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Abstract

Background Adult intestinal organoids have been used to study ex vivo intestinal injury in adulthood. However, the neonatal
intestinal epithelium has many unique features that are different from adult mature intestine. Establishing a neonatal ex vivo
organoid model is essential to study the epithelial physiology in early postnatal development and to investigate derangements
associated with disease processes during the neonatal period like necrotizing enterocolitis (NEC).

Methods Fresh and frozen terminal ileum was harvested from mice pups on postnatal day 9. Crypts were isolated and orga-
noids were cultured. Organoids were exposed to hypoxia and lipopolysaccharide (LPS) for 48 h to induce epithelial injury.
Inflammatory cytokines and tight junction proteins were evaluated.

Results Robust intestinal organoids can be formed from both fresh and frozen intestinal tissue of neonatal mice pups. Hypoxia
and LPS administration induced intestinal inflammation and disrupted tight junctions in these neonatal intestinal organoids.
Conclusions We have established a novel method to grow organoids from neonatal intestine. We demonstrated that these
organoids respond to the injury occurring during neonatal intestinal diseases such as NEC by increasing the organoid inflam-
mation and by disrupting the organoid barrier function. Organoids provide an ex vivo platform to study intestinal physiology

and pathology during the neonatal period.
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Introduction

The intestine is a particularly complex organ due to its
physiological features and structures. The essential func-
tion of the intestine is to absorb nutrients from the intes-
tinal lumen. Intestinal epithelium is organized into crypts
and villi in order to increase absorptive surface area [1].
The direct contact between the intestinal bacteria and the
epithelial cell surface has to be tightly controlled to avoid
bacterial invasion triggering an immune response [2]. Due
to these complexities, multiple environmental and intrinsic
factors are involved and contribute towards the intestine’s
postnatal development and intestinal injury during the neo-
natal period. Consequently, a simple experimental model of
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intestinal epithelium is essential to study the pathophysiol-
ogy of neonatal intestinal disorders.

Intestinal epithelium is characterised by high self-renew-
ing capacity to maintain intestinal viability [3]. Intestinal
epithelial organoids are derived from intestinal crypts and
cultured to represent the tissue-resident intestinal stem cells
which retain their ability to regenerate epithelial tissue
[4], self-renewal, and multi-lineage differentiation proper-
ties even after prolonged culturing [S5]. Recent advances in
organoid culture technology have provided a greater under-
standing of stem cell biology, organogenesis, and disease
pathology, thus enabling human development and disease
modeling in vitro [6-8].

However, neonatal intestines are immature at birth and
developed postnatally. Therefore, the neonatal intestinal epi-
thelium has many unique features including size, structure,
and function that differ from mature adult intestinal epithe-
lium [9-11]. Compare to adult intestine, the neonatal intes-
tine has less microvascular folds [12], fewer intestinal epithe-
lium cell types [13], lower intestinal renewal capacity [14],
immature barrier function [15], less developed microbiome
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community [16] and different immune responses [17]. Con-
sequently, the immature neonatal intestine is more suscepti-
ble to develop several intestinal injuries such as NEC.
Thus, creating a neonatal ex vivo model is essential to
study the epithelium physiology in intestinal pathological
processes occurring in neonates. The aim of this study was
to report our newly established protocol to form robust neo-
natal intestinal organoids and to describe the response of
these neonatal-derived organoids to epithelium injury.

Methods
Fresh intestinal organoids

Intestinal organoids were cultured according to the protocol
from StemCell Technologies (Cambridge, MA). Terminal
ileum was harvested from C57BL/6 mice pups at postnatal
day 9. The tissue was cut into small segments. Intestinal
crypts were isolated by digestion with Gentle Cell Disso-
ciation Reagent (StemCell Technologies, Cambridge, MA)
for 15 min and pelleted by centrifugation. Crypts were then
re-suspended in Matrigel (Corning, New York) and trans-
ferred into 24-well plates. After polymerization, mouse
IntestiCult organoid growth medium (StemCell Technolo-
gies, Cambridge, MA) supplemented with penicillin—strep-
tomycin (100 U/mL) was overlaid on the gel in each well.
Organoids were maintained in a 37 °C incubator with the
culture medium replaced every 2 days.

To induce intestinal epithelial injury, organoids were
exposed to hypoxia (5% O,/95%N,) and lipopolysaccharide
(LPS; 200 pg/mL, Sigma-Aldrich, St. Louis, MI) for 48 h,
which have been reported as stress factors in an in vitro envi-
ronment to induce intestinal cell injury [18].

