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Mouse fetal intestinal organoids: new model
to study epithelial maturation from suckling
to weaning
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Abstract

During the suckling-to-weaning transition, the intestinal epithe-
lium matures, allowing digestion of solid food. Transplantation
experiments with rodent fetal epithelium into subcutaneous tissue
of adult animals suggest that this transition is intrinsically
programmed and occurs in the absence of dietary or hormonal
signals. Here, we show that organoids derived from mouse primary
fetal intestinal epithelial cells express markers of late fetal and
neonatal development. In a stable culture medium, these fetal
epithelium-derived organoids lose all markers of neonatal epithe-
lium and start expressing hallmarks of adult epithelium in a time
frame that mirrors epithelial maturation in vivo. In vitro postnatal
development of the fetal-derived organoids accelerates by dexam-
ethasone, a drug used to accelerate intestinal maturation in vivo.
Together, our data show that organoids derived from fetal epithe-
lium undergo suckling-to-weaning transition, that the speed of
maturation can be modulated, and that fetal organoids can be
used to model the molecular mechanisms of postnatal epithelial
maturation.
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Introduction

At birth, the mouse small intestinal epithelium consists of a single

layer of epithelium that covers finger-like projections into the

intestinal lumen called villi. At this time, the villi are populated

with three intestinal cell types: the enterocyte, goblet cell, and

enteroendocrine cell. Proliferating epithelial cells are localized at

the base of the villi in so-called “intervillus pockets” [1]. In the first

month after birth, the epithelium undergoes major structural and

functional changes. The most apparent structural changes occur

around 2 weeks after birth, when crypts form at the base of the

villi and the Paneth cells start to populate the bottom of the crypts

[2,3]. Concurrently, major functional changes are initiated in a

process called suckling-to-weaning transition, which is completed

within two following weeks. This transition consists of a number

of highly specific enzymatic and metabolic changes that allow diet

change from milk that is rich in fat and has lactose as a major

carbohydrate, to solid food that is rich in complex carbohydrates

[4]. Many of the major changes occur at the epithelial brush

border, which expresses various proteins involved in the digestion

of food, such as enzymes needed for processing of carbohydrates.

More specifically, in the first two postnatal weeks the principal

carbohydrate is lactose, and its digestion is dependent on the

enzyme lactase-phlorizin hydrolase (Lct) [5]. Around postnatal day

14 in mice (P14), the adaptation to digest complex carbohydrates

from solid food is initiated. This is accompanied by gradual

increase in expression of the brush border disaccharides sucrase-

isomaltase (Sis) and trehalase (Treh). Expression levels of these

enzymes rise rapidly to adult levels in the third postnatal week

[4,6].

One of the key metabolic changes during postnatal development

involves arginine biosynthesis. Arginine is a semi-essential amino

acid that is only present in limited amounts in milk and therefore

synthesized in the neonatal enterocytes [7]. Argininosuccinate

synthetase 1 (Ass1) is the rate-limiting enzyme in arginine biosyn-

thesis and in mice exclusively expressed in the first two postnatal

weeks. During the suckling-to-weaning transition, epithelial cells

lose the expression of Ass1 and switch to expressing arginase 2

(Arg2) allowing catabolism of arginine, which is abundantly present

in solid food [7,8]. Another characterized occurrence of the suck-

ling-to-weaning transition in mice is loss of expression of the
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neonatal Fc receptor for immunoglobulin (FcRn) [9,10]. Neonatal

intestinal epithelium expresses high levels of FcRn, which mediates

the transfer of maternal IgG from the milk across the intestinal

epithelial membrane to facilitate passive immunity. In addition, loss

of cathelicidin-related antimicrobial peptide (CRAMP) during the

suckling-to-weaning transition of mouse intestinal epithelium has

been described as well [11].

Transplantation studies of fetal intestinal segments into subcuta-

neous tissues of nude adult mice revealed that these segments

developed normally in the absence of luminal signals [12–14].

These experiments established that information needed for appro-

priate intestinal epithelial development, including the suckling-to-

weaning transition, is driven by a genetic program that is intrinsic

to the intestinal mucosa and specified in early development.

We and others have previously shown that the intestinal tran-

scription factor Blimp-1 is selectively expressed in the mouse intesti-

nal epithelium during embryonic and postnatal development, and

that its expression is lost at the suckling-to-weaning transition

[15,16]. Conditional deletion of Blimp-1 from the mouse intestinal

epithelium resulted in an adult-type epithelium at birth, with

complete absence of ultrastructural and molecular characteristics of

postnatal phase of development and severe growth impairment and

death of newborn pups [15,16]. These data showed that Blimp-1 in

the mouse intestinal epithelium is a critical driver of the postnatal

epithelial phenotype and that its loss of expression in the third post-

natal week is likely required for maturation from neonatal to adult

epithelium.

