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Abstract
Here we describe organoid cultures derived from pig foliate taste papillae in which the cellular heterogeneity of the lingual epithelium is 
preserved. Pig taste organoids were maintained long term (18 passages) and continued to express taste stem cell markers (LGR4, LGR6, and 
SOX2) and taste receptor cell (TRC) markers (cytokeratin 20, ENTPD2, GNAT3, and OTOP1). We show insulin is necessary for optimum 
proliferation and differentiation of taste organoids. Some TRCs in the organoids contained insulin and the insulin-critical transcription factors 
MAFA and PAX4. However, we did not see any evidence of the critical glucose-responsive PDX-1 expression either in the native tissue or in 
the organoids. We optimized differentiation conditions for TRC expression and separately for increased insulin protein content (6.5-fold, 
P < .01 vs spontaneous differentiation). Insulin production in differentiated organoids was responsive to cAMP stimuli. These results provide 
a pig model of taste organoid culture that can be used to study taste stem cell dynamics and taste receptor cell differentiation. These 
findings suggest that taste organoids may serve as a novel renewable model system for studying extra-pancreatic, nonglucose-regulated 
insulin and its potential role as a trophic factor.
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Studies in taste progenitor cell homeostasis and preservation 
of taste buds with their cellular components received renewed 
interest during the COVID-19 pandemic (1-3). Despite the 
sense of taste being essential to determining the quality and 
contents of foods and the ease of access to taste buds and their 
progenitor cells for investigation, very little is known about 
the nature of taste progenitor cells and how they function in 
age and disease. Taste receptor cells (TRCs) that reside within 
taste buds of the tongue epithelium are responsible for sensing 
all 5 prototypic tastes—bitter, sweet, umami, sour, and salty. 
TRCs are highly complex sensory cells that are fully differen
tiated and do not undergo replication. Moreover, they exist in 
a mechanically stressful environment and must be replaced 
from progenitor cells located in the intragemmal regions 
of the lingual epithelium (4). TRCs continually sample the 
environment of the mouth, are vulnerable to infection as 
has again been emphasized by the COVID-19 virus, and 
deploy elements of the innate immune system as a first line 
of defense (5). Therefore, to gain a more in-depth molecular 

understanding of taste progenitor cells, taste bud differenti
ation, and immune response within taste buds, it would be 
useful to have an in vitro model that could conveniently be 
studied by researchers across these disciplines. Since their de
velopment (6), organoid cultures have allowed us to probe dif
ferentiation and renewal in many organ types in vitro. To 
date, taste organoids that contain taste stem cells, non-taste 
epithelium, taste progenitor cells, and mature TRCs have 
been cultured from genetically labelled LGR5- (7) and 
SOX2- (8) cells of mice. We and others have also shown 
that TRCs express several gut hormones, some of which 
have been demonstrated to modulate taste perception (2). 
Egan and coworkers have shown that GLP-1 is expressed on 
the subset of type II cells that express T1R3 and α-gustducin 
and GLP-1 receptor knockout mice show dramatically re
duced taste responses to sweeteners in a behavioral assay 
(9); glucagon is restricted to type II cells that express T1R3, 
and mice lacking the chaperone protein 7B2 required for 
PC2 activation and the production of mature glucagon have 
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reduced sensitivity to sucrose (10). Intriguingly, we found (11) 
that mammalian TRCs make biologically active insulin and 
C-peptide, yet another source of extra-pancreatic insulin in 
addition to the choroid plexus (12). Given the constant re
quirement for regeneration of the TRC precursors, local ex
pression of insulin may play a role in autocrine or paracrine 
signaling mechanisms that regulate taste cell turnover. 
Therefore, we required a more relevant large animal model 
(13) that is more clinically relevant to decipher how insulin 
is involved in TRC development and renewal. We also wanted 
a model in which we could examine the function of insulin in 
relation to stem cell proliferation and differentiation.

The pig is a good model for taste organoid studies, and 
nutrient-sensing mechanisms are largely conserved between 
humans and pigs (14). Here we present a detailed character
ization of pig taste organoid cultures maintained long term 
in culture for more than 18 passages over 3 years. We opti
mized an LGR4/6 promoting media, which we applied in dy
namic suspension culture of organoids to enhance expression 
of TRC markers. To demonstrate how pig taste organoids can 
be used by both taste researchers and as a model to study 
extra-pancreatic insulin production, we developed 2 separate 
protocols to (1) enhance their differentiation into mature taste 
organoids containing cells expressing TRC markers (2) induce 
quiescence through inhibition of the MAPK, Notch, and Wnt/ 
β catenin pathways to increase insulin protein levels. This 
work provides a new model to study TRC renewal and devel
opment, addresses the question of the function of insulin in 
taste stem cell proliferation and differentiation, and describes 
a regulatory mechanism for the production of insulin in TRCs.

Materials and Methods
Tissue Harvesting and Establishment of Primary 
Porcine Foliate Organoid Cultures
The foliate papillae (FP) were dissected from postmortem pig 
tongue, further dissected into ∼1 mm2 pieces, and digested us
ing collagenase P containing digestion media (Fig. 1A). The 
tissue digestion was washed and filtered through a 100 µm fil
ter (to include single cells and small tissue/cell clumps) and 
plated using base membrane extract (BME), thus giving rise 
to small reticulate taste organoids within 2 days in the 
LGR6 promoting media (LPM). Organoids in passage 0 
(P.0) originated from both single cells and small cell/tissue 
clumps. Established organoids were passaged approximately 
every 14 to 15 days, and at the time of writing the maximum 
number of passages reached was 18. Fresh pig tongues were 
obtained from Wagner Meats (Mount Airy, MD) a US 
Department of Agriculture-monitored abattoir. The posterior 
of the tongue where the FP are located was sprayed with 80% 
ethanol. Foliate papillae were removed using a sterile dispos
able scalpel and rinsed in 50 mL of fresh PBS/Primocin (50 ng/ 
mL, InvivoGen, San Diego, CA), which was also used for 
transport to the lab at 4 °C. Tissue pieces were then dissected 
using disposable scalpels to obtain 1 mm2 size tissue pieces. 
Tissue pieces were then transferred into a 50 mL tube contain
ing 20 mL of digestion medium made with LGR6 base media 
(LBM), 1 mg/mL collagenase P (Roche, Cat# 11213873001), 
DNAse (Sigma-Aldrich, Cat# D4527-200KU), 10 µM 
Y27632 (Biogems, Cat# 129823-10MG), and 20 × 3 mm 
diameter silicon nitride beads (MSE Supplies, Cat# 
BAO803), which was then placed in an orbital shaker 
(37 °C, 300 rpm) for 1 hour. Tubes were next placed on ice 

with 25 mL of wash media (DMEM/F12, 100 µg/mL primo
cin, 2% B27, and 10 µM Y27632) and centrifuged at 400 g 
for 10 minutes at 4 °C. The supernatant was discarded, 
25 mL of fresh wash media was added, and the samples 
were washed a further 3 times. After the final wash, each indi
vidual reaction was filtered through a 100 µm filter and centri
fuged as before. The pelleted cells were mixed with 3 mL of 
Cultrex™ RGF BME type 2 (R&D Systems, Cat# 
3533-005-02) and plated in ∼10 × 10 μL sized domes on 
each well of 6-well plate using a 200 µL pipette while fre
quently pipetting up and down to homogenize the solution. 
The plates were placed upside down for 20 minutes at 37 °C 
in a CO2 incubator and then fed with LPM supplemented 
with ROCK inhibitor Y-2763. LPM was made by adding 
the following peptides and small molecules to LBM: epider
mal growth factor (50 ng/mL), fibroblast growth factor 
(FGF) 10 (100 ng/mL), FGF2 (10 ng/mL), R-spondin-2 
(RSO2; 500 ng/mL), Noggin (100 ng/mL), human sonic 
hedgehog (SHH; 100 ng/mL), Y-27632 (10 µM) from 
Peprotech, human wingless-related integration site 3A 
(Wnt3a; 100 ng/mL) from R&D Systems, insulin (10 nM) 
from Gibco, A-83-01 (0.5 µM), SB202190 (10 µM), 
CHIR99021 (2.5 µM), prostaglandin E2 (PGE2; 20 nM) 
from BioGems, forskolin (1 µM) from Tocris, and nicotina
mide (10 mM) from Sigma-Aldrich. LBM was made by adding 
the following to DMEM/F12 GlutaMAX from Gibco: hepes 
(10 mM) and B27 insulin free (2%) from Gibco, N21 Max in
sulin free (2%) from R&D Systems, and Primocin (10 µg/mL) 
from InvivoGen. All peptides were dissolved in PBS contain
ing 0.01 mg/mL human serum albumin (Sigma-Aldrich, 
Cat# A9511) prior to addition to the media. Organoid-like 
structures were visible emerging from the tissue pieces after 
3 days in culture.

Long-term Culture of Taste Organoids
The plated organoid cultures were fed fresh LPM every 48 to 72 
hours. Passaging was done every 14 days using TrypLE™ 
Express Enzyme (Thermo Fisher Scientific, Cat# 12605010). 
Domes containing ∼day 14 organoids were washed twice using 
2 mL PBS (Thermo Fisher Scientific, Cat# 10010023) for each 
well of a 6-well plate (or 1 mL in a 12-well plate) prior to adding 
1 mL TrypLE Express Enzyme to each well. The domes were 
dislodged using a cell lifter and transferred along with the dis
sociation media into 15 mL conical tube (multiple wells of the 
same cell line could be combined) and incubated at 37 °C in a 
bead bath for 10 minutes, triturating every 5 minutes using a 
1000 μL pipette fitted with maximum recovery tips. The dissoci
ation enzyme was then diluted with wash media (LBM supple
mented with Y-27632) and centrifuged at 400 g at 4 °C for 4 
minutes. The pelleted cells were washed once and filtered 
through a 37-micron filter to obtain a single-cell solution. 
Total cell counts were measured using the Moxi Z™ cell counter 
(Oroflo, El Cajon, CA) and plated at a density of 5 × 104 cells/50 
μL of Cultrex BME Type 2. Cultures were tested for the presence 
of mycoplasma using the MycoStrip mycoplasma kit 
(InvivoGen, San Diego, CA) according to the manufacturer’s in
structions and were found to be negative.

Cryopreservation and Recovery of Porcine Foliate 
Taste Organoid Cultures
Single cells obtained during passaging via dissociation and fil
tering (see previous discussion) were spun down and 
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Figure 1. Growth dynamics, spontaneous differentiation, and transcriptomics of LGR4+/LGR6+ expressing porcine foliate organoids. (A) The foliate 
papillae were dissected from the pig tongue, cut into 1 mm2 pieces, and digested in collagenase P, DNAse, in Lgr4/6 base medium at 37 °C, 300 rpm for 
1 hour under sterile conditions. The resulting digest was filtered through a 100-micron filter, mixed with Cultrex, and plated as 10 µL domes in a 6-well 
plate. The culture was fed with LPM every 2 to 3 days. The initial feed following plating was supplemented with Y27632 ROCK inhibitor (10 nM). (B) 
Typical histology of early passage organoids, hematoxylin and eosin staining, depicting morphologies of (left to right) organoid within organoid, budding, 
and reticulate. (C) Immunohistochemistry of mature taste organoids depicting a proliferating (Ki67+) outer cell layer and a differentiated center positive 
for TRPM5 (top) and CK13 (bottom), thus indicating the presence of mature type II TRCs and epithelial cells, respectively. (D) Growth and expansion of 
taste organoid cultures from single cells to mature taste organoids over a 16-day period. The number of cells in culture increased exponentially until day 
∼14 to 16 and plateaued thereafter. Data show 1 of 2 representative experiments, n = 3. (E) UMAP representation of genes found in single-cell RNA 
sequencing analysis of pig taste organoids harvested on day 14 (n = 2), colored by cluster of cell type. See Table 2 for cell cluster assignment (n = 2; 
UMAP shows the combination of the 2 conditions). (F) Three-dimensional principal component analysis plot based on poly(A) enriched RNA sequencing 
analysis of taste organoid samples (n = 5) vs its complementary native taste tissue (n = 5). The organoids and their native tissue counterpart form 2 
separate clusters indicating the heterogenicity in their gene expression profiles. (G) Volcano plot depicting the DEGs in taste organoids compared to 
native tissue (n = 5). A total of 2396 genes were upregulated while 6536 were downregulated, based on a threshold criterion of |log 2 foldchange| > 1 
and false discovery rate < 0.05. The top 10 most upregulated/downregulated DEGs are labeled. (H) Quantitative RT-PCR analysis of gene expression in 
the taste organoids vs foliate native tissue (n = 3 separate pigs and their corresponding organoids) indicating the expression and significant upregulation 
of taste stem cell, taste progenitor cell, and TRC markers (except ENTPD2) in organoids grown in LPM. ***P < .001, **P < .01, *P < .05. Data are 
presented as mean ± SEM. P-values were calculated using ANOVA. Scale bar, 200 µm. 

