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R-spondin 1 and noggin facilitate expansion of
resident stem cells from non-damaged gallbladders
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Abstract

Pioneering studies within the last few years have allowed the
in vitro expansion of tissue-specific adult stem cells from a variety
of endoderm-derived organs, including the stomach, small intes-
tine, and colon. Expansion of these cells requires activation of the
receptor Lgr5 by its ligand R-spondin 1 and is likely facilitated by
the fact that in healthy adults the stem cells in these organs are
highly proliferative. In many other adult organs, such as the liver,
proliferating cells are normally not abundant in adulthood.
However, upon injury, the liver has a strong regenerative potential
that is accompanied by the emergence of Lgr5-positive stem cells;
these cells can be isolated and expanded in vitro as organoids. In
an effort to isolate stem cells from non-regenerating mouse livers,
we discovered that healthy gallbladders are a rich source of stem/
progenitor cells that can be propagated in culture as organoids for
more than a year. Growth of these organoids was stimulated by
R-spondin 1 and noggin, whereas in the absence of these growth
factors, the organoids differentiated partially toward the hepato-
cyte fate. When transplanted under the liver capsule, gallbladder-
derived organoids maintained their architecture for 2 weeks.
Furthermore, single cells prepared from dissociated organoids and
injected into the mesenteric vein populated the liver parenchyma
of carbon tetrachloride-treated mice. Human gallbladders were
also a source of organoid-forming stem cells. Thus, under specific
growth conditions, stem cells can be isolated from healthy gall-
bladders, expanded almost indefinitely in vitro, and induced to dif-
ferentiate toward the hepatocyte lineage.
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Introduction

The identification and characterization of tissue-specific adult stem

cells is an important goal, not only in terms of understanding

normal tissue biology and homeostasis, but also as a possible means

toward the development of novel therapies. Among the many

organs for which an enhanced understanding of stem cells could

have clinical benefit, the liver ranks high, as there are many causes

of impaired liver function and they are often associated with severe

morbidity [1].

During embryogenesis, the liver originates from the foregut,

which also gives rise to the stomach, small intestine, pancreas, and

gallbladder [2]. The stem cells of the small intestine have been char-

acterized quite well. By lineage tracing experiments, these cells have

been shown to reside at the base of the intestinal crypts and to

express a number of stem cell markers, including the G protein-

coupled receptor Lgr5 [3]. Lgr5, a receptor for R-spondin 1, potenti-

ates Wnt signaling, which in turn stimulates cell division and helps

maintain the stem cell phenotype. The small intestine stem cells can

be isolated as Lgr5-positive cells and, in the presence of R-spondin

1, be propagated indefinitely in tissue culture, as organoids bearing

crypt-like structures [4,5]. It is likely that the high proliferative rate

of Lgr5-positive small intestine stem cells in vivo contributes to the

ability of these cells to establish organoids in vitro.

Unlike the small intestine, proliferating cells are not abundant in

adult healthy livers [6]. However, when damaged, the liver exhibits

regenerative capacity [7,8]. Partial hepatectomy leads to robust

proliferation of hepatocytes and cholangiocytes, which are highly

differentiated cells. However, if hepatocyte proliferation is impaired,

for example, by chemical insult, then liver repair can be facilitated

by the emergence of so-called oval cells resident in the canals of

Hering. Oval cells are bipotent and can differentiate into cholangio-

cytes (also known as biliary epithelial cells) or hepatocytes

[6,9–12].

In mice, the contribution of oval cells and, more broadly, liver

stem cells to acutely induced liver regeneration is limited [13,14].

Nevertheless, chemical damage induces the emergence of Lgr5-positive
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cells in mouse livers, and in the presence of R-spondin 1, these cells

can be expanded in vitro as organoids that can differentiate along

the cholangiocyte and hepatocyte lineages [15]. Intrahepatic biliary

duct (IHBD) cells from adult human livers can also be expanded as

organoids in the presence of R-spondin 1 [16]. Similar to mouse,

these organoids express stem cell markers, such as Lgr5 and Prom1

(prominin-1/CD133).

From a clinical perspective, obtaining an expandable liver cell

population for transplantation would benefit patients with chronic

liver diseases or with genetic defects. However, access to healthy

livers, as a potential source of stem cells, is limited. Here, we

propose an alternative, since we observed that stem/progenitor

cells could be isolated easily from mouse gallbladders. These cells

could be propagated for more than a year in tissue culture as orga-

noids without the need for feeder layers and could be induced to

partially differentiate toward the hepatocyte fate. Using a similar

protocol, stem cells could also be isolated from human

gallbladders.