The factors driving Blimp-1 expression in the first 2 weeks and

its loss of expression in the third postnatal week are not known.

The suckling-to-weaning transition might be completely intrinsically

regulated, but epithelial gut maturation can to some extent be

modulated by hormonal status and extrinsic luminal signals like

microbiota and nutrition. Changes in endogenous and exogenous

circulating hormones in the developing neonate, such as glucocorti-

coids, can precociously induce intestinal maturation in vivo [17,18].

Luminal signals, such as microbiota, regulate developmental-depen-

dent expression of epithelial glycosyl transferases, enzymes neces-

sary for glycosylation of epithelial-specific proteins during gut

maturation [19]. Finally, dietary factors such as growth factors,

human milk oligosaccharides, and hormones that are present in

human milk have been shown to influence gut growth and matura-

tion in cell lines and/or rodent models [20,21].

It has been an ongoing discussion to which extent and which

specific aspects of suckling-to-weaning transition are intrinsically

programmed. Here, we use cultures of primary fetal epithelial cells

to examine whether the epithelial suckling-to-weaning transition

also occurs in vitro, in a stable culture medium, and in the absence

of stromal cells.

Results and Discussion

Primary mouse fetal intestinal epithelium matures in vitro

To study whether the intestinal epithelium matures and undergoes

the suckling-to-weaning transition in vitro, intestinal epithelium

from developmental stage E19 was chosen as starting material for

the organoid cultures. Organoids were cultured for 1 month, in a

stable culture medium, following the passage scheme and harvest-

ing of organoids on the same day after each passage (Fig 1A). As

isolated intestinal epithelial cells need 24–48 h to establish in vitro

growth, this developmental stage translates in vitro just prior to

birth. We performed genomewide gene expression analyses on fetal

and adult organoids at days 3 and 30 of culture and mouse intestinal

tissues at birth (day 0) and adult (day 42). Principal component

analysis (PCA) of this multi-dimensional dataset revealed that four

clusters can be distinguished based on gene expression profiles: (i)

fetal organoids day 3; (ii) fetal organoids day 30 together with adult

organoids (days 3 and 30); (iii) fetal tissue; and (iv) adult tissue

(Fig 1B). Along the first component (PC1 34%), the organoids (ep-

ithelium) are clearly separated from the whole tissue, indicating that

the gene expression profile of organoids differs substantially from

intestinal tissues. Along PC2 (PC2 16.2%), the day 3 fetal organoids

separate from day 30 fetal and days 3 and 30 adult organoids, as is

also the case for fetal and adult tissue. Of note, no significant dif-

ference in the global gene expression profile between day 30 fetal

organoids and days 3 or 30 adult organoids assessed by Pearson

correlation is observed (Fig EV1A and B). The direction of separa-

tion along PC2 for organoids and tissue is the same, suggesting that

the maturation state contributes to this separation.

To assess differences and similarities between organoids and

tissues and to examine these differences relative to those that exist

when comparing fetal intestines and adult intestines, we performed

a differential gene expression analysis. Out of 178 genes

(Table EV1) that were upregulated 4-fold or more in fetal organoids

cultured for 30 days, 115 genes (65%) were in common with genes

upregulated in the adult tissue (Fig 1C). Similarly, 105 out of 310

genes (35%) overlapped between downregulated genes in fetal orga-

noids cultured for 3 days and fetal tissue (Fig 1D). Heat map of the

top 76 upregulated genes after 30 days of E19 organoid cultures

clustered with adult (day 42) tissue (Fig 1E). Moreover, the majority

of the most downregulated genes in 30-day-old fetal organoid

cultures were similarly expressed in fetal tissue. Additionally,

comparison of our fetal organoid dataset to previously published

transcription profiles of primary isolated intestinal epithelial cells of

neonatal versus adult mice (GEO GSE35596) [22,23] revealed that

200 upregulated genes in neonatal mouse epithelium were signifi-

cantly enriched in the fetal organoids cultured for 3 days, whereas

200 downregulated genes correlated with fetal organoids after

30 days of culture (Fig EV1C and D). We next performed Ingenuity

Pathway Analyses (IPA) using as input the list of differentially

expressed genes between day 3 and day 30 fetal organoid cultures.

Predominant changes in canonical pathways involved metabolic

alterations indicative for epithelial maturation that is associated

with a change in diet from mother’s milk to solid food (Fig 1F).

Together, these analyses suggest that fetal organoids mature over

time and undergo the suckling-to-weaning transition in vitro.