Abbreviations: DEG, differentially expressed gene; LPM, Lgr4/6 promoting medium; TRC, taste receptor cell.
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resuspended in ∼1 mL CryoStor® CS10 (STEMCELL, Cat# 
100-1061), transferred to a 2 mL cryotube, and immediately 
stored in a Cryo 1 °C Freezing Container (NALGENE, Cat# 
5100-0001) at −80 °C overnight and subsequently stored in 
N2(L) until recovery. The cryopreserved cells were recovered 
by rapidly thawing the cryotube in a 37 °C bead bath. Cells 
in CryoStor were added dropwise into 9 mL of LPM in 
room temperature, spun down (as previously) and re-plated 
on a 6-well plate using 700 µL of BME, fed, and expanded 
as previously mentioned.

Time Series Imaging of Organoid Expansion
Taste organoid growth from days 5 to 15 was captured using 
the Celldiscoverer 7 (Zeiss). Taste organoids were plated as 
described previously in a 24-well plate at standard density 
and maintained in a humidified incubator at 37 °C with 5% 
CO2 in the instrument. Brightfield images were taken using 
a 5X objective every 2 hours for over the 10 days using auto
matic exposure. Acquired images and video were processed 
using Zen 3.1 Blue (Zeiss).

Dynamic Culture of Taste Organoids in ClinoStar® 

and Their Harvesting
The dynamic porcine taste organoid cultures were established 
using the ClinoStar® clinostat CO2 incubator system 
(Celvivo, Odense, Denmark). The ClinoReactors® are culture 
chambers (10 mL) with hydro beads and a semipermeable 
membrane that ensures a constant volume of culture media 
and CO2 equilibrium. The hydro beads were hydrated over
night using 25 mL sterile water, and the ClinoReactors were 
equilibrated using 5 mL of LPM (in the culture chamber) by 
spinning them inside the ClinoStar for at least 4 hours before 
routine use.

Mature porcine taste organoids grown in LPM (day 14 and 
beyond) were dissociated into single cells as described previ
ously, and 1.8 × 106 cells were spun down (at 4 °C, 400 g 
for 6 minutes) and resuspended in LPM (100 µL). The cell sus
pension was mixed well with 200 µL of xeno-free VitroGel® 

Hydrogel Matrix (The Well Bioscience, Monmouth 
Junction, NJ, Cat# VHM01) to give a final cell solution of 
6000 cells/µL and kept on ice until needed. The culture cham
ber of the ClinoReator was filled with 5 mL of LPM and was 
positioned in the petri dish mode and the front lid opened. 
Ten  µL droplets of VitroGel cell suspension were added 
into the ClinoReactor by gently touching the surface of the 
media. The culture chamber was resealed by closing the front 
lid, and the remaining 5 mL LPM was added to fill up the 
ClinoReactor. The ClinoReactors were then placed on the ro
tor of the ClinoStar for incubation at 37 °C and 5% CO2. The 
rotation was adjusted accordingly to keep organoids in the 
middle of the spinning culture chamber, thus preventing 
them from hitting a peripheral membrane. The dynamic cul
tures were fed every 2 days by replacing 5 mL of spent media 
with 5 mL of fresh LPM. The ClinoReactor was changed every 
10 to 12 days, and all media changes were done via the top ac
cess port (with the stopper) using blunt-needled syringes 
(10 mL) as recommended by the manufacturer.

The harvesting of dynamic culture organoids was done us
ing the VitroGel Organoid Recovery Solution (The Well 
Bioscience Inc., Cat# MS04-100). The ClinoReactor contain
ing the organoid culture was removed from ClinoStar incuba
tor and placed upright for the organoids to settle on the 

bottom, and 5 mL of media was removed using the top access 
port. Subsequently, using the ClinoReactor in petri dish mode, 
the remaining media and organoids were moved to a 15 mL 
conical tube (accessing the culture chamber via the front lid) 
and spun down at 400 g, 4 °C for 4 to 6 minutes to pellet 
the organoids. Culture media was aspirated out, and the orga
noids were washed 2 times with 5 mL of ice-cold PBS (Thermo 
Fisher Scientific, Cat# 10010023). Five mL of prewarmed 
(37 °C) organoid recovery solution was added and incubated 
at 37 °C for 3 to 5 minutes, followed by rocking of the tubes 
20 times. The full dissociation of the VitroGel ECM took at 
least 2 iterations of this incubation process. Subsequently, 
the tube was spun down at 400 g, 4 °C for 6 minutes to collect 
the organoid pellet and subject to downstream processing.

Optimization of Culture Conditions to Improve 
Differentiation
Organoid cultures were established and grown from day 0 to 
day 10 in LPM as described previously. On day 10 taste orga
noids, they were then fed with C5 media containing epidermal 
growth factor (50 ng/mL), FGF2 (100 ng/mL), FGF10 
(100 ng/mL), RSO2 (100 ng/mL), Noggin (100 ng/mL), insu
lin (10 nM), IGF1 (100 ng/mL), IGF2 (100 ng/mL), IL22 
(2 ng/mL), PGE2 (20 nM), forskolin (1 µM), DAPT 
(50 µM), and exendin-4 (5 nM). For all differentiation experi
ments conducted, the organoids in C5 media were harvested 
on day 16/17.

In order to improve the total insulin synthesis, the day 10 
taste organoids grown in LPM were fed with quiescence con
dition (CQ) media containing FGF2 (100 ng/mL), FGF10 
(100 ng/mL), RSO2 (100 ng/mL), Noggin (100 ng/mL), insu
lin (10 nM), IGF1 (100 ng/mL), IGF2 (100 ng/mL), IL-22 
(2 ng/mL), PGE2 (20 nM), forskolin (1 µM), DAPT 
(50 µM), exendin-4 (5 nM), SCH772984 (10 nM), mirdame
tinib (5 nM), afatinib (10 nM), AZD-8055 (0.1 nM), gefitinib 
(5 nM), IWP-2 (1.5nM), and AS1842856 (1 nM). Similar to 
C5 organoids, all CQ organoids used in subsequent experi
ments were harvested on day 16 or 17, depending on the 
experiment.

Organoid Harvesting (Static Culture), RNA Isolation, 
cDNA Synthesis, and Quantitative RT-PCR Analysis
Organoid harvesting from 6-well/12-well plates was done us
ing the Cultrex Organoid Harvesting Solution (Cat# 
3700-100-01). Briefly, working on ice, the cell culture media 
was gently aspirated, and each well was washed with PBS 
(2 mL/1 mL). One ml of the organoid harvesting solution 
was added to each well; then the domes were gently dislodged 
using a cell scraper/lifter and incubated for 1 hour at 4 °C on a 
rocking shaker (Reliable Scientific Inc.) at a speed of 50, for 
BME digestion. Postincubation, the organoids were spun 
down and washed 3 times, again with 1 mL PBS. Each spin 
down was done at 400 g for 4 minutes at 4 °C. The pelleted 
organoids from each well were next lysed in 600 µL of RLT 
Plus lysis buffer (Qiagen) with 6 µL of ß-mercaptoethanol 
(Sigma Life Science, Cat# 63689-100ML-F) and homogenized 
using ∼200 µL of 1.0 mm Zirconia (BioSpec, Cat# 
11079110ZX) beads with a single 30-second, 6000 rpm cycle 
on a Precellys24 homogenizer (Bertin Corp.). The homogen
ized solution was spun down for 20 minutes at 8000 rpm pri
or to RNA isolation using RNEasy Plus Mini Kit (Qiagen, 
Cat# 74134/74136) according to the manufacturer’s 
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protocol. Porcine FP were homogenized in the extraction buf
fer provided in the Arcturus™ PicoPure™ RNA Isolation Kit 
(Applied Biosystems, Cat# 12204-01) using the same bead- 
based method described earlier. RNA extraction followed 
the recommended Arcturus PicoPure RNA Isolation Kit 
protocol without performing the DNAse step since TaqMan 
probes are at the junctions of gene exons. Single-strand 
cDNA was synthesized from total RNA using qScript™ 
Ultra SuperMix (QuantaBio, Cat# 95217-100) according to 
the recommended protocol. Quantitative RT-PCR 
(qRT-PCR) analyses were done using commercial TaqMan 
Fast Advanced Master Mix™ (Cat# 4444557), and 
the relevant TaqMan probes from Thermo Fisher 
Scientific [Supplementary Table S1 (15)] on an Applied 
BiosystemsViia7 384well qRT-PCR machine according to 
the recommended protocol. Porcine β-2-microglobulin was 
used as the housekeeping gene in all qRT-PCR analyses. All 
data are presented as mean ± SEM, and statistical differences 
were calculated using ANOVA in the software GraphPad 
Prism (Boston, MA).

Chinese Hamster Ovary-Insulin Receptor Cell 
Treatment and Immunoblotting
Chinese hamster ovary expressing the insulin receptor 
(CHO-IR) cells were cultured as described previously (16). 
Prior to treatment, the cells were washed 3 times with PBS 
and serum starved for 5 hours before being treated with insulin 
or insulin extracts for 5 minutes (1 and 10 nM). The cells were 
then washed in ice-cold PBS before being lysed in ice-cold RIPA 
buffer with protease inhibitors, sonicated (Qsonica, 
Newtown, CT), and centrifuged at 13 000 rpm for 10 minutes 
at 4 °C, and the supernatant was collected. Protein lysates were 
resolved by SDS-PAGE (4-12%) and then electroblotted onto 
polyvinylidene difluoride membranes. The membranes were 
probed overnight at 4 °C using the primary antibodies indi
cated in Table 1, followed by secondary antibodies conjugated 
to horseradish peroxidase (HRP) for 1 hour at room tempera
ture. Immunoblots were developed with Super Signal West 
Femto HRP substrate (Thermo Fisher Scientific), exposed to 
HyBlot CL autoradiography film (Thomas Scientific, 
Swedesboro, NJ), and imaged using an SRX-101 film proces
sor (Konica Minolta Medical Imaging, Wayne, NJ).

Porcine Taste Organoid mRNA Sequencing
Total RNA isolated from porcine foliate taste organoids (as men
tioned previously) were sent out Novogene Inc. (Sacramento, 
CA) for mRNA sequencing (mRNA-Seq) library preparation 
and next-generation sequencing. mRNA was isolated from total 
RNA using poly-T oligo-attached magnetic beads. After frag
mentation, first-strand cDNA was synthesized with random hex
amer primers, followed by second-strand cDNA synthesis using 
dUTP to create a directional library. The library was prepared 
through a series of steps, including end repair, A-tailing, adapter 
ligation, size selection, USER enzyme digestion, amplification, 
and purification. It was then quantified using a Qubit fluorometer 
and real-time quantitative PCR, and the size distribution was 
verified with a bioanalyzer. The quantified libraries were pooled 
and sequenced on Illumina platforms, based on the effective li
brary concentration and required data output. Index-coded sam
ples were clustered following the manufacturer’s instructions, 
and after cluster generation, sequencing was carried out on an 
Illumina platform to produce paired-end reads at a minimum T

ab
le

 1
. 