Results

Establishment of liver and gallbladder 3D cell cultures

In an effort to isolate liver stem cells, non-damaged livers together

with their extrahepatic biliary ducts (EHBDs) and gallbladder were

harvested from 2-month-old mice, minced, and incubated with PBS/

EDTA for 2 h to generate small cell clusters. These cells were then

embedded in Matrigel� and cultured in serum-free media containing

nicotinamide and a cocktail of growth factors (epidermal growth

factor, EGF; fibroblast growth factor 10, FGF10; hepatocyte growth

factor, HGF; R-spondin 1; and noggin). Within a day, numerous

spheroids (organoids) formed. These organoids could be propa-

gated, by weekly passaging, for more than a year, suggesting that

they contained stem cells (Fig EV1). Single cells isolated from these

organoids were also capable of establishing organoids that, again,

could be propagated for prolonged periods of time in tissue culture

(data not shown).

The ability to obtain organoids from non-damaged livers with

such high efficiency was surprising to us, given that in previous

studies, optimization of stem cell isolation was achieved either by

carbon tetrachloride (CCl4)-induced damage to the liver or by flow

sorting for cells expressing specific stem cell markers [15]. We,

therefore, decided to perform a more careful dissection of the liver

and associated biliary tree. Liver lobes were processed separately

from the EHBDs and from the gallbladder. No spheroids were

obtained from tissue fragments derived from the liver lobes,

whereas the gallbladder was a rich source of spheroids. Some

organoids were also derived from the EHBDs, although their

number was much lower than the number of organoids obtained

from the gallbladder (Fig 1A). This experiment was repeated

several times using mice, whose age ranged from 7 days to 1 year,

with identical results (Fig 1B). Thus, the organoids obtained in our

initial experiments most likely originated from the gallbladder and

EHBDs, rather than from the liver parenchyma itself. Overall, these

data suggest that non-damaged gallbladders are a source of stem/

progenitor cells that can be propagated for extended time periods

ex vivo.

R-spondin 1 and noggin facilitate growth of
gallbladder organoids

The growth and survival of small intestine-derived organoids is

absolutely dependent on R-spondin 1 and noggin [4,5]. Organoids

derived from CCl4-damaged livers also require R-spondin 1 for

survival beyond 1–2 weeks [15]. To examine the dependency of

gallbladder organoids on R-spondin 1 and noggin, freshly isolated

gallbladder cells were placed in Matrigel� with full media or full

media lacking R-spondin 1 or noggin or both. Organoids formed and

could be propagated in all conditions tested. However, the orga-

noids grew larger when both R-spondin 1 and noggin were present

(Fig 1C). The differences in organoid size were paralleled by dif-

ferences in the fraction of cells in S phase, as determined by incor-

poration of the thymidine analog EdU (Figs 1D and EV2A).

Furthermore, consistent with noggin being an inhibitor of TGFb
signaling [17,18], a TGFb receptor kinase inhibitor stimulated the
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Figure 1. Derivation of organoids from mouse gallbladder tissue.

A Liver with the extrahepatic biliary ducts (EHBDs) and gallbladder (Liver incl.
Gb), liver lobes, EHBDs, or gallbladder tissues were minced and cultured in
Matrigel� in the presence of R-spondin 1 and noggin. Phase-contrast
microscopy images were acquired 1 week later. Scale bar: 200 lm.

B Liver lobes or gallbladders harvested from 7-day- or 1-year-old mice were
minced and cultured in Matrigel� in the presence of R-spondin 1 and
noggin. Phase-contrast microscopy images were acquired 1 week later.
Scale bar: 200 lm.

C Phase-contrast images of gallbladder organoids cultured for 3, 7, or 10 days
in the presence (+) or absence (�) of R-spondin 1 (R) and/or noggin (N), as
indicated. The same organoid was photographed at each time point. Scale
bar: 200 lm.

D Fraction of EdU-positive (EdU+) cells in organoids cultured for 5 days in
media containing R-spondin 1 and/or noggin, as indicated. The results,
presented as means and standard errors, are derived from three
independent experiments, each examining five organoids per condition.
Statistically significant differences: +R+N vs. �R�N (P < 0.001); +R�N vs.
�R�N (P < 0.05); �R+N vs. �R�N (P < 0.05).
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formation of very large organoids in the absence of noggin, but not

R-spondin 1 (Fig EV2B).

In conclusion, these results show a dependency of gallbladder-

derived organoids on R-spondin 1 and noggin. However, this depen-

dency was much lower than for small intestine organoids, since the

latter do not survive in tissue culture even for a few days in the

absence of R-spondin 1 [4].