In vivo maturation process of mouse intestinal epithelium

We first examined the intestinal epithelial maturation in vivo in

detail, using a panel of maturation markers that are described in liter-

ature as markers for fetal/neonatal, suckling-to-weaning, and adult

epithelium. With this approach, we aimed to obtain a standard for

temporal comparison with the in vitro maturation process of the E19

fetal organoids. In the fetal phase (E18.5), we observed a strong
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expression of the neonatal enzyme argininosuccinate synthetase 1

(Ass1) (Fig EV2A and D), transcription factor Blimp-1 (Fig EV2B and

E), and neonatal Fc receptor (FcRn) (Fig EV2F) throughout the whole

epithelium. Histological assessment of tissues from the first two post-

natal weeks (P7.5 and P14) showed that expression of these markers

gradually disappeared from the proliferative intervillus regions but

remained in the differentiated cells of the villi. In the adult gut (P42),

expression of Ass1 was completely lost (Fig EV2A), whereas Blimp-1

was restricted to a limited number of cells at the villus tips

(Fig EV2B). In vivo, Lct was highly expressed in rodent neonatal

epithelium and declined after weaning, however still present in the

adult intestine, mainly in the jejunum (Fig EV2C and G) [24,25].

Activity of Lct peaked at weaning, yet it remained present in adult

albeit at lower level (Fig EV2H). Although Lct expression pattern dif-

fered from Ass1 and Blimp-1, it is characteristic for neonatal develop-

ment and is associated with milk diet [24,25].

In contrast to the neonatal enterocyte markers, the adult a-gluco-
sidases sucrase-isomaltase (Sis) (Fig EV3A and C) and arginase-2

(Arg2) (Fig EV3B and D) were absent from the small intestine

epithelium until the second week after birth, around the suckling-to-

weaning transition, when a gradual increase in both enzymes was

observed exclusively in the villi. The same pattern was observed for

trehalase (Treh) (Fig EV3E). These results were confirmed at

enzyme activity level (Fig EV3I–L). In addition, expression of the

Paneth cell markers lysozyme-1 (Lyz1) and a-defensins (Defa1,

Defa5) was detected from day 14 onwards (Fig EV3F–H). This

correlates with the maturation of this secretory cell type at 2 weeks

after birth, concurrently with the development of the crypts. The

in vivo maturation pattern described here was subsequently used

and compared with the time course of maturation of the fetal small

intestinal organoids in vitro as described below.

Small intestinal fetal organoids mature and recapitulate
suckling-to-weaning transition in vitro

We first analyzed the expression pattern of the fetal/neonatal ente-

rocyte markers in the cultured fetal organoids by qRT–PCR. Both

Ass1 and Blimp-1 were expressed during the first week of culture

and nearly absent after 3 weeks (Fig 2A and B). Similarly, FcRn and

CRAMP (Figs 2C and EV4A) followed the same expression pattern.

Likewise, Lct (Fig 2D) expression was similar to the in vivo expres-

sion pattern (Fig EV2G). In contrast, markers of the suckling-to-

weaning transition and adult intestine Sis and Treh were only

detected in organoids as of 2 weeks of culture (Figs 2E and F). Arg2

was expressed at 1 week of culture (Fig 2G) and progressively

increased thereafter. Development of a functional brush border was

confirmed on enzyme activity level (Figs 2H–L). Comparing the

in vitro maturation from suckling-to-weaning with the in vivo

maturation process revealed that the time frame of epithelial matu-

ration is similar between the fetal organoids in vitro and the intesti-

nal tissue in vivo (compare Figs 2A–D and EV2 for neonatal markers

and Figs 2E–G and EV3 for suckling-to-weaning/adult markers).

Previously, it has been reported that different fetal intestinal

segments, i.e., proximal versus distal, generate different organoids

[26]. We therefore separated proximal and distal parts of E19 intesti-

nal epithelium and studied the in vitro maturation course of the fetal

organoids originating from these segments (Appendix Fig S1).

Although relative expression levels of some of the maturation mark-

ers differed among the segments, the timing and the course of matu-

ration were similar (Appendix Fig S1).

Lgr5, the best described adult intestinal stem cell marker under

homeostatic condition, is expressed by intercolumnar cells residing

inbetween the Paneth cells. We next investigated the presence of

Lgr5-expressing cells throughout the course of our culture by means

of RNAscope in situ hybridization complemented with immunofluo-

rescence for Lyz1, a marker for Paneth cells (Appendix Fig S2). At

the start of E19 culture, Lgr5 was expressed at low levels throughout

the organoid epithelium and Paneth cells were absent. Coinciding

with the appearance of Paneth cells, Lgr5 signals increase and

become confined to the crypt region. Finally, Paneth cell-specific

markers Lyz1, Defcr1, and Defcr5 were detected at 2 weeks of

culture (Fig EV4B–D), again similar to the intestinal tissue in vivo

(Fig EV3F–H). Together, these findings demonstrate that fetal

intestinal organoids, when cultured in vitro, follow an intrinsic

epithelial maturation pattern characteristic for the in vivo matura-

tion program in a similar time frame.