Snap frozen tissue organoids

Intestinal tissue (ileum) was harvested from C57BL/6 mice
pups at postnatal day 9 and snap-frozen in CryoStor freez-
ing medium. This was then stored at — 80 °C for later use.
When used, the frozen tissue was thawed and used to grow
organoids as mentioned above.

Forskolin-induced organoid swelling

Forskolin-induced organoid swelling was conducted to study
the epithelial integrity and permeability [19]. Forskolin at
50 mM (Sigma-Aldrich, St. Louis, MI) was added into cul-
ture medium to induce organoid swelling for 30 min. Sam-
ples were imaged every 5 min using a Nikon TE-2000 digital
microscope equipped with a Hamamatsu C4742-80-12AG
camera.
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Gene expression

RNA was isolated with TRIzol (Invitrogen, Carlsbad, CA)
after removing culture medium. Total RNA (1 pg) was reverse
transcribed using gqScript cDNA supermix (Quanta Bio-
sciences, Gaithersburg, MD). SYBR green-based RT-qPCR
was performed in a CF384 C1000 Thermal Cycler (Biorad,
Hercules, CA) using Evagreen Supermix (Biorad, Hercules,
CA), as previously described [20]. Data were analyzed using
CFX Manager 3.1 (Biorad, Hercules, CA). Results are from
three independent experiments each performed in triplicate.
Expression levels were calculated by the AACt method and
normalized to housekeeping genes Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) and ribosomal protein large,
PO (RPLPO).

Immunostaining

Organoids were fixed using 4% paraformaldehyde for 30 min
and were subsequently permeabilized with 0.1% Triton X-100.
After blocking of non-specific binding, organoids were incu-
bated overnight at 4 °C with 1 in 500 dilutions of primary
antibodies for Zonula occludens-1 (ZO-1) and Claudin-3 (Cl13)
(Cell Signaling Technology, Danvers, MA). Organoids were
then incubated with 1 in 1000 diluted secondary antibodies
and DAPI (Vector Laboratories, Burlington, ON) for nuclei
at room temperature for 2 h. Samples were imaged using a
Nikon TE-2000 digital microscope equipped with a Hama-
matsu C4742-80-12AG camera.

Statistics

Results are presented as means+SEM for normally distributed
data, or median and range for not normally distributed data
(Kolmogorov—Smirnov test). Groups were compared using
student’s ¢ test. p <0.05 was considered statistically significant.

Results
Fresh derived neonatal intestinal organoids

Intestinal ileal crypts from neonatal pups were isolated and
formed into organoids. After 5 days of culture, the ileal intes-
tinal organoids formed and started budding (Fig. 1a). Ileal
intestinal organoids had an increase in number and surface
area from day 2 to day 5 of culturing (Fig. 1b).

Established an ex vivo model for neonatal intestinal
epithelial injury

To mimic NEC-like neonatal intestinal injury ex vivo,
we incubated the organoids in a hypoxic condition and
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Fig. 1 Organoids cultured from fresh neonatal mice terminal ileum. a
Corresponding representative micrographs of ileal mouse organoids
from fresh tissue after 2 days and 5 days of culturing. b Quantifica-
tion of ileal organoids per image and surface area (um?). Experi-
ments were independently repeated three times. Data are presented as
means + SD, compared using student’s 7 tests

administered LPS, two stress factors which can induce the
development of intestinal cell injury [18]. Hypoxia and
LPS exposure induced intestinal inflammation, as indi-
cated by increased gene expression of pro-inflammation
cytokines IL-6 and TNFa (Fig. 2a). Tight junction marker
Z0-1 showed an internal ring immunostaining pattern in
the control organoids which was disrupted after exposure to
hypoxia and LPS (Fig. 2b). Similarly, tight junction marker
CI-3 relocated from the luminal to the outside membrane of
the organoids (Fig. 2¢). These data collectively suggest that
NEC-like epithelial injury is induced in neonatal intestinal
organoids by exposure to hypoxia and LPS.