D
et

ai
ls

 o
f 

th
e 

an
ti

b
o

d
ie

s

A
nt

ib
od

y
H

os
t s

pe
ci

es
C

om
pa

ny
C

at
al

og
 #

Pu
rp

os
e

R
R

ID
D

ilu
tio

n

A
nt

i-p
-I

R
β

R
ab

bi
t

Sa
nt

a 
C

ru
z

sc
-2

51
03

Im
m

un
ob

lo
tti

ng
R

R
ID

:A
B_

66
93

89
1:

50
0

A
nt

i-I
R

β
R

ab
bi

t
Sa

nt
a 

C
ru

z
sc

-7
11

Im
m

un
ob

lo
tti

ng
R

R
ID

:A
B_

63
18

35
1:

10
00

A
nt

i-p
ho

sp
ho

-A
K

T
 (S

er
47

3)
R

ab
bi

t
C

ell
 S

ig
na

lin
g

40
60

Im
m

un
ob

lo
tti

ng
R

R
ID

:A
B_

23
15

04
9

1:
10

00
A

nt
i-p

ho
sp

ho
-I

R
S 

1/
2

R
ab

bi
t

Sa
nt

a 
C

ru
z

sc
-1

71
95

Im
m

un
ob

lo
tti

ng
R

R
ID

:A
B_

21
27

88
5

1:
50

0
A

nt
i-r

ab
bi

t H
R

P
D

on
ke

y
A

m
er

sh
am

N
A

93
4

Im
m

un
ob

lo
tti

ng
R

R
ID

:A
B_

77
22

06
1:

10
00

In
su

lin
G

P
D

ak
o

IR
00

2
Im

m
un

os
ta

in
in

g
R

R
ID

:A
B_

28
00

36
1

1:
50

Se
ro

to
ni

n
R

ab
bi

t
Im

m
un

os
ta

r
20

08
0

Im
m

un
os

ta
in

in
g

R
R

ID
:A

B_
57

22
63

1:
10

00
K

i6
7 

an
tig

en
M

ou
se

A
gi

len
t

M
72

40
01

Im
m

un
os

ta
in

in
g

R
R

ID
:A

B_
26

31
21

1
1:

10
0

C
K

13
G

P
A

cr
is

BP
50

76
Im

m
un

os
ta

in
in

g
R

R
ID

:A
B_

97
96

08
1:

10
0

T
R

PM
5

R
ab

bi
t

Si
gm

a
H

PA
04

21
15

-1
00

U
L

Im
m

un
os

ta
in

in
g

R
R

ID
:A

B_
26

77
85

4
1:

10
0

C
K

20
R

ab
bi

t
T

he
rm

o 
Fi

sh
er

 S
cie

nt
ifi

c
M

A
53

19
79

Im
m

un
os

ta
in

in
g

R
R

ID
:A

B_
28

09
27

3
1:

10
0

C
K

14
M

ou
se

A
bc

am
ab

92
20

Im
m

un
os

ta
in

in
g

R
R

ID
:A

B_
30

70
87

1:
10

0
G

oa
t a

nt
i-r

ab
bi

t I
gG

 (h
ea

vy
 c

ha
in

) s
up

er
clo

na
l s

ec
on

da
ry

 a
nt

ib
od

y,
 A

lex
a 

Fl
uo

r 4
88

G
oa

t
T

he
rm

o 
Fi

sh
er

 S
cie

nt
ifi

c
A

27
03

4
Im

m
un

os
ta

in
in

g
R

R
ID

:A
B_

25
36

09
7

1:
10

00
A

lex
a 

Fl
uo

r 4
88

 g
oa

t a
nt

i-g
ui

ne
a 

pi
g 

Ig
G

 (H
 +

 L
) a

nt
ib

od
y,

 h
ig

hl
y 

cr
os

s-
ad

so
rb

ed
G

oa
t

T
he

rm
o 

Fi
sh

er
 S

cie
nt

ifi
c

A
11

07
3

Im
m

un
os

ta
in

in
g

R
R

ID
:A

B_
25

34
11

7
1:

10
00

G
oa

t a
nt

i-r
ab

bi
t I

gG
 (H

 +
 L

) h
ig

hl
y 

cr
os

s-
ad

so
rb

ed
 a

nt
ib

od
y,

 A
lex

a 
Fl

uo
r 5

68
 C

on
ju

ga
te

d
G

oa
t

T
he

rm
o 

Fi
sh

er
 S

cie
nt

ifi
c

A
11

03
6

R
R

ID
:A

B_
10

56
35

66
1:

10
00

go
at

 a
nt

i-m
ou

se
 Ig

G
 (H

 +
 L

) h
ig

hl
y 

cr
os

s-
ad

so
rb

ed
 a

nt
ib

od
y,

 A
lex

a 
Fl

uo
r 5

68
 C

on
ju

ga
te

d
G

oa
t

T
he

rm
o 

Fi
sh

er
 S

cie
nt

ifi
c

A
11

03
1

R
R

ID
:A

B_
14

46
96

1:
10

00

Endocrinology, 2025, Vol. 166, No. 9                                                                                                                                                                  5
D

ow
nloaded from

 https://academ
ic.oup.com

/endo/article/166/9/bqaf126/8221664 by O
dense U

niverstetsbibliotek user on 21 April 2026



sequencing depth of 20 million reads per sample. The raw data in 
FASTQ format were subjected to adapter sequence, poly-N se
quence, and low-quality base removal using in-house perl scripts 
to obtain clean sequences that can be directly subjected to se
quence alignment. All subsequent bioinformatic analyses were 
conducted using these clean, high-quality sequencing data. 
Raw data were deposited in the GEO database GSE252240.

Bioinformatic Analysis of Poly(A) Enriched RNA-Seq 
Data
Preprocessed (post-adapter and low-quality sequence re
moval) paired-end raw fastq sequences received from 
Novogene Inc. (Sacramento, CA) were analyzed using 
FastQC 0.11.9 for quality assurance and aligned against Sus 
scrofa 11.1 genome using the STAR aligner 2.7.10b in 
“GeneCounts” mode. Alignment quality for each sample 
was checked using MultiQC 1.14. Post-quality assurance, 
the resulting BAM files from STAR aligner were run through 
featureCounts in “countReadPairs” mode to obtain gene-wise 
transcript counts for each sample. A gene-wise count matrix 
was compiled for samples pertaining to each analysis (eg, orga
noids vs foliate, etc.) and subjected to subsequent differential 
gene expression analysis using DESeq2 available in 
Bioconductor version 3.17. The resulting normalized counts 
file and the differentially expressed genes (DEGs) file were 
used as the underlying data to generate all subsequent data vis
ualizations such as principal component analysis (PCA), vol
cano plots, etc. R packages rgl 1.2.1 and EnhancedVolcano 
1.18.0 were used to generate PCA plots and volcano plots, re
spectively. A threshold criterion of more than 20 normalized 
counts (median ratio normalization) in at least 1 replicate 
was used to determine the expression of a particular gene in or
ganoid/foliate samples. This data was then used to identify 
genes unique/common to pig foliate tissue and foliate taste or
ganoids using the “setdiff” function in R. Pathway enrichment 
analysis to derive canonical pathways was conducted using 
Ingenuity Pathway Analysis (IPA) by Qiagen and plotted using 
seaborn 0.12.2 and matplotlib 3.7.2 python packages. Gene 
set enrichment analysis (GSEA) was performed using the R 
package fgsea and the reference gene sets Reactome, KEGG, 
and WikiPathways available in the Molecular Signatures 
Database (17-20). The GSEA algorithm requires genes of inter
est to be preranked (postdifferential gene expression analysis); 
hence the metric “−log10 (P-value) * sign of fold change” that 
takes into account both the statistical significance in differen
tial gene expression and directionality of the fold change was 
used for this purpose. R script developed in house (that imple
ments a Monte Carlo algorithm over 1000 iterations) was used 
to add robustness to the inherently stochastic enrichment esti
mates and statistical significance generated by GSEA and hence 
uses the total statistical ensemble to choose significant enriched 
pathways that appear in more than 80% of the iterations (21).

Immunofluorescence Staining
Circumvallate papilla (CVP) tissue, FP, and harvested porcine 
taste organoids were cryosectioned (10 µm thick) using a Leica 
CM 1950 cryostat, mounted onto ColorFrost Plus Micro slides 
(Fisher Scientific) and then stored at −80 °C. Immunostaining 
was performed as described previously (11). To permeabilize 
the cells in the tissue, slides were placed in Tris-buffered saline 
(TBS; pH, 7.4; Quality Biologicals, Gaithersburg, MD) with 
0.2% Triton-X 100 (Millipore Sigma) for 5 minutes at room 

temperature. They were then washed 3 times (2 minutes) in 
TBS. Antigen retrieval was performed by placing the slides in 
10 mM of sodium citrate buffer (pH, 6.0; Vector 
Laboratories, Burlingame, CA) at 95 °C for 30 minutes. The 
slides were left to cool at room temperature in the citrate buffer 
for a further 30 minutes and were then rinsed in water and then 
TBS as before. Sections were incubated with normal goat se
rum block consisting of 2% goat serum, 1% OmniPur BSA 
Fraction V (Millipore Sigma), 0.1% gelatin (Millipore 
Sigma), 0.1% Triton X-100 (Millipore Sigma), 0.05% 
Tween 20 (Millipore Sigma), and 0.05% sodium azide 
(Millipore Sigma) in TBS for 1 hour at room temperature. 
Sections were then incubated with primary antibodies 
(Table 1) diluted in the same normal goat serum block at 
4 °C overnight. Tissue sections were rinsed with TBS with 
5% Tween and incubated for 1 hour with fluorescently labeled 
secondary antibodies (Table 1) at 1:1000 dilution, then 
washed with TBS with 5% Tween. After nuclear staining (4′,6- 
diamidino-2-phenylindole dihydrochloride, Sigma-Aldrich), 
sections were mounted with Fluoromount G (Southern 
Biotechnology, Birmingham, AL). Appropriate no-primary- 
antibody controls were prepared with each individual batch 
of slides. Confocal fluorescence images were captured using 
Zen Black Version 14 software on a Zeiss LSM-880 
(Oberlochen, Germany) confocal microscope; brightness and 
contrast were adjusted globally. All figures were compiled in 
Adobe Illustrator 2021 (San Jose, CA).

Acid-ethanol Extraction of Insulin From Porcine CVP 
and Porcine Taste Organoids
Porcine foliate taste organoids grown in LPM and CQ media 
(passages 15-18), were harvested as described earlier and in
cubated in a sonicator bath/ultrasound cleaner (VWR, 
Symphony™) at 4 °C in 500 µL of acid-ethanol (0.18 M of 
HCl in 70:30 v/v ethanol:HCl) solution (11) overnight until 
the cell pellet was sufficiently lysed. The resulting supernatant 
(acid-ethanol) was neutralized using sodium hydroxide (an 
equimolar equivalent) and lyophilized using a benchtop freeze 
dryer (Labconco, FreeZone2.5). The concentration of the 
lyophilized insulin from LPM/CQ organoids was measured 
using the Mercodia Porcine Insulin (Cat# 10-1200-01, 
RRID:AB_2811079) ELISA kit. For insulin extraction from 
porcine CVP, the posterior of a fresh pig tongue (obtained 
from Wagner Meats, Mount Airy, MD) where CVP are lo
cated was sprayed with 80% and CVPs were removed using 
a sterile disposable scalpel and rinsed in 50 mL of fresh PBS/ 
Primocin (50 ng/mL). The freshly dissected CVP was immedi
ately subjected to acid-ethanol extraction of insulin as de
scribed previously (11). The insulin extracted from porcine 
CVP was used for CHO-IR cell treatment as described later. 
For experiments in which organoids were treated with forsko
lin, serotonin, or denatonium, the organoids were first re
moved from the BME using the Cultrex Organoid 
Harvesting Solution and were washed twice with DMEM/ 
F12 without supplementation and then cultured overnight in 
DMEM/F12 with the reagents and then processed for insulin 
content measurement as described.