Fetal organoids resemble adult organoids after 1 month
in culture

At 1 month after birth, the mouse intestinal epithelium in vivo

reaches its adult functional state. We cultured E19 fetal and adult

intestinal organoids simultaneously for 1 month (Fig EV4E). Indeed,

at day 30 of culture, fetal and adult organoids expressed similar

levels of the maturation markers (Fig 3A–G). Importantly, expres-

sion levels of neonatal markers remained absent in adult organoids,

while adult markers were stably expressed throughout the 30 days

of culture. This was further confirmed at enzyme activity level for all

enzymes analyzed (Fig 3H–L). Moreover, except for the Paneth cells

which became evident as of 14 days of culture, the main epithelial

cell types, i.e., enterocytes, enteroendocrine, and goblet cells, were

present in the fetal cultures from the start-up until 30 days of culture

(Appendix Figs S2 and S3). Expression levels of markers for entero-

cytes, enteroendocrine, and goblet cells were relatively stable over

time in fetal organoids (Fig EV4F–H). This demonstrates that fetal

organoid maturation in vitro, as described here, is not a consequence

◀ Figure 1. Gene expression analyses of E19 organoids at early and late culture time points.

A Fetal organoids isolated from fetal intestine at embryonic day 19 were cultured for 30 days in ENR medium and analyzed 3 days after indicated passage.
B PCA was conducted on global gene activity in mouse fetal tissue at days 0 and 42, mouse E19 organoids at days 3 and 30 of culture, mouse adult organoids at days

3 and 30 of culture (n = 4 independent intestinal tissue specimens and n = 4 independent organoid cultures).
C, D Lists of differentially expressed genes between adult and fetal tissue, days 3 and 30 organoids were generated for (C) up- and (D) downregulated genes. Results are

shown as Venn diagram.
E Curated heat maps of top 76 up- and 72 downregulated genes. Highlighted genes were chosen based on biological interest. The colored bar represents the z-score

transformed expression level from low (green) to high (red).
F The most significantly changed canonical pathways between fetal organoid at days 3 and 30 of culture.

4 of 12 EMBO reports 20: e46221 | 2019 ª 2018 The Authors

EMBO reports Intestinal maturation in fetal organoids Marit Navis et al



of the long-term culturing process of organoids. These findings,

alongside with virtually no difference in transcription profiles in

prolonged culture of adult organoids (Figs 1B and EV1A), impose

intrinsic transition from fetal to adult features in vitro and exclude

prolonged culture as a contributor to this process.

Dexamethasone accelerates maturation of fetal organoids
in vitro

Extrinsic factors have been described to modulate the timing of

intestinal epithelial maturation. For example, changes in dietary

composition, microbiome, and circulating glucocorticoids influence

the expression of epithelial-specific enzymes [17,27,28]. We chose

to use the synthetic glucocorticoid dexamethasone as an example of

a factor that can influence the maturation process associated with

the suckling-to-weaning transition of the mouse intestinal epithe-

lium. Dexamethasone is described to increase epithelial proliferation

and subsequently replace neonatal enterocytes by “adult-like”

epithelium, thereby leading to the precocious expression of the

enzymes Treh and Sis [6,29,30]. To verify whether a similar effect

could be observed in our in vitro culture, we treated fetal organoids

daily with dexamethasone. Gene expression analysis of dexametha-

sone-treated fetal organoids showed a rapid decrease in Blimp-1

(Fig 4A) accompanied by an increase in Sis (Fig 4B) to adult levels

2 weeks earlier than the control condition. This was confirmed at

enzyme level, where the enzymes sucrase and maltase exhibited a

significant increase in activity after dexamethasone treatment,

compared to control condition (Fig 4E and F). Of note,
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Figure 2. Small intestinal fetal organoids recapitulate suckling-to-weaning transition in vitro.

A–G Real-time qPCR analysis of fetal organoids cultured for 1 month showing decrease in relative expression of indicated neonatal markers (A) Ass1, (B) Blimp-1, (C)
FcRn, and (D) Lct and increase in the adult markers (E) Sis, (F) Treh, and (G) Arg2 (n = 3 individual wells from single organoid culture (see Materials and Methods);
experiment was repeated in four to eight independent organoid cultures with similar results).