Frozen neonatal intestinal organoids

To enhance the translational applications of these novel
techniques, we isolated the organoids not only from fresh
intestinal tissue but also from frozen tissue. Intestinal crypts
were isolated from frozen neonatal pup ileal tissue and grew
into organoids. Similar to fresh tissue organoids, the frozen
tissue organoids grew and increased in number and surface
area (Fig. 3a, b). To test the viability of these organoids, For-
skolin was added to induce organoid swelling. The organoids
increased in size as the influx of water increased (Fig. 3c)
indicating that the organoids derived from frozen tissue were
robust.
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Fig.2 Ex vivo model of neonatal intestinal epithelial injury in orga-
noids. Neonatal organoids were exposed to hypoxia and LPS to
induce NEC-like ex vivo intestinal injury. Comparisons between
control organoids and organoids exposed to hypoxia and LPS. a
Quantification of gene expression levels of inflammation cytokines
IL-6 and TNFa for the two groups. b Corresponding representative
micrographs of tight junction ZO-1 staining in organoids of the two
groups. Control organoids showed a complete ring-like structure and
the hypoxia- and LPS-treated organoids showed disrupted ZO-1 as
indicated by the white arrows. ¢ Corresponding representative micro-
graphs of tight junction marker Cl-3 staining in organoids of the two
groups. ClI-3 marked by the white star relocated from the luminal to
basal membrane of the organoids. Experiments were independently
repeated three times. Data are presented as means+SD, compared
using student’s ¢ tests

Discussion

A novel technique is described for the development of intes-
tinal organoids derived from neonatal intestine. We have
established that these organoids can be grown from fresh
as well as frozen ileum. In addition, the organoids maintain
viability and respond to intestinal injury stress factors such
as hypoxia or bacterial products (LPS). These organoids
have the potential to enhance further research in neonatal
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Fig.3 Organoids cultured from frozen neonatal mice ileal tissue.
a Corresponding representative micrographs of ileal mouse orga-
noids from frozen tissue after 2 days and 5 days of culturing. b
Quantification of ileal organoids per image and surface area (um>).
¢ Corresponding representative micrographs of ileal mouse orga-
noid treated with 50 mM Forskolin to induce swelling at the time
prior to treatment (TO) and 30 min after treatment (T30m). Experi-
ments were independently repeated three times. Data are presented as
means + SD, compared using student’s ¢ tests

intestinal pathophysiology and hold promise for the develop-
ment of future therapeutic maneuvers.

Developing organoids was based on the knowledge
acquired from in vitro studies which investigated the patho-
genesis of diseases [6, 7]. Indeed, various studies have been
using intestinal organoids from adult mouse to study the
progression of intestinal injury [21, 22]. However, the neo-
natal intestinal epithelium has several characteristics that
differ from mature adult intestinal epithelium. In this study,
we have established a novel protocol to form robust neonatal
intestinal organoids from fresh terminal ileum of newborn
mice pups, which is the intestinal area most affected by
NEC. This neonatal organoid platform allows us to develop
a deeper understanding of the direct effects of injury to intes-
tinal crypts and study the mechanism of action without the
complex interference of other organs on the intestine.
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Multiple stress factors have been reported for induc-
ing in vitro cell injury; one previous study showed that
hypoxia and LPS represent stress factors shown in NEC
[18]. Similar to intestinal injury found in mice with NEC
[23], the intestinal organoids showed increased inflamma-
tion. Disruption of tight junction ZO-1 and translocation
of Cl1-3 in organoids were also found after hypoxia and
LPS administration which were comparable to the experi-
mental NEC model [24, 25]. These findings demonstrate
that neonatal mice organoids can be used to study NEC
progression. Our findings are in line with a recent study
showing that human fetal derived organoids are a relevant
human preclinical model for NEC [26]. These findings
collectively demonstrate the benefits of using neonatal
mice pups or human fetal derived organoids in studying
the changes on intestinal epithelium. This likely is appli-
cable to the development of the ex vivo NEC model which
can be used to study the pathophysiology of the disease, as
well as develop therapeutic agents for NEC in the future.

Similar to a previous publication of successful orga-
noids grown from tumor tissue [27], we have established
the snap-frozen technique to preserve the intestinal tissue.
We have been able not only to grow intestinal organoids
from frozen tissue, but also to demonstrate that these orga-
noids were viable. The Forskolin-induced swelling assay
demonstrated integrity of the intestinal organoids [19].
Our observations showed that organoids derived from
frozen tissue that have been kept for at least a week are
comparable to organoids derived from fresh tissue. This
technique is useful as it allows preservation of tissue for
later analysis. This may be applicable clinically by allow-
ing the effective preservation of human biopsy samples
for later use. This circumvents the need to immediately
grow organoids from fresh tissue which often may be dif-
ficult, impractical or require multiple biopsies at differing
times. Further studies should investigate the growth of
these neonatal-derived organoids from frozen tissue over
a longer period of time.

In summary, we have established a valid protocol to
form robust neonatal intestinal organoids, which will be
useful to study the epithelium physiology in postnatal
intestinal development and pathology processes in early
intestinal disorders.
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