CHO-IR Cell Treatment and Immunoblotting
CHO-IR cells were cultured as described previously (16). 
Prior to treatment, the cells were washed 3 times with PBS 
and serum starved for 5 hours before being treated with 
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insulin or insulin extracts for 5 minutes (1 and 10 nM). The 
cells were then washed in ice-cold PBS before being lysed in 
ice-cold RIPA buffer with protease inhibitors, sonicated 
(Qsonica, Newtown, CT), and centrifuged at 13 000 rpm 
for 10 minutes at 4 °C; then the supernatant was collected. 
Protein lysates were resolved by SDS-PAGE (4-12%) and 
then electroblotted onto polyvinylidene difluoride mem
branes. The membranes were probed overnight at 4 °C using 
the primary antibodies indicated in Table 1, followed by sec
ondary antibodies conjugated to HRP for 1 hour at room tem
perature. Immunoblots were developed with Super Signal 
West Femto HRP substrate (Thermo Fisher Scientific) and ex
posed to HyBlot CL autoradiography film (Thomas Scientific, 
Swedesboro, NJ) and were imaged using an SRX-101 film 
processor (Konica Minolta Medical Imaging, Wayne, NJ).

Single Cell RNA-Seq of Pig Taste Organoids
Porcine foliate taste organoids grown in LPM were harvested 
on day 12 using the Cultrex Organoid Harvesting Solution 
(Cat 3700-100-01) for BME digestion and removal of BME 
fragments. The harvested organoids were then dissociated 
into single cells using TrypLE™ Express Enzyme (Thermo 
Fisher Scientific, Cat# 12605010) and filtered through a 
37 µm sieve (following the protocol used to obtain single cells 
during organoid passaging mentioned earlier) to obtain single 
cells. The cell pellet was resuspended in PBS (Thermo Fisher 
Scientific, Cat# 10010023), and viability was assessed on 
the Countess II fluorescence automated cell counter 
(Thermo Fisher Scientific) and was greater than 80% so sam
ples were immediately subjected to single-cell library con
struction using 10× Genomics Chromium Single Cell 3′ 
Reagent Kits v3.1 (10× Genomics, Cat# PN-1000269) with 
Chip G (10× Genomics, Cat# PN-1000127) following the 
manufacturer’s protocol. Approximately 5000 to 10 000 indi
vidual cells were used to generate gel beads-in-emulsions. 
Post-gel beads-in-emulsions cleanup and cDNA synthesis 
were performed, and the quality was checked using the 
Agilent Bioanalyzer with the High-Sensitivity DNA kit 
(Agilent, Cat# 5067-4626). Library construction was done us
ing the synthesized cDNAs, and the final libraries were eval
uated using the 4200 TapeStation system with the DNA and 
High Sensitivity DNA 1000 ScreenTape. Sequencing was car
ried out on an Illumina NovaSeq 6000 sequencer. The number 
of cells from each organoid sample (n = 2) that were success
fully sequenced and could be subjected to downstream statis
tical analysis and data visualization was 5129 and 6709. The 
resulting single-cell RNA-Seq data were subsequently depos
ited in GEO submission GSE252240 (22).

Bioinformatic Analysis of Single-cell RNA-Seq Data
Single-cell RNA-Seq (scRNA-Seq) samples were demultiplexed 
and mapped to the Sus Scrofa 11.1 reference genome using the 
Cell Ranger software version 8.0.1 (10× Genomics). “cellranger 
mkgtf” and “cellranger mkref” were used to build the reference 
Sus scrofa genome for Cell Ranger using Ensembl genome as
semblies and GTF files pertaining to Sus scrofa 11.1 genome as
sembly. The filtered feature matrices produced by “cellranger 
count” were used for downstream statistical analysis and data 
visualization using Seurat version 5.0.1 (23). Quality control fil
tering was applied to each sample to exclude empty droplets, 
low-quality cells, and potential doublets from downstream ana
lysis by keeping the cells containing less than 1.5% 

mitochondrial genes and with unique feature count >200 and 
<7000. The 2 samples were combined using the Seurat 
“merge()” function and normalized using the “scTransform()” 
method (24) (vst.flavor = “v2”). Only the top 5000 variable 
genes were selected using the “FindVariableFeatures()” function 
for downstream analysis. IntegrateLayers(), FindNeighbors() 
method (dims = 1:12), FindClusters() method (resolution =  
0.5), FindMarkers(), FindAllMarkers() were executed sequen
tially to integrate the cellular data in the 2 samples, cluster cells, 
and marker gene detection for each cluster using differential gene 
expression analysis. RunPCA(), RunUMAP(), and DoHeatmap 
() functions were used for dimensionality reduction data and 
data visualization, respectively. Assignment of clusters was 
based on prior knowledge of the cell types found in the oral lin
gual epithelium (2) and using the online gene set enrichment ana
lysis tool Enrichr (25).

Statistical Data Analysis
All data are depicted as mean ± SEM unless otherwise specified. 
Statistical analysis was performed using GraphPad Prism v8.0 
(GraphPad Software, San Diego, CA). Unpaired 2-tailed 
Student’s t-test or 1-way ANOVA followed by Tukey’s post 
hoc test was used to assess statistical significance as appropriate. 
P-values of less than .05 (*P < .05; **P < .01; ***P < .001, 
****P < .001) were considered statistically significant.

Results
Long-term Culture of Pig Foliate Taste Epithelium 
in LGR4/6 Promoting Media Generates Taste 
Organoids
The FP were dissected from postmortem pig tongue, 
further dissected into ∼1 mm2 pieces, and digested using 
Collagenase P containing digestion media (Fig. 1A). The tissue 
digestion was washed and filtered through a 100 µm filter (to 
include single cells and small tissue/cell clumps) and plated us
ing BME, thus giving rise to small reticulate taste organoids 
within 2 days in the LPM. Organoids in passage 0 (P.0) origi
nated from both single cells and small cell/tissue clumps. 
Established organoids were passaged approximately every 
14 to 15 days, and at the time of writing the maximum number 
of passages reached was 18. The taste organoids typically 
grew into multiple dense (reticulate) or cystic structures in cul
ture, exhibiting organoid-within-organoid and budding orga
noid morphologies that could be observed by hematoxylin 
and eosin (H&E) staining (Fig. 1B). It has been routinely pos
sible to cryopreserve and then thaw and expand the cells to 
generate new organoids.

Immunofluorescence (IF) and H&E staining of early pas
sages (0-2) revealed a proliferating stratified outer cell layer 
positive for the marker of proliferation Ki67 that enclosed ma
ture differentiated TRCs as marked by TRPM5 (26) (Fig. 1C) 
present in all sweet, bitter, and umami transducing TRCs and 
the epithelial cell marker CK13 (27) (Fig. 1C). Beyond passage 
1 (P1), organoids were grown selectively from single cells and 
showed exponential growth in terms of average cell counts un
til day 16 and gradually plateaued thereafter (Fig. 1D). The 
dynamic growth and expansion of these organoids was re
corded in real-time under brightfield from day 5 to 15 
[Supplementary Video S1 (28)]. To gain insight into the types 
of cells present, we performed scRNA-Seq on dissociated or
ganoid cells harvested at day 14 post-plating, prior to 
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culmination of proliferation seen in Fig. 1D, to capture a 
broader spectrum of both proliferating and differentiated 
cell types. Figure 1E shows the UMAP (res = 0.5) with 12 dis
tinct clusters representing proliferating basal cells (clusters 0-3 
and 5), mesenchymal cells (cluster 4), epithelial cells (clusters 
8-10), airway secretory cells (cluster 6), taste precursor cells 
(cluster 7), and a distinct cluster of cells expressing markers 
characteristic of TRCs (cluster 11); see Table 2 for marker 
genes used for cluster assignment. A heatmap displaying the 
top 5 genes per cluster can be found in Supplementary 
Fig. S1A (30). The marker genes for each cluster can be found 
in Supplementary Table S2 (31).

Using poly(A) enriched RNA-Seq, we compared the tran
scriptomic profiles of P1 organoids (day 14) with the paired 
foliate tissue of origin (n = 5). PCA of gene expression data re
vealed separate clustering of organoid and foliate samples 
with the first 3 principal components capturing 67.76% of 
the total variation (Fig. 1F). The transcriptomic profile of 
the taste organoids also revealed the expression of type I 
(ENTPD2), type II (T1Rs, T2Rs, GNAT3, PLCβ2, TRPM5/ 
4, CALHM1), and type III markers (OTOP1, SNAP25, 
NCAMs, PKD2L1); see Table 3 for an outline of the main 
stem and TRC markers. Differential gene expression analysis 
of poly(A) enriched RNA-Seq (organoids vs foliate tissue) re
vealed a total of 8932 DEGs (false discovery rate  < 0.05 and | 
log 2-fold change|>1), where 2396 genes are upregulated 
while 6536 are downregulated in the organoids (Fig. 1G). 
The top 100 most significant DEGs can be found in 
Supplementary Table S3 (43). Stem cell markers such as 
LGR6, LGR4, and SOX2 (7, 8, 44) and the mature TRC 
marker KCNQ1 were upregulated in the organoids compared 
to native tissue. IPA (Qiagen) of the DEGs (organoids vs foli
ate tissue) revealed significant enrichment of pathways such 
as PI3 K/AKT, GABAergic receptor, WNT/β-catenin 
(-log(P-value) = 7.01; Z-ratio = 0.611), BMP, insulin recep
tor, TGF-β ,and IGF-1 signaling [Supplementary Fig. S1B 
and S1C (30)] upregulated in the organoids, all of which 
have been described to have prominent roles in the develop
ment of the lingual epithelium, taste papillae, and taste bud 

function (45-47). GSEA of the DEGs revealed enrichment of 
signaling pathways such as mTORC, MAPK, and epidermal 
growth factor receptor/RAS/ERK that are heavily involved 
in G-protein coupled taste receptor signaling. Furthermore, 
gene sets involved in cell cycle activities such as DNA synthe
sis/replication and mitotic G1 to S transition are also enriched 
in the organoids [Supplementary Fig. S1D (30)], indicating 
their ability to further expand while also spontaneously differ
entiating into mature TRCs. We confirmed the presence of 
taste stem cell markers and mature TRC markers by 
qRT-PCR (Fig. 1H). Transcript levels of the taste progenitor 
cell markers LGR6, LGR4, and SOX2 were significantly up
regulated in the pig foliate taste organoids (P < .05; n = 3) 
when compared to the native tissue (Fig. 1H). Mature organo
ids also expressed transcripts for TRC markers ENTPD2, 
GNAT3 (bitter, sweet, and umami transducing), OTOP1 
[sour transducing (38)], and KCNQ1 (general mature TRC 
marker). Except for ENTPD2, these mature TRC markers 
also showed significant upregulation (P < .05) in the taste or
ganoids relative to native tissue (Fig. 1H). Overall, this estab
lishes for the first time that it is possible to propagate taste 
organoids from pig lingual tissue and that these organoids re
capitulate the cellular format of the tissue of origin expressing 
both stem cell and mature TRC markers. The organoids reach 
a maximum growth expansion within 15 days post-initial 
plating, which is slower than that reported for mice (48), 
which is 6 days. Interestingly, pig fungiform papillae both in 
situ and in their representative organoids express predomin
antly LGR4 and LGR6 but not LGR5; unlike mouse taste or
ganoids (49) but like mouse taste organoids, they express high 
levels of the taste stem cells specific factor SOX2.