H–L Enzyme activity assay of fetal organoids for (H) lactase, (I) sucrase, (J) maltase, (K) trehalase, and (L) arginase. Activity is given in lM glucose/lg protein/min
(experiment was generated from single organoid culture (see Materials and Methods) and repeated in three independent organoid cultures with similar results).

Data information: Data are presented as mean � SEM. ND not detected, *P < 0.05, **P < 0.01, ***P < 0.001, NS: not significant, relative to expression or activity level at
day 3 (one-way ANOVA).
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dexamethasone-treated organoids reached adult enzyme activity

levels at day 13 of culture, while control fetal organoids increased

their enzyme activity values at a considerably slower rate.

Dexamethasone did not increase Treh and Arg2 gene expression

levels (Fig 4C and D), but the activity level of the corresponding

enzymes was significantly increased in dexamethasone-treated fetal
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Figure 3. Fetal organoids resemble adult organoids after 1 month in culture.

A–G Relative expression detected by real-time qPCR in fetal organoids (black circles) and adult organoids (blue triangles). Neonatal markers (A) Ass1, (B) Blimp-1, (C)
FcRn, and (D) Lct in fetal organoids cultured for 1 month compared to levels adult organoids. Mature markers (E) Sis, (F) Treh, and (G) Arg2 increase in fetal
organoids to adult levels (n = 3 individual wells from single organoid culture (see Materials and Methods); experiment was repeated in four independent organoid
cultures with similar results).

H–L Enzyme activity assay of fetal (black bars) and adult (blue bars) organoids. (H) Lactase activity is higher in fetal organoids decreasing to adult levels at day 28, while (I)
sucrase, (J) maltase, (K) trehalase, and (L) arginase increase to adult levels. Activity is given in lM glucose/lg protein/min (n = 3 independent organoid cultures).

Data information: Data are presented as mean � SEM. ND not detected, *P < 0.05, **P < 0.01, ***P < 0.001, NS: not significant, in (A–G) between fetal and adult
organoids and in (H–L) relative to adult levels (t-test).
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organoids at day 13 of culture compared to control condition

(Fig 4G and H). Importantly, dexamethasone did not alter the

enzyme activity of adult organoids (Appendix Fig S4). The effects of

dexamethasone observed in vitro were similar to the effects in vivo,

for example a precocious increase in sucrase-isomaltase mRNA

levels after dexamethasone treatment and protective role on intesti-

nal brush border by increased activities of Treh [31]. The acceler-

ated suckling-to-weaning transition observed here demonstrates

that the timing of the intrinsic intestinal maturation process

observed in fetal organoids can be modulated by extrinsic factors.

Mixed organoid cultures: Spheroids transit to organoids and do
not reflect different maturation stages per se

Previously, it has been reported that organoid cultures are a mixed

population of structures consisting of budding structures and hollow

spheres, referred to as organoids and spheroids, respectively [32].

Furthermore, it has been shown that epithelial cells at E14-E16.5

propagate in vitro indefinitely as spheroids that do not transit to

organoids even after continuous passaging [26,33]. In our E19 fetal

cultures, we also observed two types of structures, organoids and

spheroids (Fig 5A). Quantification of these two structures showed

that at day 3 of in vitro culture, more than 80% of the outgrowths

were spheroids, decreasing to approximately 10% at day 30 of

culture (Fig 5B). The prevalence of spheroids at the start of the fetal

cultures is in accordance with previous reports [26,33]. However,

the count of spheroids decreased within the same passage

(Fig EV5B), suggesting that spheroids transited to organoids within

the same passage. In addition, after passaging we typically observed

a transient increase of spheroid number, albeit to a different degree,

further suggesting interchangeable relationship between these two

culture phenotypes (Fig EV5B). Such spheroid–organoid relation-

ship has previously been described [32], suggesting that the spher-

oids that we observed are different from the ones generated from

E14-E16.5 epithelium. In our culture conditions, most spheroids

turned to budding organoids 2 days after each passage (Fig EV5E).

Based on this observation, we consequently sampled at day 3 after

each passage for all our analyses (Fig 1A). To determine the rela-

tionship between spheres and organoids, we separated spheroids

and organoids from E19 fetal cultures at day 3 and cultured them
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Figure 4. Dexamethasone accelerates maturation of fetal organoids.