Gene expression patterns in gallbladder organoids

As a first step toward characterizing the gallbladder-derived orga-

noids, we determined the expression levels of 21,258 annotated

transcripts using gene expression arrays. For comparison, we also

analyzed organoids derived from livers including the EHBDs and

gallbladder (hereafter, liver organoids), organoids derived from the

small intestine and freshly harvested gallbladder, liver, and small

intestine tissue. For each organoid/tissue, two independent biologi-

cal replicates were examined and, in all cases, the concordance

between the replicates was very high (R2 between 0.93 and 0.99;

Fig EV3A and B). The quality of the array expression data was

further examined by selecting 114 genes implicated in stem cell or

gallbladder and liver biology and determining their expression levels

in all our samples (organoids and tissues) using Nanostring�, a

method that relies on single molecule counting. The concordance

between the array and Nanostring� data was also very high

(R2 = 0.77) with discrepancies observed primarily in the context of

genes expressed at very low levels, reflecting the different sensitivi-

ties of the two assays (Fig EV3C; Dataset EV1).

To probe the relation between the gallbladder, liver, and small

intestine organoids, we first compared the expression of all 21,258

transcripts in these samples. The gallbladder and liver organoids

had very similar gene expression patterns (R2 = 0.95), while the

small intestine organoids had more divergent patterns (R2 = 0.82;

Fig EV3D). The high similarity between gallbladder and liver orga-

noids is consistent with the liver organoids originating primarily

from the gallbladder and EHBDs and reflects our inability to obtain

organoids from the lobes of healthy livers (Fig 1B).

To further explore whether the organoids from the entire liver

were primarily of gallbladder origin, we focused on expression of

tissue-specific genes. For the purposes of this study, tissue-specific

genes were defined as the genes, whose expression was at least

twofold higher in one tissue, as compared to each of the other two

tissues being analyzed. This criterion identified 413 gallbladder-

specific, 190 liver-specific, and 572 small intestine-specific genes

(Fig 2A; Dataset EV2). Interestingly, the gallbladder and liver orga-

noids expressed the gallbladder tissue-specific, but not the liver- or

small intestine tissue-specific genes, whereas the small intestine

organoids expressed the small intestine-specific genes (Fig 2A).

These results suggest that the organoids maintained the gene

expression patterns of the tissue from which they were derived and

are consistent with the entire liver organoids being primarily of

gallbladder and EHBD origin. Interestingly, the list of gallbladder

tissue-specific genes included the stem cell marker Prom1 and the

transcription factor Sox17 [19] (Figs 2A and EV4).

As part of this analysis, we also identified genes that were

expressed in the gallbladder and liver tissues, but not in the small

intestine, again applying twofold differences in expression as the

threshold. A total of 250 genes fit these criteria; of these, 115 were

also expressed in the gallbladder organoids at levels comparable to

those in gallbladder tissue (Fig 2B and D), whereas the remaining

135 genes were expressed at lower levels in the gallbladder orga-

noids (Fig 2B; Dataset EV3).

We concluded the gene expression array analysis by identifying

organoid-specific genes. These were defined as the genes, whose

expression in the gallbladder and small intestine organoids differed

by more than twofold (higher or lower) from their expression in the

tissues. Twenty-nine genes were expressed at higher levels in the

organoids, including the stem cell markers Lgr5, Msh2, Sox4, and

Sox9 and two genes, Phgdh and Psat1, that function in the metabolic

pathway that converts 3-phosphoglycerate to phosphoserine [20,21]

(Fig 2C and D; Dataset EV4). The list of genes whose expression

was lower in the organoids, included Lrp1, a gene that inhibits

canonical Wnt signaling [22] (Figs 2C and EV4). However, most of

the other genes in this category were genes expressed by connective

tissue cells, simply reflecting the fact that the organoids, but not the

tissues, consist entirely of epithelial cells.

Expression of stem and biliary cell markers in gallbladder-
derived organoids

The gallbladder has a common developmental origin with EHBDs.

Indeed, several genes in the gallbladder-specific cluster, such as

Cd44, Prom1, and Sox17 (Fig 2A), are also expressed in extrahepatic

biliary epithelial cells [23,24]. Thus, to further characterize the gall-

bladder-derived organoids, we examined by immunofluorescence

the expression of selected biliary cell markers using liver tissue as

control. Prom1 (prominin-1/CD133), Cldn3 (claudin-3), Epcam

(epithelial cell adhesion molecule), and Itga6 (integrin A6) were all

highly expressed in the gallbladder organoids, whereas their expres-

sion in the liver was restricted to the bile ducts (Cldn3 and Itga6) or

was not observed (Fig 3).

As expected, gallbladder and EHBD tissues also stained positive

for biliary cell markers, including Krt19, Sox17, and A6 (Fig 4A).

Interestingly, most A6-positive cells of the gallbladder and EHBDs

also expressed Hnf4a, which is considered to be a hepatocyte marker

(Fig 4B). Co-expression of biliary and hepatocyte markers is charac-

teristic of embryonic hepatoblasts [25] and is also observed in peri-

portal hepatocytes of regenerating livers [26], but generally not in

healthy livers (Fig 4B). Apparently, in the gallbladder tissue and

organoids, there is expression of both biliary cell markers and mark-

ers considered to be hepatocyte specific (Figs 2B, 3, 4 and EV4).