Growth Factors SHH, FGF10, Wnt3a, RSO2, Noggin 
and Small Molecules CHIR99021, PGE2 Are 
Necessary for Optimal Growth and Differentiation of 
Taste Organoids
To determine the growth factors necessary for taste organoid 
development, SHH, FGF10, Wnt3a, RSO2, Noggin, 

Table 2. Assignment of cell types to the clusters shown in the UMAP in Fig. 1E

Cluster # Cell type Genes

0 Basal epithelial cell NGFR, TP63, PDPNa, KRT5, KRT15, KRT17
1 Progenitor cell KRT20, tyrosine kinase signaling
2 Precursor cell STC1, CD68, CD24, SEMA3C, WNT7B, NGF, NECTIN, 

GJB3, CAV1, ZYX, SFN, ITGA6, CAPG, S100A14, PLP2, S100A10, DUSP7, NECTIN1
3 Cycling basal cell H2AZ1, CDC20, TPX2, STMN1, PCLAF, glycolysis associated genes
4 Mesenchymal cell/fibroblast PRRX1, mitochondrial genes
5 Cycling basal cell TOP2A, PIF1, CDCA2, PLK1, HJURP, BUB1B, CDCA8, KIF11, IQGAP3, NDC80, KIF15, 

ASPM, ANLN, KIF18B, DIAPH3, KIFC1, KIF4A, DEPDC1, KIF2C, KIF20A, GTSE1, CEP55, 
DLGAP5, PCNA

6 Secretory cell airway epithelium/ 
ciliated cell

KRT4, SLP1, SLC6A14, WFDC2, MMP7, MMP15, SEM3A 
80 genes associated with cytokine signaling in the immune system

7 TRC precursor KRT20, NPY, SHH, IGF1, IRS1, TPH1, SEMA4A, SEMA7A, SOX2, NOTUM
8 Epithelial 1 MACC1, DSC2, TJP2, KCNMA1,
9 Epithelial 2 KRT18, IFNGR, IL6R
10 Epithelial 3 KRT4, GPR15LG, FGFBP1, KRT4, LYPD3, ADH7, AQP3
11 TRC POU2F3, GNAT3, TRPM5, CCK, CALHM3

Abbreviation: TRC, taste receptor cell.
aPDPN NGFR, TP63- assignment from (29).
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CHIR99021, and PGE2, previously demonstrated to be essen
tial for the long-term support of organoid growth (50-52), 
were systematically withdrawn from the media used to culti
vate the organoids at the start of P3. Withdrawal of either 
of the individual factors Wnt3a/Rspo2/CHIR99021/Noggin/ 
PGE2 caused a significant (P < .001) decrease in the expres
sion of LGR6 (Fig. 2A), while the withdrawal of FGF10 
caused a significant (P < .001) increase. SOX2 was significant
ly (P < .001) downregulated in the media that lacked Rspo2/ 
CHIR/Noggin. However, the withdrawal of PGE2 from 
LPM significantly (P < .01) upregulated SOX2 expression 
(Fig. 2A). In terms of mature TRC marker expression, the 
withdrawal of Noggin/PGE2 resulted in the significant 
(P < .05) downregulation of KCNQ1 expression, although a 
significant increase (P < .01) in GNAT3 expression was ob
served in the LPM (-) PGE2 media. Withdrawal of either of 
the factors Rspo2/CHIR99021/Noggin/PGE2 led to signifi
cant downregulation of ENTPD2 expression (P < .001). 
Furthermore, removal of CHIR99021/Noggin from LPM sig
nificantly (P < .01) decreased the expression of GNAT3 
(Fig. 2B).

The most dramatic differences in culture morphology 
(under brightfield microscopy) were observed in the absence 
of either Noggin, CHIR99021, Rspo2, or Wnt3a (Fig. 2C). 
Withdrawal of either 1 of these factors yielded small, reticu
late organoids with jagged edges, while the withdrawal of 
CHIR99021 gave rise to large, dense, reticulate organoids 
(compared to LPM). Removing Rspo2 from LPM yielded 
more cystic organoids, while the withdrawal of Wnt3a gave 
rise to more reticulate organoids similar in size to those grown 
in LPM (Fig. 2C). The efficacy of Rspo1, 2, or 3 in upregulat
ing taste stem cell, taste progenitor cell, or TRC marker ex
pression was tested using gene expression analysis of 
parallel cultures grown in LPM containing either Rspo1, 2, 

or 3. Rspo2 significantly (P < .05) upregulated LGR6 expres
sion over Rspo1, while a significant increase in insulin expres
sion was observed in organoids grown in Rspo1 compared to 
Rspo3 [Supplementary Fig. S2A and S2B (30)]. No significant 
difference in the expression of TRC markers could be ob
served between the organoids grown in the presence of differ
ent R-spondins. Morphologically, the presence of Rspo2 in 
LPM resulted in larger organoids (with a mixture of cystic 
and reticulate structures) in denser cultures, compared to 
Rspo1 and 3 [Supplementary Fig. S2C (30)]. The effect of pas
saging on the expression of stem cell and TRC markers in the 
taste organoids was examined by comparing P2 and P10 cul
tures of the same taste organoid line. Expression levels of 
LGR6 and SOX2 were significantly decreased in the higher 
passage organoids. LGR4, however, maintained its expres
sion level between P2 and 10 [Supplementary Fig. S3A (30)]. 
A significant decrease in the expression of TRC markers could 
be observed with the increase in passage number 
[Supplementary Fig. S3B (30)]. Thus, pig taste fungiform pa
pillae organoids exhibit many of the growth factor dependen
cies observed in organoids grown from somatic stem cells 
from other organoids such as intestinal and mucosal organo
ids (50, 52).

Optimization of Culture Conditions to Upregulate 
the Expression of Mature TRC Markers
Cytokeratin 20 (CK20) is a known marker protein for human 
taste bud cells (32); similarly, here we show that taste organo
ids grown in LPM contain mature TRCs positive for CK20 
(Fig. 3A, left: brightfield, right: immunofluorescence for 
CK20). Single cells from established porcine cell lines were 
cultured using a low shear stress, dynamic suspension, culture 
system at 37 °C in LPM (53). Like static cultures, the dynamic 

Table 3. Native taste tissue and taste organoids are comprised of type I, type II, type III cells, bipotent stem cells, taste stem cells, and non-taste 
epithelium

Taste papillae  
cell type

Function Marker gene

TRC Cytokeratin 20 is a marker of TRCs (26, 32, 33), 
Voltage-gated potassium channel is a marker of mammalian taste buds of mouse, rat, and human KCNQ1 (34).

KCNQ1, CK20

Type I Resemble astrocytes, which envelop other cell types, distinguished by the presence of the enzyme ectonucleoside 
triphosphate diphosphohydrolase 2, which breaks down adenosine triphosphate, a key neurotransmitter for type 
II TRCs (35).

ENTPD2

Type II Long spindle-shaped cells that can sense bitter, sweet, and umami tastants through G protein-coupled taste 
receptors.

GNAT3 (36), 
TRPM5 (37),

Type III Elongated, spindle-shaped cells with direct synaptic connections to afferent nerve fibers. These cells can sense sour 
taste.

OTOP1 (38)

Stem cells Somatic stem cells, G-protein-coupled receptors LGR4/5/6-positive regulators of WNT signaling that give rise to 
taste stem cells. (7). 

Polycomb complex protein BMI1 in mice is an apparent marker of stem cells that only differentiate into epithelial 
cells (39).

LGR4, LGR5,  
LGR6, BMI1

Bipotent stem 
cells

Progenitor cells in the base of the taste bud. Give rise to both the non-taste lingual epithelium and the TRCs. SOX2 (8, 40),  
CK14 (41)

Non-taste 
epithelium

Postmitotic lingual epithelium. CK13 (42)

Identification of these cell types was done using established markers. Taste cell types were identified via the expression of cytokeratin 20 and potassium voltage-gated 
channel subfamily Q member 1 previously shown to label all mammalian TRCs. Subtypes of TRCs were identified by ectonucleoside triphosphate diphosphohydrolase, G 
protein subunit α transducin 3, transient receptor potential cation channel 5, or otopetrin 1. Stem cell markers used were cytokeratin 14, B cell-specific Moloney murine 
leukemia virus integration site 1, SRY-box 2, leucine-rich repeat-containing G-protein coupled receptor LGR4/5/6 marker genes, while cytokeratin 13 is a marker of 
mature epithelial cells.
Abbreviation: TRC, taste receptor cell.
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Figure 2. Effect of growth factor withdrawal on growth and/or differentiation of porcine taste organoids. (A) Expression of stem cell markers after 
growth factor withdrawal from LPM. Withdrawal of SHH, Wnt3a, RSO2, CHIR99021, Noggin, and PGE2 significantly decreased the expression of 
LGR6, while withdrawal of FGF10 significantly increased its expression. The expression of BMI and SOX2 was significantly decreased by the 
withdrawal of RSO2, CHIR99021, and Noggin, while withdrawal of PGE2 significantly increased the expression of SOX2. (B) The expression of type I 
TRC marker ENTPD2 was significantly decreased by the withdrawal of RSO2, CHIR99021, Noggin, and PGE2. The expression of GNAT3, a type II TRC 
marker, demonstrated decreased expression when RSO2, CHIR99021, and Noggin were removed from LPM. When PGE2 was removed, however, 
GNAT3 expression was significantly increased, n = 3. (C) Representative brightfield images of taste organoids grown in LPM and in LPM with each 
factor withdrawn. The withdrawal of Noggin created the most noticeable morphological difference, giving rise to sparse organoid cultures and 
irregular-shaped small organoids, compared to LPM. The withdrawal of RSO2 gave rise to cultures with a higher abundance of cystic organoids, while 
LPM(-)CHIR9902 cultures had a higher abundance of reticulate organoids. Yellow arrows indicate examples of small reticulate organoids; purple arrows 
indicate examples of large cystic organoids. Data are presented as mean ± SEM; n = 3. **** P < .0001, *** P < .001, ** P < .01, * P < .05. P-values 
calculated using ANOVA. Scale bar, 200 µm. 

Abbreviations:FGF10, fibroblast growth factor 10; LPM, Lgr4/6 promoting medium; PGE2, prostaglandin E2; RSO2, R-spondin-2; SHH, human sonic 
hedgehog; TRC, taste receptor cell; Wnt3a, wingless-related integration site 3A.
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cultures also produced organoids (Fig. 3B, right: brightfield 
image, left: H&E) by day 14 in culture.

Dynamic suspension culture organoids were positive for 
CK13 and CK14, which are markers for postmitotic epithe
lial, and bipotent stem cells, respectively (54) and for the 
TRC marker CK20 (Fig. 3C). However, dynamic culture led 
to a shift in the transcript levels of the somatic stem cell 
markers, with LGR4 being the most prominent stem cell 
marker in static cultures whereas in dynamic cultures LGR6 
was most prominent (Fig. 3D). LGR6 expression in dynamic 
cultures had a multifold increase over comparable static cul
tures while the inverse was observed for the expression of 
LGR4 (Fig. 3E). Although not statistically significant, there 
was increased expression of the taste progenitor cell marker 
SOX2 in the static cultures compared to dynamic cultures 
(Fig. 3E). The expression of mature TRC markers GNAT3, 
TRPM5, and OTOP1 were significantly upregulated 
(P < .05; n = 3) in the taste organoids grown in dynamic cul
ture vs static culture (Fig. 3F).