A–H (A, B, E, F) Maturation is accelerated in dexamethasone-treated fetal organoids (red squares) compared to control (black circles), as revealed by real-time qPCR.
Decrease in relative expression of neonatal marker (A) Blimp-1 and increase in expression of adult marker (B) Sis occur earlier in dexamethasone-treated organoids,
but expression of adult markers (E) Treh and (F) Arg2 remains unchanged (n = 3 individual wells from single organoid culture (see Materials and Methods);
experiment was repeated in four independent organoid cultures with similar results). (C, D, G, H) Dexamethasone treatment accelerates increase in activity of (E)
sucrase, (F) maltase, (G) trehalase, and (H) arginase reaching adult organoid level (blue triangles) at day 13 of the culture. Activity is given in lM glucose/lg
protein/min (n = 3 independent organoid cultures). Data are presented as mean � SEM. ND not detected, *P < 0.05, ***P < 0.001, ****P < 0.0001, NS: not
significant, between control and dexamethasone-treated fetal organoids (two-way ANOVA). Expression values of control fetal organoids and control adult
organoids in (B, E and F) are the same as Fig 3E–G, and enzyme activity levels of fetal organoids in (C, D, G and H) are the same as Fig 3I–L.
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A

B

C

D

E

Figure 5. Spheroids and organoids show the same protein expression pattern, independently of culture stage/passage.

A Microscopic images of fetal organoids at days 3, 13, 20, and 30 of culture. Scale bars: 500 lm.
B Percentage of fetal spheroids decreases during culture (n = 3 individual wells from single organoid culture (see Materials and Methods); experiment was repeated

in ten independent organoid cultures with similar results).
C–E Immunohistochemistry of fetal organoids for (C) Ass1, (D) Sis, and (E) Arg2. Quantification of three slides per staining, 7–10 organoids/spheroids per slide. Scale bars:

50 lm.

Data information: Data are presented as mean � SEM. ***P < 0.001, relative to number of spheroids at day 3 (one-way ANOVA).
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independently in parallel with mixed culture (Fig EV5A). Counting

of organoids and spheroids by equal vision field images of these

three culture conditions (Fig EV5C–G) and live imaging of spheroid

structures confirmed the interchangeable relationship between

spheroids and organoids (Movies EV1 and EV2). In conclusion, we

observed seamless transition of spheroids to organoids within the

same passage at early and late passaging. In addition, after each

passage a proportion of organoids grew as spheroids though this

seemed to decrease in time (Fig EV5).

Even though our experiments demonstrated transition of spheroids

to organoids, intestinal maturation in vitro could still have been caused

by a decrease in the number of spheroids during the 30 days of the

culture period (see Fig EV5B). To further investigate this, expression

of neonatal and adult markers was analyzed by immunohistochemistry

(IHC) on mixed organoid cultures at different days/passages (Fig 5C–

E). In early passages of mixed cultures, the neonatal marker Ass1 was

expressed in both organoids and spheroids (Fig 5C) and, as expected,

was virtually absent in late passages. In a sharp contrast, adult mark-

ers Sis and Arg2 were not present in spheroids neither in organoids of

early cultures (day 6). However, these two enzymes were simultane-

ously expressed in spheroids as well as organoids at later culture time

points (Fig 5D and E). These data suggest that spheroids, in our

culture conditions, are appearing transiently, independently of the

culture passage and maturation status of epithelial cells.

These data in conjunction indicate that fetal intestinal organoids

cultured from late stages of fetal development (E19) to adulthood can

be used as a novel in vitro model to study intestinal epithelial matura-

tion, and open the way to decipher the impact of nutritional and envi-

ronmental factors on this process reducing the need for (extensive)

animal studies. In humans, there are multiple conditions in which gut

maturation, i.e., maturation of the epithelial digestive functions and

gut barrier functions, is delayed or impaired. These conditions include,

e.g., preterm birth, undernutrition, and gastrointestinal infections with

both short- and long-term effects [34–37]. Short-term effects may

include necrotizing enterocolitis and sepsis in preterm infants and

recurrent infections and environmental enteropathy in early life under-

nutrition. Long-term health consequences may include stunting and

neurodevelopmental impairment. Therefore, studies on gut maturation

and how to modulate this process through early life nutrition are of

pivotal importance for neonatal intestinal health and later life health.

Moreover, the development of cultured fetal intestinal organoids

can be accelerated by dexamethasone as has also been described in

in vivo studies, demonstrating that cultured fetal intestinal epithelial

cells can be used to identify novel factors that influence the timing

of epithelial maturation. Such insights are fundamental for a better

understanding of factors, e.g., bioactive components in human milk,

prebiotics, probiotics, and synbiotics that may promote gut matura-

tion and thereby neonatal intestinal health in stressed conditions

such as in preterm infants, undernourished infants, and infants with

GI infections and inflammation.

Materials and Methods

Mice

Animal procedures complied with the guidelines of the EU and were

approved by the Animal Welfare Body (ALC102556). Pregnant

8-week-old C57Bl/6J mice were obtained from Jackson Laboratory

and were sacrificed at day 19 of the pregnancy.