Finally, we also examined in gallbladder organoids, by

immunofluorescence, the intracellular localization of Yap1, a down-

stream target of the Hippo pathway. Yap1 exhibited nuclear local-

ization in the organoids, but was cytoplasmic in the liver (Fig 3),

consistent with the intracellular localization of Yap1 being a key

determinant of its pro-proliferative activity [27].

Differentiation of gallbladder organoids in vitro

Stem cell cultures have the potential to serve as a replenishable

source of differentiated cells. Given the common origin of the gall-

bladder and liver during embryonic development and the expression

of hepatocyte markers in gallbladder epithelial cells (Figs 2B, 4 and

EV4), we examined whether the gallbladder organoids could be

induced to differentiate along a hepatocyte fate.
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We tried a number of protocols to induce the differentiation of

gallbladder organoids and in the end converged on simply removing

R-spondin 1, noggin, and nicotinamide from the media for a period

of 2 weeks. At the end of this time period, we determined the

expression levels of the same 21,258 annotated transcripts, as cited

above, using gene expression arrays. Two independent biological

replicates were examined, yielding highly reproducible results

(R2 = 0.99). The gene expression levels in the differentiated orga-

noids were then compared to the levels in the non-differentiated

organoids and in gallbladder and liver tissues. Only a small number

of genes showed changes in gene expression greater than twofold,

indicating incomplete differentiation (Dataset EV5). Sixty-seven

genes were upregulated upon differentiation (Fig 5A); these

included two liver-specific genes, Cyp2c40 and Cyp2c68 (Figs 2A

and 5A), and many liver-/gallbladder-specific genes that were not

expressed in the undifferentiated organoids, including Cald1, Crp,

Cyp2a4, Cyp2f2, Mup20, Naaladl2, Pgcp, Pzp, and Ttr (Figs 2B

and 5A). The level of induction for many of these genes was remark-

able (Fig 5B). Of the genes downregulated upon differentiation, Lgr5

is notable (Fig 5A and B).

As a second method to monitor differentiation, we prepared

gallbladder organoids from mice in which a tamoxifen-dependent Cre

recombinase was inserted in the 30 untranslated region of the Alb gene;

these mice also contained a gene encoding a red fluorescent protein

(RFP) that only becomes expressed after the induction of Cre recombi-

nase activity [28,29]. Organoids grown in the presence of R-spondin 1,

noggin, and nicotinamide did not express RFP, whereas when these

three factors were removed from the media, RFP was expressed

(Fig 5C), suggesting that the Alb promoter had been activated.

Finally, we examined whether differentiation led to the accumu-

lation of intracellular glycogen, which can be monitored by PAS

staining. Indeed, a fraction of the cells in the differentiated
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Figure 2. Gene expression profiles of gallbladder-derived organoids.

A Clusters of gallbladder tissue (GT)-specific, liver tissue (LT)-specific, and small intestine tissue (IT)-specific genes (Dataset EV2). The number of genes and the names of
selected genes in each cluster are indicated. Gene expression levels (log2 scale) are shown for gallbladder organoids (GO), liver organoids (LO), intestinal organoids (IO)
and gallbladder (GT), liver (LT), and intestinal (IT) tissues.

B Genes expressed in gallbladder and liver tissues, but not in the intestine, divided into two subclusters, depending on whether the genes were expressed or not in
gallbladder organoids (Dataset EV3). The number of genes and the names of selected genes in each subcluster are indicated.

C Clusters of organoid (O)-specific and tissue (T)-specific genes (Dataset EV4). The number of genes and the names of selected genes in each cluster are indicated.
D Expression levels of selected genes from the clusters shown in (B) and (C). G, gallbladder; L, liver; I, intestine; O, organoid; T, tissue. Error bars are square root of MSE

from ANOVA 2F (see Materials and Methods) (n = 2).
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gallbladder organoids were PAS positive, indicating differentiation

toward a hepatocyte fate (Fig 5D).

Engraftment of gallbladder organoids and organoid cells in vivo

Having identified conditions for establishing gallbladder organoid

cultures in vitro, we next ascertained their potential for engraftment.

For this purpose, gallbladder organoids were established from mice

harboring a GFP transgene under the control of the human ubiquitin

C promoter. Organoids prepared from these mice expressed GFP

(Fig EV5A), thereby allowing the engrafted cells to be distinguished

from the host cells.

