and in taste epithelia containing
circumvallate and foliate taste buds (CV-F). Right, Western blots using antibodies against IL-
10R2 and �-actin showing protein expression of IL-10R2 and �-actin in nontaste

4

lingual epithelium (NT), in taste epithelium containing fungiform taste buds (FF), and in taste
epithelia containing circumvallate and foliate taste buds (CV-F). Five mice per group were
included in the immunostaining experiments. Scale bars: 30 �m.

Figure 8. Structural defects in taste buds of IL-10-knock-out mice. A–C, Reduction in the
number and size of taste buds in IL-10-knock-out (IL-10 �/�) mice compared with wild-type
mice. A, Immunofluorescent staining of KCNQ1 (red) showing taste buds in typical circumvallate
sections from wild-type and IL-10 �/� mice. DAPI staining (blue) shows nuclei. Scale bars: 100
�m. B, The number of circumvallate taste buds (TB) in IL-10 �/� mice was significantly re-
duced compared with that in wild-type (WT) control mice; *p 	 0.034 (df 	 7, N 	 4 –5
animals per group). C, The average area of TB profiles from IL-10 �/� mice was significantly
decreased; **p 	 0.0038 (df 	 7, N 	 4 –5 animals per group). D, The average number of
taste cells per taste bud profile was significantly reduced in IL-10 �/� mice; *p 	 0.0241 (df 	
9, n 	 5– 6 animals). E–G. Decreased numbers of type II (gustducin labeled or T1R3 labeled)
and type III (CA4 labeled) taste receptor cells in IL-10 �/� mice compared with those in WT
control mice. The circumvallate taste tissues were immunostained with antibodies to gustdu-
cin, T1R3, and CA4, and the numbers of specifically stained cells in each taste bud with typical
morphology were counted and averaged. At least five taste buds were selected from each
section; **p 	 0.001 (E, the number of gustducin-expressing cells); *p 	 0.047 (F, the number
of T1R3-expressing taste cells); **p	0.002 (G, the number of CA4-expressing taste cells). Data
were analyzed using unpaired two-tailed t test; df 	 7, N 	 4 –5 animals per group. Data are
mean � SD.

2696 • J. Neurosci., February 12, 2014 • 34(7):2689 –2701 Feng et al. • Expression and Function of IL-10 in Taste Buds



predominantly T1R3-expressing taste cells, which are TNF-
producing cells in taste buds (Feng et al., 2012).

IL-10 deficiency leads to reduced number of taste buds and
taste receptor cells
IL-10 is a potent immunoregulator in the gut. IL-10-knock-out
(IL-10�/�) mice develop chronic enterocolitis with elevated in-
flammation in response to the intestinal microflora (Kühn et al.,
1993). To study the role of IL-10 in the maintenance of the pe-
ripheral taste system, we quantified the number and size of cir-
cumvallate taste buds from IL-10�/� mice at 
3– 6 months of
age when they already showed signs of chronic enterocolitis, such
as rectal prolapse, diarrhea, and weight loss (Kühn et al., 1993).
Age- and sex-matched wild-type C57BL/6 mice were used as con-
trols. IL-10�/� mice had been backcrossed to C57BL/6 genetic
background for 13 generations. Tissue sections containing cir-
cumvallate papillae were immunostained with antibodies to
KCNQ1, a marker of all taste cells (Wang et al., 2009b), to
reveal the gross structure of taste buds (Fig. 8A). The number
of taste buds was counted in circumvallate sections. The areas
of taste bud profiles with typical morphology (i.e., those with
clear taste pores and the base of taste buds reaching the base-
ment membrane) were measured based on KCNQ1 immuno-
staining using a computer program (Las NF Lite image
analysis software). The number and size of taste buds in cir-
cumvallate papillae of IL-10 �/� mice were both significantly
reduced compared with wild-type control mice ( p 	 0.034 for
taste bud number, p 	 0.0038 for the area of taste bud profiles;
Fig. 8 B, C). In addition, we observed a decrease in the number

of taste cells per taste bud profile in IL-10 �/� mice based on
DAPI staining and KCNQ1 immunostaining ( p 	 0.0241; Fig.
8D). These results suggest that IL-10 is a necessary factor in the
maintenance of structural integrity of taste buds and that lack
of IL-10 expression leads to abnormalities of taste buds from
IL-10 �/� mice. To further investigate whether taste receptor
cells are affected in these IL-10 �/� mice, we immunostained
type II and III cells using antibodies against gustducin, T1R3,
and CA4. As shown in Figure 8, E–G, the numbers of cells that
express type II taste cell markers gustducin and T1R3 and type
III cell marker CA4 were significantly reduced in circumval-
late taste buds of IL-10 �/� mice compared with wild-type
control mice ( p 	 0.001 for gustducin � cells, p 	 0.047 for
T1R3 � cells, p 	 0.002 for CA4 � cells). These results suggest
that both type II and III taste receptor cells in taste buds are
affected, indicating general effects of IL-10 on growth or sur-
vival of taste cells.