In vitro organoid culture

To generate single fetal organoid culture, fetuses from two mice

were combined resulting in a final number of around 15 fetuses per

experiment. For fetal and adult organoids culture, small intestine

tissue was harvested, dissociated, and cultured as previously

described in a 48-well plate [38]. For adult organoids, the middle

part of the small intestine of the mothers was used. In specific

experiments, proximal and distal fetal intestinal tissue was sepa-

rated based on location of stomach and appendix and cultured in

parallel. Both fetal and adult organoids were maintained in ENR

medium (Appendix Table S1) throughout the experiments. When

mentioned, organoids were incubated with 0.01 mM dexametha-

sone (Sigma-Aldrich) from day one of culture, continuously.

Separation of spheroids from organoids was performed at day 3

of culture, by collecting cultures in Cell Recovery solutions (Corning

B.V.) and manually picking spheroids or organoids from suspension

under microscope and separately re-culturing in matrigel as

described above.

Samples for RNA analyses, enzyme activity, or immunohisto-

chemistry were always taken 3 days after passaging of the culture.

Counting was performed daily in the same wells, by two people, in

three to five wells. Representative images of the cultures were taken

by an inverted light microscope (Leica) from the same well, same

field, on subsequent days of culture, within one passage. In addi-

tion, organoid cultures were monitored over time by CytoSMART

(Cytomate Technologies B.V.) with a 30-min snapshot interval,

during several days of cultures. Images were processed to a movie

using ImageJ.

RNA isolation and qRT–PCR

RNA was isolated using the Bioline ISOLATE II RNA Mini Kit (BIO-

52073, Bioline) according to manufacturers’ instructions. RNA qual-

ity was measured on an Agilent 2100 Bioanalyzer, and only samples

with a RNA integrity number (RIN) above 9 were included.

For transcriptome profiling, 400 ng RNA was amplified and

labeled using 30 IVT Pico Kit (Affymetrix) and RNA Amplification

Kit (Nugene) according to manufacturer’s protocol. Microarray anal-

ysis of mouse tissue and organoids was performed using Affymetrix

Clariom� D 8-Array HT Plate according to the standard protocols of

the Dutch Genomics Service and Support Provider (MAD, Science

Park, University of Amsterdam, Netherlands). The data were

normalized using Expression Console 1.4.1.46 and uploaded to R2:

Genomics Analysis and Visualization Platform (http://hgserver1.a

mc.nl/). Microarray results were analyzed using R2 software. Dif-

ferentially expressed genes were selected based on fold change (≥ 2)

in comparison with control group.

For qRT–PCR, 0.5 lg of RNA was transcribed using RevertAid

Reverse Transcriptase according to protocol (Fermentas, Vilnius,

Lithuania). Quantitative RT–PCR was performed on a Bio-Rad

iCycler using SensiFAST SYBR No-ROX Kit (GC Biotech Bio-

98020) according to manufacturer’s protocol. Cyclophilin was

used as reference gene, and relative gene expression was calcu-

lated using the 2�delta Ct method. Primers sequences (specificity
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was tested using melting curve analyses) can be found in

Appendix Table S2.

Enzyme activity

For the enzyme activity assay, organoids were washed with ice-cold

PBS to remove matrigel, collected in cell lysis buffer (Cell Signaling

Technology), and stored at �80°C until use. Lactase, sucrase, treha-

lase, and maltase activity in the organoids were determined accord-

ing to the method developed by Messer and Dahlqvist [39,40]. In

short, samples were mild sonicated on ice for 3 s. For trehalase and

maltase activity, samples were diluted five and ten times, respec-

tively. 30 ll of (diluted) organoid lysate was incubated with 30 ll of
0.12 M lactose (with p-chloromercuribenzoate as stabilizer to

inhibit lysosomal p-galactosidase activity), 0.0112 M maltose,

0.01 M sucrose, or 0.01 M trehalose (all from Sigma-Aldrich) in

0.6 M maleic buffer (pH 6.0 Merck) for 60 min at 37°C. To deter-

mine the amount of glucose produced, 200 ll of the PGO-color solu-

tion (10 U/ml glucose oxidase from Aspergillus niger, 2 U/ml

peroxidase, and 8 mM o-dianisidine in 0.5 M Tris–HCl buffer, pH

7.0; all from Sigma-Aldrich) was added and the absorbance was

measured at 450 nm every 5 min for 30 min at 37°C. A glucose

standard was run in parallel to determine glucose production.

Enzyme activity values were corrected for total amount of protein,

as determined by BCA reaction [41], and are expressed as lM
glucose/lg protein/min.