GFP-positive gallbladder-derived organoids suspended in

Matrigel� were injected into the hepatic subcapsular space of

immunocompromised B6.Rag2xcc mice and engraftment was

monitored 2 weeks later by immunohistochemistry. In five out of

six injected mice, organoids were successfully engrafted. These

organoids maintained the same shape and tissue architecture, as

observed in vitro, and continued to express biliary cell markers,

such as Krt19, Cd44, and Cldn3 (Fig 6A and B). Interestingly,

almost no cell in the engrafted organoids expressed Ki67, indicat-

ing that these cells were no longer actively proliferating (Fig 6B).

We next examined whether the organoids persisted for longer peri-

ods of time in the engrafted mice; however, we could not detect

any organoids 4 weeks after engraftment in a total of eight mice.

As a second approach to study engraftment, organoids were

dissociated into single cell suspensions and injected into the mesen-

teric vein of B6.Rag2xcc mice for homing to the liver. Two days

before cell injection, CCl4 had been administered intraperitoneally

to the mice to induce liver damage, thereby possibly providing a

niche that would allow incorporation of the injected stem cells into

the liver parenchyma. Engraftment was monitored by immunohisto-

chemistry 1 week after cell injection (Fig EV5B). Interestingly, small

clusters of GFP-positive cells were observed that expressed also

DAPI Merge IF DAPI MergeIF

Organoids Liver Tissue

Prom1

Yap1

Cldn3

Itga6

Epcam

Figure 3. Expression of biliary cell markers in gallbladder organoids.
Expression of Prom1, Cldn3, Epcam, Itga6, and Yap1 in gallbladder-derived organoids and liver tissue, as monitored by immunofluorescence (IF). The cell nuclei were
counterstained with DAPI. Scale bars: 25 lm.
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Prom1, Sox9 (stem cell markers), and Afp (alpha-fetoprotein; a

hepatoblast marker). However, a similar analysis performed

4 weeks after cell injection failed to identify any GFP-positive cells.

Establishment of human gallbladder organoids

To determine whether the conditions allowing the establishment

and propagation of mouse gallbladder organoids were also suitable

for humans, we obtained samples from patients undergoing removal

of their gallbladder. We followed essentially the same protocol as

the one described above for mice, except that human recombinant

growth factors (EGF, HGF, and FGF10) were used. We obtained

organoids that morphologically were indistinguishable from the

mouse gallbladder organoids (Fig EV6A). The human organoids

could be propagated in tissue culture for at least 16 weeks and

expressed biliary cell markers, similar to the mouse organoids

(Fig EV6B).

Discussion

The liver has long been recognized as unique among organs for its

ability to regenerate [30]. Regeneration is mediated by the proliferation

of differentiated hepatocytes, as well as by precursor cells. In rats,

the precursor cells express markers of both hepatocytes and biliary

cells and were named oval cells [9]. In mice and humans, the contri-

bution of bipotent precursor cells, like oval cells, to liver regenera-

tion appears to be more limited [13,14]. However, a recent study

has identified in injured mouse livers periportal hepatocytes that

express both biliary and hepatocyte markers; these hybrid hepato-

cytes can regenerate the liver parenchyma, suggesting that precursor

cells with oval cell-like properties are not limited to rats [26].

Precursor cells probably represent a transit cell compartment

derived from intrahepatic stem cells [31,32]. The precise niche of

these stem cells has not been fully elucidated, but significant

evidence points to the canals of Hering within the liver lobules,

where the bile ducts originate [33–35].

Efforts to identify hepatic stem/precursor cells have relied heav-

ily on models of liver damage. One property of stem cells is their

capacity to self-regenerate, and a recent study has indeed described

the isolation of intrahepatic stem cells that retain high proliferative

capacity for more than one year [15]. Briefly, following hepatocyte

injury with CCl4, putative stem cells expressing Lgr5 can be identi-

fied in close proximity to the IHBDs. These cells were isolated by

FACS and could be expanded almost indefinitely in Matrigel� in the

presence of R-spondin 1, EGF, HGF, and FGF10. Furthermore, these

Liver

Gall−
bladder

EHBD

Sox17 DAPI Krt19 DAPIHnf4α/A6 DAPIA

B

Hnf4α
/A6

Liver Gallbladder EHBD

Figure 4. Expression of biliary cell and hepatocyte markers in gallbladder tissue, EHBDs, and liver lobes.

A Immunofluorescence analysis of expression of Hnf4a, A6, Sox17, and Krt19. The nuclei were counterstained with DAPI. EHBD, extrahepatic biliary duct.
B Higher magnification of the regions demarcated by the white rectangles in (A). Scale bar: 25 lm.
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putative liver stem cells could be differentiated in vitro to acquire

hepatocyte functions and, following such differentiation, they could

be transplanted into the livers of Fah�/� mice [15]. Thus, Lgr5-

positive liver cells represent a source of stem cells with therapeutic

potential [36]. The only drawback relates to the method of prepar-

ing these cells, which involves either inducing liver damage or,

alternatively, isolating IHBDs.