IL-10 deficiency leads to increased inflammatory responses in
taste tissues
To investigate the roles of IL-10 in preventing excessive in-
flammation, we examined leukocyte infiltration and TNF ex-
pression in taste tissues of IL-10 �/� mice. We found that the
number of CD3 � T lymphocytes was significantly increased in
the taste epithelium ( p 	 0.004) and in the lamina propria
( p 	 0.0018) of taste papillae in IL-10 �/� mice (Fig. 9 A, B).
Increased infiltration and accumulation of T-cells suggest that
immune cells may contribute to the defects observed in taste
tissues of IL-10 �/� mice. Given the critical role of IL-10 in the

Figure 9. T-cell infiltration and TNF responses in taste tissues of IL-10-knock-out mice. A, CD3 � T-cells in the taste epithelium (TE) and lamina propria (LP) of circumvallate papillae
from wild-type and IL-10-knock-out (IL-10 �/�) mice. T-cells were labeled by an anti-CD3 antibody (brown). B, Quantitative analysis of T-cell populations in the TE and LP of wild-type
(WT) and IL-10 �/� mice. T-cell populations in TE and LP were significantly increased in IL-10 �/� mice compared with WT mice. Data are mean � SD; **one-way ANOVA multiple-
comparisons test: F 	 14.5, p 	 0.0001; post hoc t test: p 	 0.004 (IL-10 �/� TE vs WT TE); p 	 0.0018 (IL-10 �/� LP vs WT LP, df 	 8, n 	 5 animals). C, D, qRT-PCR analyses of TNF
mRNA expression in taste epithelia of WT and IL-10 �/� mice after LPS stimulation. LPS (0.5 mg/kg body weight) or PBS (vehicle control) was injected intraperitoneally into WT and
IL-10 �/� mice, and circumvallate- and foliate-containing taste epithelia were collected 16 h (C) or 5 d (D) later for TNF mRNA analysis. �-Actin served as the endogenous control gene
for relative quantification. Data are mean � SD; **one-way ANOVA multiple-comparisons test: F 	 148.2, p 	 0.0001 (C); F 	 38.36, p 	 0.007 (D); post hoc t test: p 	 0.0035 (C, WT
LPS vs WT PBS); p � 0.0001 (C, IL-10 �/� LPS vs IL-10 �/� PBS); p 	 0.0016 (C, IL-10 �/� LPS vs WT LPS); p 	 0.001 (D, IL-10 �/� LPS vs IL-10 �/� PBS, df 	 4, n 	 3 experiments).
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regulation of TNF expression, we further asked whether IL-10
deficiency can lead to excessive TNF expression in taste buds
of IL-10 �/� mice. We injected IL-10 �/� and wild-type control
mice with LPS (intraperitoneally) to induce systemic inflam-
matory responses. TNF mRNA expression was analyzed by
qRT-PCR. As shown in Figure 9C, the expression level of TNF
in taste epithelia of IL-10 �/� mice was significantly enhanced
compared with wild-type mice at 16 h post-LPS injection ( p 	
0.0016, IL-10 �/� LPS vs wild-type LPS). More interestingly,
5 d after LPS injection the enhanced expression of TNF mRNA
in the taste epithelium was sustained in IL-10 �/� mice,
whereas the expression of TNF had returned to the basal level
in wild-type mice (Fig. 9D). These results support that IL-10
plays important roles downregulating TNF responses in taste
tissues. In Figure 10 we propose a model to illustrate how
IL-10 signaling may regulate the expression and action of TNF
in taste buds.

Discussion
Exposed to the oral cavity and lacking a strong physical barrier,
taste buds face unique challenges in defense against pathogens

and other noxious agents. Recent studies have shown that taste
cells express high levels of various molecules associated with in-
nate defense responses, including multiple inflammatory cyto-
kines (Wang et al., 2007, 2009a; Hevezi et al., 2009; Cohn et al.,
2010; Feng et al., 2012; Kim et al., 2012; Shi et al., 2012). However,
too much production of inflammatory cytokines can induce cell
death and inhibit cell renewal in taste buds, which may contribute
to the development of taste disorders associated with various
diseases (Wang et al., 2007; Cohn et al., 2010; Kim et al., 2012).
Mechanisms to counter-regulate local inflammatory cytokine
production would be crucial to maintaining the integrity of pe-
ripheral taste structures. In this study, using an IL-10 reporter
mouse line, we were able to detect the expression of the anti-
inflammatory cytokine IL-10 in a specific subset of taste receptor
cells, the gustducin-expressing type II cells. In addition, IL-10-
expressing taste cells do not overlap with TNF-expressing taste
cells, at least not in circumvallate and foliate taste buds. In con-
trast, IL-10 receptors are preferentially expressed by TNF-
expressing taste cells, which are the T1R3-expressing taste
receptor cells. These results revealed a novel paracrine signaling
mechanism involving IL-10 and IL-10R and two subsets of type II
taste receptor cells. The expression of IL-10 can be upregulated in
taste buds by immune activators such as SEA and LPS, most likely
to counterbalance the upregulation of proinflammatory cyto-
kines, such as TNF, under similar conditions (Cohn et al., 2010).
Excessive and prolonged expression of TNF was observed in the
taste epithelium of IL-10�/� mice. The function of IL-10 is im-
portant for maintaining the integrity of taste buds, because IL-10
deficiency leads to reduced number and size of taste buds and
reduced number of taste receptor cells.