Arginase activity was measured using the Arginase Activity

Assay Kit (Sigma-Aldrich), according to the manufacturers’

protocol. 40 ll of five times diluted organoid lysate was incu-

bated with arginine in buffer (pH 9.5) supplemented with

manganese, for 2 h at 37°C. The urea produced was converted

for 1 h to a colored product, and absorbance was measured at

430 nm. An urea standard was run in parallel. Enzyme activity

values were corrected for total protein and are presented in

units/l; one unit of arginase is the amount of enzyme that will

convert 1.0 lM of L-arginine to ornithine and urea per minute,

at pH 9.5 and 37°C.

Immunohistochemistry

Tissue and organoids were fixed overnight in 4% formaldehyde,

embedded in paraffin, and sectioned. For staining, sections were

deparaffinized with xylene and gradually rehydrated in ethanol.

After blocking the endogenous peroxidase (0.01% H2O2 in

methanol), slides were boiled for 20 min at 100°C on a heat block in

0.01 M sodium citrate buffer (pH 6) for antigen retrieval. Slides

were incubated overnight with primary antibody diluted in PBS

with 1% bovine serum albumin and 0.1% Triton X-100. Slides were

washed with PBS and Powervision secondary antibody (Immuno-

logic) was added for 30 min at room temperature, except for

Blimp-1 staining that required 1 h incubation with secondary anti-

body, followed by a 30-min incubation with detection antibody.

Antibody binding was visualized by adding chromagen substrate

diaminobenzedine (Sigma-Aldrich) according to the manufacturer’s

protocol.

For whole-mount staining of organoids, organoids were collected

from the matrigel by Cell Recovery Solution (Corning B.V.) and

fixed overnight in 2% formaldehyde. After washing (PBS + glycine),

permeabilization (PBS + 0.5% Triton X-100), and blocking

(IF-wash + 10% goat serum), organoids were incubated with

primary antibody for 1–2 h at RT. Staining was visualized with

Alexa-conjugated secondary antibody (1 h at RT) after which cells

were mounted on a slide with ProLongTM Gold Antifade Reagent

with DAPI (Invitrogen).

The following antibodies were used for immunohistochemistry:

rabbit polyclonal anti-argininosuccinate synthetase I (1:10,000,

[42]), rat monoclonal anti-Blimp-1 (1:250, Santa Cruz, clone 6D3),

rabbit polyclonal anti-rat IgG/biotinylated (1:200, Pierce Ab, 31834),

streptavidin-HRP (K0675, DAKO), mouse monoclonal anti-lactase

(1:4,000, A. Quaroni, DRBB 2/33), rabbit polyclonal anti-mouse

IgG/biotinylated (1:250, DAKO, ITK A90-117B), rabbit polyclonal

anti-arginase II (1:1,000, [42]), and goat polyclonal anti-sucrase-

isomaltase (1:500, Santa Cruz, A17, sc27603). Antibodies used for

immunofluorescence: rabbit polyclonal anti-mucin2 (1:500, Santa

Cruz, sc-15334), rabbit polyclonal anti-lysozyme (1:500, DAKO,

A0099), goat polyclonal anti-villin (1:100, Santa Cruz, sc-7672),

rabbit polyclonal anti-synaptophysin (1:200, DAKO, A0010), goat

anti-rabbit IgG/biotinylated (1:200, DAKO, E0432), streptavidin-

FITC (1:250, DAKO, F0422), donkey anti-goat IgG-Alexa647 (1:500,

Invitrogen, A21447), and goat anti-rabbit IgG-Alexa488 (1:500,

Invitrogen, A11008).

Visualization of Lgr5 was performed using RNAscope�, an RNA

in situ hybridization technique described previously [43]. RNAscope

was performed according to the “Formalin-Fixed Paraffin-Embedded

(FFPE) Sample Preparation and Pretreatment for RNAscope 2.5

assay” and “RNAscope 2.5 HD Detection Reagent – RED” protocols

as provided by the manufacturer. For RNAscope, the following

probe was used: mm_Lgr5 (REF 312171, LOT 16250A).

Statistics

For all values, mean and standard error are given. One-way analysis

of variance was used to test whether an observed change over time

was significant compared to day 3 of culture, with a Tukey post-test.

To compare differences between two different conditions, two-way

analysis of variance was performed with a Bonferroni post-test,

unless indicated otherwise in the figure legend. *P < 0.05,

**P < 0.01, ***P < 0.001, NS = not significant.

Data availability

The microarray data from this publication have been deposited

to the GEO database (https://www.ncbi.nlm.nih.gov/geo/) and

assigned the identifier GSE118982.

Expanded View for this article is available online.
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