The EHBDs and gallbladder have also emerged as a source of

stem/progenitor cells [37–39]. In fact, stem cells can be isolated

from these tissues without inducing tissue injury. In one study, stem

cells residing in the mouse gallbladder were isolated by sorting

Epcam+/Cd49f(Itga6)++ cells; these cells could self-renew on a feeder

layer for more than 20 passages and could be engrafted into the

subcutaneous neck region space [39]. Stem cells were also isolated

from human gallbladders and again cultured on feeder layers

[40,41]. The mouse and human gallbladder-derived stem cells had

gene expression profiles that distinguished them from stem cells

derived from IHBDs; nevertheless, both the IHBD and gallbladder-

derived stem cells could be differentiated into hepatocytes in vitro

[42].
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Figure 5. Partial differentiation of gallbladder organoids toward the hepatocyte fate.

A Clusters of genes, whose expression changes toward the hepatocyte fate, upon the removal of R-spondin 1 and noggin from the organoid culture media (Dataset
EV5). The number of genes and the names of selected genes in each cluster are indicated. Gene expression levels (log2 scale) are shown for non-differentiated (N) and
differentiated (D) gallbladder-derived organoids (GO), gallbladder tissue (GT), and liver tissue (LT). Upreg, upregulated; Downreg, downregulated.

B Expression levels of selected genes from the clusters of panel A. GO, gallbladder organoid; N, non-differentiated; D, differentiated; G, gallbladder; L, liver; T, tissue. Error
bars are square root of MSE from ANOVA 2F (see Materials and Methods) (n = 2).

C Removal of R-spondin 1 and noggin from the media induces the expression of red fluorescent protein (RFP) in a subset of gallbladder organoid cells. A transgene
expressing tamoxifen-inducible Cre is driven by the endogenous Alb promoter; a second transgene expresses RFP after Cre-mediated rearrangement. Scale bar: 200 lm.

D Glycogen accumulation upon organoid differentiation, as revealed by periodic acid–Schiff (PAS) staining (red). Scale bar: 25 lm.
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Our study provides further evidence for the presence of stem/

progenitor cells in the gallbladder. In our case, though, the method

of isolating these cells was quite simple and did not involve a cell

sorting step. Instead, non-injured gallbladders were minced and the

cells plated directly on Matrigel�. The gallbladder-derived cells

could be propagated for more than one year in culture and

expressed stem cell markers, such as Lgr5, Prom1, Sox4, and Msh2

(Figs 2 and EV4). On the basis of expression of the markers cited

above and the capacity to propagate these cells as organoids for

more than one year in tissue culture, one may consider that the cells

that we have isolated are indeed stem cells. Nevertheless, we have

not demonstrated that these cells function as stem cells in vivo and,

therefore, pending further characterization, we cannot formally rule

out that we have isolated progenitor cells.

An important question is why the gallbladder is a more efficient

source of stem/progenitor cells than the liver itself. Perhaps, the

answer relates to the fact that the gallbladder epithelial cells express

both biliary cell and hepatocyte markers and, in this way, resemble

hepatoblasts and precursor cells of regenerating livers. Like the

precursor cells in regenerating livers, hepatoblasts are bipotent cells

and give rise to both hepatocytes and biliary epithelial cells during

embryonic development [25]. Hepatoblasts can be readily detected

in E10.5 to E15.5 mouse livers, but their number decreases greatly

at later-stage embryos and they are apparently eliminated during

postnatal life. Our study raises the possibility that, during development,

cells segregated to the gallbladder epithelium maintain stem/progenitor-

like features by escaping differentiation toward the hepatocyte or

biliary epithelial lineages.

The relationship of the stem/progenitor cells identified here with

those obtained in other studies remains to be determined. It is likely

that the IHBD-derived stem cells are distinct from the gallbladder-

derived stem cells, since the former are much more dependent on

R-spondin 1 for growth and have higher levels of Lgr5 expression

than the cells that we isolated [15]. In contrast, the stem cells

obtained from mouse and fetal human gallbladders by others may

be similar to the ones that we isolated, simply because the tissue of

origin is the same. However, this needs to be experimentally

determined, because in the other studies the stem cells were

cultured on feeder cell layers, whereas we cultured the cells in

Matrigel� in the presence of R-spondin 1 and noggin [38–41]. Even

if the cells are similar or identical, the ability to bypass the need for

feeder layers and the apparently higher capacity to expand

organoids are clear advantages of the method that we described.

Stem cells isolated from the gallbladder could be differentiated

toward a hepatocyte fate without the addition of chemicals or

lentiviral transfection, by simply removing R-spondin 1, noggin, and

nicotinamide from the media. Furthermore, gallbladder-derived

stem cells survived well when engrafted into mice, at least in the

short term. However, our experience matches that of others in that

the differentiation protocol and engraftment into mice were

IF MergeH&EA
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Figure 6. Engraftment of gallbladder organoids in the hepatic subcapsular space.