Because of the technical difficulties in directly detecting IL-10
in vivo, IL-10 reporter mice provide valuable tools for identifying
IL-10-producing cells in various organs and tissues (Kamanaka et
al., 2006; Maynard et al., 2007; Madan et al., 2009). The IL-10-
GFP mouse line used in this study has been used to detect IL-10
expression in intraepithelial lymphocytes in the small intestine
and in colonic lamina propria lymphocytes (Kamanaka et al.,
2006). It has been established that many immune cell types can
produce IL-10, including innate immune cell types, such as mac-
rophages, monocytes, dendritic cells, and neutrophils, and adap-
tive immune cell types, such as B-cells and various subtypes of
T-cells (Saraiva and O’Garra, 2010). It has been shown that IL-10
expression in T-cells, B-cells, and myeloid cells has nonredun-
dant roles in various disease models (Roers et al., 2004; Madan et
al., 2009; Bosschaerts et al., 2011). In contrast, the expression and
function of IL-10 in nonimmune cells remain less understood.
In this study, we used qRT-PCR, in situ hybridization, and
IL-10-GFP reporter mice to examine IL-10 expression in taste
buds. In agreement with previous reports (Autschbach et al.,
1998; Madan et al., 2009), IL-10 expression was detected in
some spleen cells and gut epithelial cells (Fig. 1). To our sur-
prise, GFP expression was readily detectable in a subset of taste
receptor cells from IL-10-GFP mice (Fig. 1-3). It is remarkable
that IL-10 production in taste buds is restricted to only a
subset of gustducin-expressing taste receptor cells. In circum-
vallate taste buds, gustducin is mostly coexpressed with bitter
taste receptors (Adler et al., 2000; Kim et al., 2003). In addi-
tion, IL-10 expression was not detected in T1R3 � cells, sug-
gesting that, at least in posterior taste papillae, IL-10 is
produced by bitter receptor cells. Whether this is also the case
for taste buds in fungiform papillae and soft palate remains to
be determined. In posterior taste buds, IL-10 and TNF are
produced by different subsets of taste receptor cells (Fig. 4). As

Figure 10. Proposed model of cell– cell interactions through IL-10 and TNF signaling
among different types of taste cells. A, Circumvallate and foliate taste buds have two
subsets of type II cells, based on the differential expression of TNF and IL-10, which also
coincide with the differential expression of T1R3 and gustducin. The first subset (type IIa)
is characterized by the expression of TNF and T1R3, and the second subset (type IIb)
features the expression of IL-10 and gustducin. In addition, TNFRs are ubiquitously ex-
pressed in taste buds, and their expression has been detected in type I, IIa, IIb, and III cells.
IL-10 receptor (IL-10R), however, is predominantly expressed in type IIa cells. These
expression patterns suggest that type IIa cells (sweet and umami receptor cells) produce
TNF, which can act on all taste cells via TNFR, and type IIb cells (mostly bitter receptor cells)
produce IL-10, which selectively acts on type IIa cells to downregulate TNF production.
This signaling paradigm indicates a novel mechanism of cell– cell communication in taste
buds and also explains the general protective effects of IL-10 in taste buds. B, Summary of
expression of IL-10, IL-10R, TNF, TNFR, T1R3, and gustducin (Gust) in different types of
circumvallate and foliate taste cells. �, expressed; �, no detectable expression; �*, not
expressed in most of the cells; ND, not determined.
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reported previously, TNF-producing cells in taste buds are
T1R3 � sweet and umami receptor cells (Feng et al., 2012). In
contrast, IL-10 and TNF are frequently coproduced by various
immune cells, as shown in the spleen (Fig. 4C). The mecha-
nisms for cell type-specific expression of IL-10 and TNF in
taste buds will be investigated in the future.