While spontaneous differentiation into TRCs was observed 
in organoids grown in LPM, we further tested 8 different me
dia formulations for improved taste organoid differentiation 
using parallel organoid cultures as indicated in 
Supplementary Fig. S3C (30). Based on the expression of 
TRC marker genes and morphological characteristics 
[Supplementary Fig. S3C and S3D (30)], media C5 was se
lected to conduct subsequent differentiation experiments. 
C5 media was formulated by removing growth factors 
Wnt3a, SHH, nicotinamide, CHIR99021, A8301, and 
SB202190 from LPM and adding IGF1, IGF2, exendin-4 (a 
GLP-1 receptor agonist), DAPT (γ-secretase inhibitor), and 
interleukin 22 to promote differentiation and enhanced ex
pression of transcripts for TRC marker genes. Established or
ganoid cultures were fed with LPM from days 0 to 10 and then 
transferred to the C5 medium and harvested on day 16 (C5 or
ganoids), while a parallel culture was maintained in LPM for 
the same duration (LPM organoids) for comparison. C5 orga
noids exhibited significant upregulation of all mature TRC 
markers while the expression of LGR6 was significantly 
downregulated (Fig. 3G). The expression of SOX2, however, 
was not different between LPM and C5 organoids. LPM and 
C5 organoid cultures, by brightfield, showed significant differ
ences in their morphology in that, at day 16, C5 organoids 
were smaller, denser, and reticulated in nature compared to 
LPM organoids that maintained their typical morphology of 
a mix of cystic and reticulate organoids that were more circu
lar and uniform in shape (Fig. 3H).

IGF1/IGF2 signaling is necessary for the maintenance of 
LGR6/SOX2 expression and hence for the growth and differ
entiation of foliate taste organoids.

As we observed in mouse and human taste buds (11), in
sulin protein is present in pig taste buds within taste papillae 
(Fig. 4A). Pig insulin was extracted from taste papillae 
(CVP, Fig. 4A, top panel) by classic acid-ethanol extraction 
and when CHO-IR cells (55) were serum starved for 5 hours 
and treated with the extracted insulin for 5 minutes (Fig. 4A,
top panel), phosphorylation of the insulin receptor (pIR-β, 
Tyr1162/1163) and the activation of the downstream sig
naling proteins IRS1/2 (pIRS1/2 Tyr612) and pAkt 
(Ser473) occurred only in the CHO-IR cells (Fig. 4A, bottom 
left). As a control, CHO cells were treated with human insu
lin (10 nM), in which no activation of pIR(Tyr1162/1163) 
or p-Akt(Ser473) was observed [Supplementary Fig. S4A 

(30)]. This establishes the existence of biologically active in
sulin in pig taste papillae. Insulin was also shown to be pre
sent by immunofluorescent staining (Fig. 4A, bottom right 
panel).

Having now shown that pigs in addition to mice, rats, and 
humans produce biologically active insulin in type II TRCs in 
posterior papillae, we wanted to decipher the importance of 
insulin in the growth and differentiation of our pig taste orga
noids. Increasing the concentration of insulin was previously 
shown to have a detrimental effect on the growth and differ
entiation of mouse taste organoids (56); hence LPM was for
mulated using insulin-free supplements, thus enabling us to 
investigate the effects of insulin, IGF1, and IGF2, when added 
individually, to pig taste organoids. Supplementing LPM with 
a minimum of 10 nM human insulin was essential for the 
proper growth of the taste organoids as evident in the bright
field images of organoid cultures in increasing insulin concen
tration from 0 to 50 nM (Fig. 4B). In contrast to the work 
described on mouse taste organoids, increased concentrations 
of insulin did not show any morphologically detrimental ef
fect on the organoids under the brightfield microscope. In 
fact, higher concentrations of insulin resulted in denser orga
noid cultures with a higher number of reticulate organoids 
(Fig. 4B). The necessity of insulin for the proper growth of 
the taste organoids is further affirmed by the statistically sig
nificant multifold increase observed in transcript levels of 
LGR6 and SOX2 (P < .001 and P < .05, respectively) in orga
noid cultures grown in >10 nM insulin. Supplementing cul
ture media with insulin (>10 nM) also upregulated the 
expression of mature taste cell markers in a concentration- 
dependent manner, without affecting levels of BMI1 
(Fig. 4C), a transcript associated with epithelial cell progeni
tors (57). Substitution of insulin with IGF1 or IGF2 did not 
yield morphological differences in comparative organoid cul
tures (Fig. 4D). In terms of the upregulation of taste stem cell 
markers and mature TRC markers, LPM supplemented with 
IGF2 performed better than LPM supplemented with IGF1, 
particularly at the 20 and 50 ng/mL concentrations. IGF1, 
however, significantly increased BMI1 expression compared 
to IGF2 in comparable cultures under different concentrations 
spanning 0 to 50 nM (Fig. 4E). Thus, we have demonstrated 
that insulin/IGF signaling is necessary for the growth and dif
ferentiation of taste organoids, a fact that has been in conten
tion (56).

Differentiation of Taste Organoids into Insulin 
-producing Structures
Taste organoids grown in LPM harvested on day 14 and 
beyond exhibited expression of marker genes for mature 
TRCs—ENTPD2, GNAT3, and OTOP1—indicating the 
presence of types I, II, and III TRCs, respectively (as described 
earlier). Moreover, we detected insulin protein in these orga
noids by IF as depicted in Fig. 5A, where a subset of mature 
CK20-positive TRCs co-stain for insulin. As complementary 
evidence (depicted in Fig. 5B), we detected the expression of 
transcripts for insulin and 2 of its critical transcription factors, 
PAX4 (58) and MAFA (59), both in mature taste organoids 
and in pig native tissue. Although not statistically significant, 
organoids grown in LPM in dynamic culture had increased ex
pression of insulin and its essential transcription factors 
(PAX4 and MAFA) compared to static LPM cultures 
(Fig. 5C).
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Figure 3. C5 media and dynamic culture in simulated microgravity alter stem cell marker expression and upregulate TRC marker expression. (A) 
Brightfield microscopy images of taste organoids (scale bar: 200 μm) grown using static culture (left) and their immunofluorescence staining (right) 
depicting CK20+ mature taste cells are shown in red; nuclei stained for 4′,6-diamidino-2-phenylindole dihydrochloride are shown in blue (scale bar: 
50 μm). (B) Brightfield microscopy images of taste organoids grown in dynamic culture on the left (scale bar: 200 um) and their typical morphology 
depicted via hematoxylin and eosin staining on the right (scale bar: 50 μm). (C) Immunofluorescence staining of taste organoids grown in dynamic 
culture, showing the existence of mature taste cells (CK20) and the taste epithelium (CK13 keratinocytes). Scale bar: 50 μm. (D) Expression of stem cell 
markers LGR4 and LGR6 in static and dynamic cultures. LGR4 is the prominent stem cell marker in static cultures; in dynamic cultures, however, LGR6 
expression is prominent over LGR4 (n = 3). (E) Quantitative RT-PCR data depicting the comparison of taste progenitor cell marker (SOX2), stem cell 
marker (LGR4 and LGR6), and mature taste cell marker expression in static vs dynamic cultures. LGR6 expression in dynamic cultures was significantly 
higher than comparable static cultures, while LGR4 expression was significantly higher in the static cultures. No significant difference in the SOX2 
expression was observed (n = 3). (F) Dynamic culture of taste organoids upregulates TRC marker gene expression. Organoids grown in dynamic 
cultures showed significant upregulation in type II (GNAT3, TRPM5) and type III (OTOP1) TRC markers, although no significant difference in type I 
marker ENTPD2 was observed (n = 3). (G) Comparative expression of stem cell markers (LGR6, SOX2) and mature taste cell markers (ENTPD2, GNAT3, 
TRPM5, OTOP1) in organoids that were transferred to C5 (differentiation media) on day 11 and harvested at day 16 compared to organoids that were 
grown LPM throughout (day 0 to day 16). C5 media appear to significantly downregulate the expression of LGR6 and significantly upregulate the 
expression of all mature TRC markers. No significant difference could be observed in SOX2 expression (n = 3). (H) Brightfield images (at day 11 and day 
16) of taste organoids grown in LPM (day 0 to day 16) and of a parallel culture that was transferred to C5 media at day 11. The C5 organoids appear to be 
smaller and denser reticulate structures by day 16, compared to LPM organoids of similar age. Scale bar: 200 μm. Data are presented as mean ± SEM. 
P-values calculated using ANOVA. **** P < .0001, *** P < .001, ** P < .01, * P < .05. 

Abbreviations: CK20, cytokeratin 20; LPM, Lgr4/6 promoting medium; TRC, taste receptor cell.
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Figure 4. IGF1/IGF2 signaling is necessary for growth, expansion, and differentiation of porcine taste organoids. (A) Insulin is present in pig taste 
papillae. Top panel outlines the process of acid/ethanol extraction of insulin from pig CV and its activation of the insulin receptor in CHO-IR cells. Bottom 
left panel shows an immunoblot of extracts from CHO-IR cells treated with human insulin, vehicle (water), and pig CV papillae acid/ethanol extract. 
Bottom right panel shows pig CV insulin immunostaining. (B) Representative bright field images of taste organoids (day 16) grown in LPM, with 
increasing insulin concentrations. Organoid cultures grown with no insulin in LPM were observed to have the lowest density and the highest number of 
cystic structures. Organoid cultures grown in LPM with >10 nM insulin were denser and more reticulate in structure. Increasing organoid density could 
be observed with increasing concentrations of insulin in LPM. (C) Gene expression analysis of epithelial stem cell, taste stem cell, and mature taste 
markers in taste organoids (harvested on day 16) grown in LPM with increasing concentrations of insulin. The expression of LGR6 was significantly 
higher in LPM (>10 nM insulin) cultures vs LPM (0 nM insulin). The expression of SOX2 follows the same trend with the highest statistically significant 
expression at 50 nM insulin. The highest expression of BMI1 was observed at 10 nM insulin. Both type I (ENTPD2) and type II (GNAT3) taste cell marker 
expression significantly increased in an insulin concentration-dependent manner with the highest expression at 50 nM insulin in LPM. Transcript levels 
of KCNQ1 were not affected by the insulin concentration in LPM (n = 3). (D) Representative brightfield images of organoid cultures (day 16) grown in 
LPM in which insulin was substituted with increasing concentrations of either IGF1 or IGF2 [LPM (IGF1/IGF2)]. Organoid cultures in LPM (>10 ng/mL 
IGF1/IGF2) had a high density of mostly reticulate organoids vs organoid cultures in LPM (0 ng/mL IGF1/IGF2) that were sparser and more cystic in 
nature. The densest cultures were observed at 50 ng/mL IGF1/IGF2. (E) Expression of stem cell and mature taste cell markers in increasing 
concentrations of LPM (IGF1/IGF2). For both LPM (IGF1) and LPM (IGF2), expression of both LGR6 and SOX2 increased in a concentration-dependent 
manner with the highest expression at 20 ng/mL and 50 ng/mL, respectively. Organoids grown in LPM (IGF2) had significantly higher expression of 
both these markers vs LPM (IGF1) at these concentrations as well. For BMI1, however, organoids in LPM (IGF1) had significantly higher expression 
compared to LPM (IGF2) organoids in all concentrations >0 ng/mL. Both LPM (IGF1) and LPM (IGF2) organoids had higher expression of TRC markers 
compared to LPM (−) IGF1/IGF2. For ENTPD2 and GNAT3, LPM (IGF2) organoids had significantly higher expression at 20 ng/mL and 50 ng/mL, 
respectively, whereas for KCNQ1 this was at 10 ng/mL of IGF2. n = 3; P-values calculated using ANOVA. Data are presented as mean ± SEM. 
*** P < .001, ** P < .01, * P < .05. Scale bar, 200 µm. 