A (Top) Low-magnification view showing organoids embedded in Matrigel� (left) next to the liver parenchyma (right) 2 weeks after engraftment. H&E, hematoxylin &
eosin staining. (Bottom) Immunofluorescence staining for GFP expression to mark the engrafted organoids and DAPI counterstaining of the cell nuclei. The liver
parenchyma corresponds to the right half of the images. Scale bar: 200 lm.

B Characterization of engrafted organoids by immunofluorescence (IF). Almost no organoid cell expressed Ki67 (the one positive cell shown in the image was an
exception), in contrast to the high levels of cell proliferation and Ki67 expression observed in organoids cultured in vitro. Scale bar: 25 lm.
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inefficient [15]. Thus, better methods are needed to induce efficient

differentiation of gallbladder organoids into hepatocytes and for

engraftment of these cells into patients.

In conclusion, the use of gallbladder-derived stem/progenitor

cells could have important implications for the study of liver and

biliary tree diseases. Moreover, it is possible to foresee that in the

future gallbladder-derived stem cells could be differentiated into

hepatocytes and transplanted into patients, allowing new therapies

to be developed for liver-related genetic diseases and chronic liver

insufficiency [43]. Along these lines, the gallbladder is not an essen-

tial organ and its removal is a routine medical procedure.

Materials and Methods

Mice

C57BL/6J and C57BL/6-Tg(UBC-GFP)30Scha/J mice were purchased

from Jackson Labs; C57BL/6JRccHsd mice from Harlan Laborato-

ries; and B6.Rag2 × common gamma chain (cc)-double-knockout
mice from Taconic Biosciences. Alb-Cre-ERT2 mice [28] were

obtained from Pierre Chambon, and Gt(ROSA)26Sortm1Hjf mice [29]

from Ivan Rodriguez. The latter two strains were crossed to generate

mice that contain both the Cre-ERT2 and td-RFP alleles in homo-

zygous form.

Organoid preparation and culture

Entire livers (including the EHBDs and gallbladder) were isolated

from C57BL/6J mice. The tissues were cut into 2- to 3-mm-diameter

pieces, washed in cold PBS, and incubated in PBS–EDTA overnight

at 4°C. The next day, the cells were filtered through 70-lm cell

strainers (BD Bioscience). After centrifugation, the cell pellets were

mixed with cold Matrigel� (Corning) and plated in 24-well plates.

After the Matrigel� formed a gel, tissue culture media were added.

The tissue culture media were based on AdDMEM/F12 (Life Techno-

logies) supplemented with B27, N2 (Life Technologies), and

1.25 lM N-acetylcysteine (Sigma-Aldrich). The following growth

factors were also added: 50 ng/ml murine recombinant EGF (Life

Technologies), 50 ng/ml murine recombinant FGF10 (R&D Systems),

10 mM nicotinamide (Sigma-Aldrich), 50 ng/ml murine recombi-

nant HGF (Peprotech), and R-spondin 1 and noggin home-made

conditioned media (prepared as in [4]). TGFb receptor kinase inhi-

bitor (TRKI) (SB-431542; Calbiochem) was added to the media at

2 mM final concentration for the experiment described in Fig EV2.

Medium was changed every 3 days, and organoids were split every

4–5 days by mechanical dissociation. For EHBD- and gallbladder-

derived organoid cultures, EHBDs or gallbladder, respectively, were

isolated from C57BL/6J mice, and the tissues were cut into pieces

and processed, as described above, except that the initial incubation

with PBS–EDTA was for 2 h, instead of overnight.

Immunohistochemistry and immunofluorescence

Liver tissues were embedded in OCT (Tissue-Tek), and slices of

10 lm thickness were cut using a cryostat (Leica CM 1850). Orga-

noids were removed from Matrigel� using Cell Recovery Solution

(Corning) and then embedded in OCT and sliced, as described

above. Tissue and organoid sections were fixed for 1 h in 4%

paraformaldehyde at room temperature and stained using standard

immunofluorescence techniques and commercially available anti-

bodies (Yap1, Cell Signaling; Cldn3, GeneTex; Epcam, AbCAM;

Prom1, E-Bioscience; integrin A6, Millipore; Krt19, Dako; Hnf4a,
Santa Cruz; Sox17, R&D; A6, gift from Valentina Factor, NIH).

Nuclei were counterstained with DAPI, and images were acquired

using a Zeiss 700 confocal microscope. Cell proliferation was

assessed with the EdU Click-it Kit (Life Technologies), and images

were acquired with the organoids still embedded in Matrigel� using

the confocal microscope. To assess glycogen storage, organoids

were examined by the periodic acid–Schiff staining method (PAS,

Sigma-Aldrich).