Immune cells can respond rapidly to proinflammatory fac-
tors, such as microbes and their toxins, and produce various
cytokines. The similar feature seems also true for IL-10-
producing taste cells when they were stimulated with LPS or SEA.
Repeated administration of SEA to IL-10-GFP mice can increase
IL-10 production in the spleen and intestinal lymphocytes based
on fluorescence-activated cell sorting analysis (Kamanaka et al.,
2006). Following the same procedure of SEA administration, we
observed in this study that IL-10 mRNA expression can be mark-
edly induced in the taste epithelium and the intensity of GFP
fluorescence, as well as the number of GFP-expressing cells, was
significantly increased in taste buds of IL-10-GFP mice (Fig. 5).
SEA was shown to activate T-cells and other immune cells
through binding to T-cell receptors or MHC class II molecules
(Kamanaka et al., 2006; Kissner et al., 2011). How SEA induces
IL-10 release in taste buds remains unclear. LPS activates im-
mune cells through TLR-mediated pathways (Akira et al., 2006).
Previously, we have shown that taste bud cells express multiple
TLRs, including TLR4, the receptor for LPS (Wang et al., 2009a).
Consistently, LPS induces the expression and production of
IL-10 both in vivo and in vitro (Fig. 6).

Autocrine and paracrine signaling plays important regulatory
roles in taste buds (Huang et al., 2007; Cao et al., 2009). Various
signaling molecules, such as neuropeptides and hormones, can
act on taste cells, and some of them have been shown to regulate
taste responses and influence peripheral taste structures (Shige-
mura et al., 2004; Zhao et al., 2005; Yoshida et al., 2010). Cyto-
kines are signaling molecules that are important in the
communication among cells of multicellular organisms. As a
proinflammatory cytokine, TNF often induces apoptosis by
binding to its receptors and activating cell death pathways (Var-
folomeev and Ashkenazi, 2004). In contrast, IL-10 suppresses the
expression of TNF and other proinflammatory cytokines and
promotes cell growth and survival (Saraiva and O’Garra, 2010).
They exert their actions via specific cell-surface receptors on their
target cells through either paracrine or autocrine routes. The
T1R3-expressing taste cells were found to be the major target cells
of IL-10, as IL-10R1 expression was observed preferentially in
these cells (Fig. 7). Considering that these cells are also TNF-
producing cells, we believe this expression pattern of IL-10R1
provides an important route for IL-10-producing bitter receptor
cells (defined here as type IIb cells; Fig. 10) to regulate TNF pro-
duction by T1R3-expressing sweet and umami receptor cells (de-
fined here as type IIa cells). This hypothesis is supported by the
observation showing excessive and prolonged expression of TNF
in IL-10�/� mice after LPS injection (Fig. 9). The distribution
patterns of TNF receptors (TNFR) on taste cells are remarkably
different from that of IL-10R in taste buds. TNFR1 and TNFR2
are globally expressed in taste buds without obvious cell-type
preference (Feng et al., 2013). This may suggest a general effect of
T1R3-expressing taste cells on all taste bud cells through TNF
signaling. Figure 10 illustrates our proposed signaling paradigm
of IL-10 and TNF in taste buds. Given the apparent antithetical
actions of IL-10 and TNF in various situations and their unique
expression patterns in taste buds, it is possible that IL-10 and TNF
may also participate in other aspects of cell– cell communication
in taste buds.

Consistent with this IL-10/TNF signaling model, IL-10 defi-
ciency leads to structural defects in the taste tissue of 3- to
6-month-old IL-10�/� mice that had shown signs of chronic
enterocolitis. Circumvallate taste buds from these mice are
smaller and fewer in number (Fig. 8A–C), and numbers of taste
receptor cells that are positive for gustducin, T1R3, or CA4 were
significantly reduced (Fig. 8E–G), suggesting that IL-10 plays im-
portant roles in maintaining structural integrity of taste buds.
Our previous studies have shown that excessive inflammation
induced by LPS inhibits taste cell renewal and shortens taste cell
life span (Cohn et al., 2010). IL-10�/� mice develop chronic
enterocolitis in response to environmental microbes under con-
ventional animal care conditions (Kühn et al., 1993). Taste tissues
of IL-10�/� mice exhibit increased inflammatory responses (Fig.
9). Without the inhibitory effects of IL-10, TNF may drive the
expression of various inflammatory cytokines in taste tissues,
which would slow down cell renewal and accelerate cell death in
taste buds. Additionally, gut inflammation in IL-10�/� mice can
interfere with nutrient absorption. The impact of malnutrition
on taste bud structure has been reported previously (Ohara et al.,
1995; Hendricks et al., 2004), suggesting that malnutrition could
be another factor contributing to the observed decrease in taste
bud size and number in IL-10�/� mice. Patients with diseases
associated with inflammation often develop taste abnormalities
(Bromley, 2000; Mann, 2002; Harris et al., 2006). Delineating the
regulation and function of IL-10 in taste tissues would facilitate
our understanding of the mechanisms of taste disorders associ-
ated with inflammation.
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