Abbreviation: CHO-IR, Chinese hamster ovary expressing the insulin receptor; CV, circumvallate tissue; IR, insulin receptor; LPM, Lgr4/6 promoting 
medium.

Endocrinology, 2025, Vol. 166, No. 9                                                                                                                                                                13
D

ow
nloaded from

 https://academ
ic.oup.com

/endo/article/166/9/bqaf126/8221664 by O
dense U

niverstetsbibliotek user on 21 April 2026



Due to the potential utility of pig taste organoids as a model 
to study lingual insulin production and function, we wanted 
to optimize insulin expression in the differentiated TRCs 
within the organoids. Inhibition of FOXO1 in intestinal orga
noid cells was used to enhance insulin expression through the 

upregulation of PDX-1 (60). The addition of the small mol
ecule FOXO1 inhibitor AS1842856 to C5 (C5 + iFOXO1 me
dia) resulted in significant upregulation of LGR6 and BMI1 
and downregulated the expression of SOX2 and KCNQ1 in 
comparison to taste organoids grown in LPM. However, it 

Figure 5. Improved insulin and insulin transcription factor expression in CQ media for taste organoids. (A) Insulin is produced in taste organoids. CK20 
(red) and insulin (green) immunofluorescence staining on taste organoids grown in LPM, harvested on day 16. CK20 is a marker for mature TRCs. Note 
that only a subset of CK20 cells is co-stained with insulin, upholding our previous observation that only type II TRCs are capable of producing biologically 
active insulin. Scale bar, 50 µm. (B) Bar graphs depicting the quantitative RT-PCR data on the expression of insulin and insulin transcription factors 
(PAX4, MAFA) in porcine foliate taste organoids grown in LPM in comparison to native foliate tissue (n = 4; ie, tissue from 4 separate pigs and their 
corresponding organoids). (C) Quantitative RT-PCR data comparing the expression of insulin and its essential transcription factors, MAFA and PAX4, in 
static and dynamic cultures. Though not significant, dynamic cultures in LPM do appear to increase the expression of insulin, MAFA, and PAX4 in 
comparison to parallel static cultures in LPM (n = 3). (D) Bar graphs showing quantitative RT-PCR data comparing the expression of insulin and insulin 
transcription factors in organoids grown in LPM and CQ media. A multifold increase in the expression of insulin and its transcription factors could be 
observed in organoids grown in CQ media (n = 4). (E) Total insulin assayed using porcine insulin ELISA, produced in organoids grown in CQ, in 
comparison to organoids grown in LPM. CQ organoids produce a significantly higher amount of insulin protein in comparison to LPM organoids. Mean 
of 3 separate experiments (n = 3). (F) Brightfield microscope images of different organoid morphologies exhibited by organoid cultures grown (parallel) 
in LPM (from day 0 to day 17) and in CQ media (day 0 to day 10 in LPM, day 10 to day 17 in CQ). A stark difference in the organoid morphologies could be 
observed in LPM and CQ cultures at day 17, where CQ organoids appear as dark, dense structures. Scale bar, 200 µm. (G) Serotonin 
immunofluorescence staining (red) of mature taste organoids providing clear evidence of serotonin produced in the taste organoids. Scale bar, 50 µm. 
(H) Total insulin measured using porcine insulin ELISA, produced in mature taste organoids grown in LPM and treated overnight with forskolin (1 µM), 
serotonin (5 µM), denatonium (1 mM), forskolin + serotonin, denatonium + serotonin. Overnight treatment with forskolin significantly increased insulin 
production, while serotonin treatment reduced its production. Treating with denatonium did not yield any significant difference in the total insulin 
produced. When forskolin or denatonium was combined with serotonin, there was a significant reduction in the total insulin production (n = 3). Values 
presented as mean ± SEM. P-values calculated using ANOVA. **** P < .0001, *** P < .001, ** P < .01, * P < .05. 

Abbreviations: CQ, quiescence condition; LPM, Lgr4/6 promoting medium; TRC, taste receptor cell.
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(C5 + iFOXO1) did not impede the expression of insulin, 
MAFA, and PAX4 compared to C5 organoids, which already 
exhibited a significant upregulation in INS/MAFA/PAX4 ex
pression compared to LPM organoids [Supplementary 
Fig. S4B (30)]. Next, we induced quiescence through the com
bined inhibition of epidermal growth factor receptor signal
ing, Wnt, Notch, and MAPK pathways using small molecule 
inhibitors of these pathways (61) [see Supplementary 
Table S4 (62) for details]. The CQ media is C5 without epider
mal growth factor but with SCH772984, Mirdametinib, 
Afatinib, AZD-8055, and Gefitinib, IWP-2, and the FOXO1 
inhibitor AS1842856 (note C5 media already has DAPT, a 
Notch inhibitor). The organoids were first grown in LPM, 
transferred to CQ media on day 10, and then harvested on 
day 16. Control samples were grown in LPM from days 0 to 
16. Organoids transitioned into CQ media on day 10 and har
vested on day 16 had more than a 3739-fold ±546 (n = 4) in
crease in the expression of insulin and its transcription factors 
PAX4 (7312 ± 1338 fold; P < .0001; n = 4) and MAFA (5908  
± 2631 fold; P < .0001; n = 4) compared to control samples 
(Fig. 5D). CQ organoids also demonstrated significant upre
gulation of SOX2 (26 ± 4 fold; P < .0001; n = 4) and 
KCNQ1 (146 ± 20 fold; P < .0001; n = 4) expression 
[Supplementary Fig. S5A (30)].

To demonstrate that insulin is fully processed (transcribed 
and translated) in our taste organoids, we performed a pig- 
specific insulin ELISA on acid-ethanol insulin extractions 
from LPM and CQ organoids. When normalized to total pro
tein, insulin content from CQ organoids was significantly in
creased (6.5 ± 0.5, fold, P < 0.01) relative to LPM (Fig. 5E). 
Distinct morphological differences could also be observed in 
the organoids treated with CQ media where they grew into 
small, dense, irregular-shaped structures without well-defined 
borders, in stark contrast to LPM grown (control) organoids 
(Fig. 5F). We further analyzed the transcriptomic profile of or
ganoids grown in CQ media in comparison to LPM organoids 
using poly(A) enriched RNA-Seq data, which revealed clear 
heterogeneity in their gene expression. PCA of their transcrip
tomic profiles revealed separation of CQ and LPM samples 
into 2 clear clusters in 3D space [Supplementary Fig. S5B 
(30)]. Differential gene expression analysis (CQ vs LPM) re
vealed 3139 downregulated and 1830 upregulated genes in 
the CQ organoids compared to LPM (−log P-value >1.3 
and |Log2FC|>1). Genes such as MAFA, MAFB, and 
ONECUT1(HNF6), which play pivotal roles in pancreatic de
velopment, β-cell function, insulin synthesis, and glucose me
tabolism, were significantly upregulated in CQ organoids (63- 
65). Serotonin receptors HTR2B and HTR7 were also signifi
cantly upregulated in the CQ organoids, while HTR6 was 
downregulated. KCNQ1, GNAT3, SOX2, and LGR6 were 
downregulated in the CQ organoids [Supplementary 
Fig. S5C (30)]. Pathway enrichment analysis (using Qiagen 
IPA) of DEGs revealed upregulation of BMP signaling, P13/ 
AKT signaling, insulin receptor signaling, GABAergic recep
tor signaling, p-53 signaling, and semaphoring interactions 
[Supplementary Fig. S5D (30)]. Cell signaling pathways such 
as Notch signaling, FGF and MAPK signaling, senescence 
pathways, and chromosomal replication were downregulated 
in CQ organoids [Supplementary Fig. S5E (30)].

We have found that insulin release is under regulatory con
trol by serotonin in the choroid plexus (12), and we detected 
by IF the expression of serotonin in our mature taste organo
ids cultured in LPM (Fig. 5G). To determine how insulin 

synthesis is regulated in the taste organoids, we tested insulin 
production in pig taste organoids in response to a bitter taste 
stimulusdenatonium benzoate, a neurotransmitter serotonin, 
and as gustatory stimuli modulate cAMP, the second messen
ger signaling moiety (66), forskolin. As shown in Fig. 5H, ma
ture organoids grown in LPM for 14 days were washed and 
treated overnight in DMEM/F12 supplemented with forsko
lin, serotonin, denatonium benzoate, forskolin + serotonin, 
and denatonium benzoate + serotonin. Total insulin content 
after overnight treatment was measured in acid-ethanol ex
tractions using porcine insulin ELISA. Insulin content in the 
taste organoids that were treated with forskolin was signifi
cantly (P < .001) elevated, while it was significantly decreased 
in the serotonin-treated organoids (P < .01), compared to con
trol (DMEM/F12 only). Furthermore, organoids treated with 
forskolin + serotonin and denatonium benzoate + serotonin 
both exhibited a significant decrease (P < .005) in insulin con
tent compared to control. No significant difference in insulin 
could be detected in organoids treated with denatonium 
benzoate vs control. We did not detect any difference in the 
transcript levels of TRC markers, insulin, or insulin critical 
transcription factors in these treated organoids relevant to un
treated controls [Supplementary Fig. S6A and 6B (30)]. We 
did detect the expression of serotonin receptors HTR1D, 
HTR2A, HTR4, or HTR7, the transcript levels of which 
were unaffected by the addition of the modulators or any com
bination thereof [Supplementary Fig. S6C (30)]. We found 
that HTR1D is the most highly expressed transcript in taste 
organoids cultured in LPM [Supplementary Fig. S6D (30)]. 
We also observed the expression of tryptophan hydroxylase 
(TPH) as a proxy for serotonin production [TPH1/2 are rate- 
limiting enzymes essential for the biosynthesis serotonin (67)] 
by qRT-PCR [Supplementary Fig. S6E) (30)] with TPH2 
being the most highly expressed enzyme. Transcript levels of 
either hydroxylase were not affected by the addition of sero
tonin, forskolin, or denatonium benzoate or combinations 
thereof [Supplementary Fig. S6F (30)]. Thus, we found by 3 
different methods (qRT-PCR, immunostaining, and ELISA as
say) that insulin is transcribed and translated in pig taste papil
lae organoids and that insulin in pig TRCs is biologically 
active and its production is stimulated by cAMP, a process 
likely subject to negative regulation by serotonin. Similar to 
the cells of the choroid plexus cells that make fully mature in
sulin but do not express PDX-1 (12), we would not expect in
sulin release from TRCs to be under glucose control.

Discussion
In this study we comprehensively characterized the cellular 
composition, growth, and differentiation of LGR4/6 express
ing taste organoids derived from pig foliate taste tissue. We 
optimized growth conditions for the organoids by systematic
ally varying media components and monitored gene expres
sion in organoids maintained and passaged long term so we 
could generate a taste organoid model that could be used by 
researchers. Initially, we grew 3D “organoid” structures 
from single cells/tissue clumps (P0) and then from single cells 
(P1 onwards) that contain both dividing cells (Ki67+) and ma
ture TRCs (eg, TRPM5+, CK20+). Furthermore, our taste or
ganoids had upregulated expression of type II (GNAT3, 
TRPM5), and sour-detecting (OTOP1) TRC markers as 
well as stem (LGR4/6) and pluripotency/taste progenitor 
cell markers (SOX2) in comparison to the originating foliate 
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tissue from which they were derived. Dynamic suspension cul
ture increased expression of TRC transcripts, and dynamic 
and long-term culture produced organoids with a more homo
geneous distribution of stem, epithelial, and TRCs lacking the 
apical-basal polarization observed in early passages. We show 
that insulin is essential for the growth and differentiation of 
taste stem cells and that IGF1/2 can substitute for insulin in 
maintaining a robust culture. We found by 3 different meth
ods (qRT-PCR, immunostaining, and ELISA assay) that insu
lin in transcribed and translated in pig taste papillae and 
organoids. We tested methods of enhancing hormone produc
tion (61, 68), showing that inhibition of growth factors and 
induction of quiescence is extremely effective at increasing in
sulin transcription and translation in type II taste receptor 
cells, which are terminally differentiated cells. Lastly, we dem
onstrate that the insulin produced in TRCs is biologically ac
tive and its production is stimulated by cAMP, a process likely 
subject to negative regulation by serotonin. Indeed, expression 
of HTR1A, a Gi coupled G-protein coupled receptor, specific
ally in the insulin-producing type II taste cells of rats, was al
ready reported in previous studies (69).