Gene expression array and Nanostring® analysis

RNA was extracted from liver, gallbladder, or small intestine tissues

and liver, gallbladder, or small intestine organoids using the RNeasy

Mini RNA Extraction Kit (Qiagen). Transcript expression levels were

determined using GeneChip� Mouse Gene 1.0 ST Arrays (Affy-

metrix) for 21,258 transcripts. Expression levels of 114 selected genes

(Dataset EV4) were additionally determined by the Nanostring�

method (Nanostring� Technologies), to validate the array data.

After scaling, the array and Nanostring� data were converted

into log2 values. The data from all samples and replicates were

processed together using a two-factor (gene vs. sample type)

ANOVA with multiple replicates, thus allowing a uniform mean

variance (mean square of the error, MSE) to be calculated for all

comparisons, except for specific comparisons, for which a Cochran’s

test indicated the need to use individual variances. The gene expres-

sion array data have been deposited at the GEO database with

accession number GSE77461; the Nanostring� data are shown in

Dataset EV1.

Organoid differentiation

To induce differentiation, we cultured the organoids for 2 weeks in

the presence of the media described above, except for not adding

R-spondin 1, noggin, and nicotinamide. To monitor differentiation

by RFP expression, organoids were prepared from mice containing

homozygous Cre-ERT2 and td-RFP alleles and then switched to

media lacking R-spondin 1, noggin, and nicotinamide for 2 weeks.

Then, 4-hydroxytamoxifen (1.3 lM, Sigma-Aldrich) was added, and

2 days later, the organoids, while still embedded in Matrigel�, were

scored for fluorescence under a confocal microscope.

Engraftment assays

Gallbladder organoids were prepared from mice harboring a GFP

transgene under the control of the human ubiquitin C promoter

(C57BL/6-Tg(UBC-GFP)30Scha/J mice).

Liver subcapsular whole organoid injection

Dense organoid cultures were gently disrupted with a pipette to

break the Matrigel� into small fragments, while preserving the orga-

noids as whole spheres. The organoids were then gently centrifuged,

resulting in intact organoids being collected at the bottom of the

tube; most of the media and Matrigel� were then removed with a
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pipette. The organoid pellets were chilled on ice and resuspended in

ice-cold Matrigel�. The organoid and Matrigel� suspension was then

loaded into cold 300-ll syringes with 30-G needles and stored on ice

until use to prevent Matrigel� polymerization. B6.Rag2xcc mice

were anaesthetized with isoflurane, and the abdominal cavity was

opened by a short transverse laparotomy (~1 cm) 3–5 mm below

the xyphoid/costal arch. The left liver lobe was lifted and fixed with

the help of a sterile cotton swab, and then 50 ll of the organoid

suspension was injected into the subcapsular space. After control-

ling hemorrhage, the abdominal wall was closed by suturing. The

mice were euthanized 2 weeks later, and the site of organoid

injection was examined by histology.

Mesenteric vein organoid cell injection

For mesenteric vein delivery, gallbladder organoid cultures were

gently disrupted with a pipette and incubated with Dispase (Corn-

ing). The resultant cell suspension was washed three times in PBS

and resuspended in PBS at a concentration of 3 × 106 cells/ml. Two

days before the cell injection, B6.Rag2xcc mice were injected i.p.

with CCl4 (1 ml/kg, Sigma-Aldrich) dissolved in olive oil. Animals

were anaesthetized with isoflurane; a 2-cm midline laparotomy was

performed, the mesentery was exposed and immobilized on a moist

swab, and 50 ll of the cell suspension, containing approximately

1.5 × 105 cells, was injected into the mesenteric vein. The injection

site was compressed to control hemorrhage and suturing closed the

laparotomy.

Human organoid preparation

Gallbladder specimens were obtained from patients undergoing

surgery at the Inselspital Bern. Informed consent was obtained prior

to surgery in compliance with the local ethical committee. Immedi-

ately following the removal of the gallbladder, a small piece was

transferred to the laboratory in cold PBS. The tissue was further

washed in cold PBS and its luminal part was separated and used for

organoid isolation (approximately 4 cm2 for each isolation). The

tissue was minced, incubated in PBS containing EDTA at 4°C for

2 h, and then repeatedly passed up and down through a 5-ml pipette

in order to release the cells. The cell preparation was then filtered

through a 70-lm sterile mesh, centrifuged, the supernatant

removed, and the pellet chilled on ice for 5 min. Depending on the

size of the pellet, cells were resuspended in 200–600 ll of Matrigel�

and plated. After the Matrigel� solidified by incubation at 37°C, it

was covered with culture media, which had the same composition

as the media used for mouse organoids, except that the mouse

recombinant growth factors (FGF10, HGF, EGF) were substituted

with human factors.

Expanded View for this article is available online.
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