The LGR4/6 promoting media developed by us was primar
ily based on DMEM/F12 and conditioned by the addition of 
multiple growth factors comprising both small molecules 
and peptides previously shown to promote Wnt/β-catenin sig
naling (6) and to promote taste organoid formation in mice (7, 
8, 45, 48, 49, 70). In accordance with the literature discussing 
both taste and non-taste organoids (7, 45, 71), growth factors 
such as Wnt3a, Rspo2, CHIR99021, Noggin, and PGE2 were 
essential in maintaining taste stem cells (LGR6 expression) 
and for differentiation in our taste organoids. More specifical
ly to taste organoids, SHH has been shown to be an upstream 
positive regulator of SOX2, and hedgehog signaling is re
quired for TRC differentiation (8, 40). Removal of SHH 
from LPM did not significantly affect the density of organoid 
growth or the transcript levels of SOX2 and TRC marker 
genes but did significantly reduce LGR6 expression. This indi
cated SHH may be required for lingual stem cell maintenance 
but not for TRC differentiation. This agrees with observations 
in cultured mouse taste organoids where the addition of a 
Smoothened agonist in the differentiation phase did not in
crease TRC marker gene expression in SOX2 enriched orga
noids (8). Removal of FGF10 from LPM resulted in 
upregulation of LGR6 expression but had no significant ef
fects on TRC marker gene expression, which agrees with ob
servations in the mouse that FGF10 controls the size of the 
progenitor field (72-74). Interestingly, the absence of PGE2 
in the media appears to upregulate transcript levels of both 
SOX2 and GNAT3 while downregulating those of LGR6 
and ENTPD2. There are several reports that PGEs play an im
portant role in stem cell maintenance/proliferation and en
hancement of organoid formation (75-77). However, it is 
not clear whether PGE2 could be used to direct differentiation 
into specific TRC subtypes, which could be explored further in 
this organoid model.

Organoids that had only been passaged once and then har
vested on day 14 had higher LGR6 and LGR4 transcript ex
pression compared to the foliate tissue of origin. Of note, 
LGR5 transcript expression was not detected by qRT-PCR 
in native foliate tissue or in any of our cultures, either static 
or dynamic. Gene expression profiling of our taste organoids, 
supported by both qRT-PCR and poly(A) enriched RNA-Seq 
data, indicates upregulated expression of mature TRC 

markers such as KCNQ1, GNAT3, and OTOP1. However, 
the expression of ENTPD2, a marker for type I TRCs, was sig
nificantly downregulated in the RNA-Seq data as well as hav
ing much lower expression in the qRT-PCR data compared to 
native taste tissue. This is possibly due to some remnant of 
muscle tissue being present on the foliate papilla. We chose 
to do scRNA-Seq analysis on day 14 of culture post-passaging 
to facilitate the capture of a broader spectrum of cell types in
clusive of both proliferating and differentiating cells. This 
could account for the smaller cluster of cells that are enriched 
in TRC gene markers.

Rodent taste organoids have been shown to spontaneously 
differentiate into TRCs, which we also observed here with our 
pig taste organoids (7, 48, 49). In addition to removing 
growth factors as had been done previously with mouse taste 
organoids (8), we also tried 8 different media compositions 
with added differentiation factors to optimize expression of 
TRC marker transcript levels. We developed C5, a medium 
to enhance TRC marker transcript expression in differentiated 
organoids, which was clearly permissive to significantly upre
gulating all TRC markers as well as upregulating expression 
of insulin and its transcription factors while downregulating 
the expression, in general, of stem cell markers. When com
pared to organoids grown in LPM only, C5 organoids showed 
clear morphological differences under brightfield microscopy, 
where they were comparatively denser and reticulated.

Early passage taste organoids grown in static LPM culture 
exhibited a cellular organization that consisted of a stratified 
proliferating outer cell layer encompassing the mature TRCs 
in the middle. However, late passage organoids (in static 
LPM culture) contained mature TRCs dispersed throughout 
organoids, and the cells could be found both in the periphery 
and the center of organoids. This contrasts with what is previ
ously described for murine-derived taste organoids; they had 
to be transferred into suspension culture to alter the apico
basal orientation of the organoids (70). The gene expression 
profile of early and late passage (P2 and P10) organoids 
from the same cell line also bore significant differences in 
terms of stem cell, taste progenitor, and TRC marker gene ex
pression. These differences in self-organization and gene ex
pression could be due to physiological differences that occur 
in organoid biology when a cell line undergoes continuous 
passaging. H&E staining of the organoids typically showed 
reticulate and cystic structures with budding and 
organoid-within-organoid morphologies.

The same pig cell line showed a marked difference in gene 
expression profiles when cultured in static and dynamic cell 
culture systems, with statistically significant upregulation in 
transcripts of mature TRC markers in dynamic cultures. 
Dynamic suspension culture of the organoids in LPM had im
proved stem cell marker (LGR6) and mature taste cell marker 
expression (GNAT3, TRPM5, OTOP1) compared to static 
LPM cultures. Insulin and its transcription factors were also 
upregulated in the dynamic culture. The most interesting dif
ference from a stem cell perspective, however, was in the al
tered expression of LGRs in the dynamic culture system, in 
comparison to both static culture and native taste tissue. In 
taste organoids in dynamic culture, there was significant upre
gulation of LGR4 compared to LGR6 and compared to 
LGR6 itself in the comparable static culture. Hence, the 
most highly expressed stem cell marker for the dynamic cul
tures was LGR6, but in static cultures it was LGR4. Thus, dy
namic suspension culture might be the optimal culture system 
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for maintaining both LGR6 and TRC expression levels over 
long-term expansion in vitro. Similar to mouse taste organo
ids grown in suspension culture (70), our pig taste organoids 
grown in dynamic culture lacked apico-basal polarity. In dy
namic culture, TRC-expressing cells can be found on the ap
ical side and throughout the organoids (Fig. 3C), whereas in 
early passage static culture they are concentrated in the center 
surrounded by a stratified layer of proliferating cells (apico- 
basal) as shown in Fig. 1C.

Following on from our previous findings in rodent and hu
man taste papillae (11), we successfully demonstrate that insu
lin is also transcribed and translated in pig taste papillae and 
papillae-derived taste organoids. We also addressed the ques
tion of the function(s) of lingual insulin. One intriguing possi
bility is that insulin is necessary for taste papillae/TRC 
development. It was already reported that increased concen
tration of insulin in culture media was detrimental to the ex
pression of mature TRC and taste progenitor cell markers in 
rodent taste organoids (56). Our pig organoids, however, 
thrived in LPM supplemented with comparable high insulin 
concentrations. In fact, an insulin concentration of 10 nM 
or higher was essential for the normal growth and differenti
ation of pig taste organoids. The behavior was similar when 
insulin was replaced with either IGF1 or IGF2. When com
pared to each other, IGF2 upregulated the expression of taste 
progenitor cell and mature TRC markers significantly more 
than IGF1, particularly at concentrations 20 ng/mL and 
above. This could be attributed to the trophic action of 
IGF2 being mediated through the insulin receptor (78). Of 
interest, brain organoids also require insulin for their growth 
and differentiation (79), and insulin/IGFs have been described 
to play an essential role in the maintenance and neuronal de
velopment of the central nervous system (80). While insulin 
supplementation is required for organoid development, the 
potential contribution of endogenously produced insulin to 
organoid growth or progenitor maintenance has not been as
sessed. Given the expression of insulin in a subset of cells, it is 
possible that locally produced insulin may act in an autocrine 
or paracrine fashion to support epithelial renewal, independ
ent of systemic glucose levels, which this model could be used 
to test.

We then examined the possibility of modifying C5 to in
crease insulin protein levels in our taste organoids. 
Inhibiting the expression of the transcription factor FOXO1 
is known to promote the generation of insulin-producing cells 
in human induced pluripotent stem cells derived gut organoids 
(68); however, the addition of a small molecular inhibitor of 
FOXO1 did not increase insulin transcription in the organoids 
grown in C5. We then used quiescence-inducing factors as de
scribed in the literature (61) to further modify the C5 media 
and arrive at CQ media that induces >1000-fold increase in 
the expression of insulin and its transcription factors 
(MAFA and PAX4) in the taste organoids. The organoids 
were grown in LPM from days 0 to 10, subsequently trans
ferred to C5/CQ media at the end of day 10, and harvested 
on day 16, giving them enough time to differentiate and pro
duce mature TRCs. CQ media drastically increased 
(∼3700-fold increase) the expression of insulin and its tran
scription factors and produced organoids that were morpho
logically different from both C5 and LPM organoids.

The existence of serotonin and its receptors leads us to hy
pothesize that insulin expression in this context is under sero
tonin control; this is in line with our previous work on the 

expression of insulin and regulation of insulin secretion in 
choroid plexus (12). Exogenous/endogenous serotonin is like
ly acting via the HTR1 family of serotonin receptors, whose 
expression was already previously reported in rat type II taste 
cells (69) and confirmed to be the serotonin receptor with the 
highest levels of expression in our pig taste organoids 
[Supplementary Fig. S6D (31)], leading to inactivation of ad
enylyl cyclase and consequent reduction of intracellular 
cAMP.

The choice of the pig to study taste organoids is not an eso
teric one and is grounded in the knowledge that human physi
ology (81, 82) and somatic stem cell growth and 
differentiation (83) are more akin to that of pigs than rodents. 
Given their similarity to humans, kidneys from genetically 
modified pigs have now been safely transplanted into humans 
to successfully resolve renal failure (84, 85). As we have been 
able to culture the taste organoids long term, we have demon
strated the potential for unlimited expansion in vitro, negating 
the need to routinely house and euthanize pigs for this particu
lar purpose. From a physiological standpoint and for the sake 
of completeness, it will be necessary to know exactly how lin
gual insulin transcription, translation, and release are regu
lated. As for potential functions above and beyond being 
required for taste stem cell growth and differentiation, 
whether lingual insulin acts a modifier of taste perception or 
plays a role in local muscle structure and function or local 
fat deposition in the posterior of the tongue remain to be 
studied.

A limitation of this study is that due to constraints in avail
able experimental resources, we were unable to validate most 
findings at the protein level. We found very few antibodies 
that reliably cross-react with pig proteins, and the somatic 
cell markers LGR4/5/6 are very lowly expressed, such that or
ganoid researchers normally rely on endogenous labels to de
tect protein expression of the cells both in mouse (6) and 
genome editing of the LGR5 locus with reporter labeling in 
human organoids (86). Furthermore, while some transcrip
tional parallels exist between TRC lineages and pancreatic β 
cells, these comparisons warrant further investigation, which 
could be facilitated by comparing transcriptomic and prote
omic data from taste organoids directly with those from islets. 
Therefore, the work reported herein provides a platform for 
studying insulin expression in taste organoids and to under
stand extra-pancreatic insulin release and function.
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