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Abstract: Intestinal organoids are useful for in vitro investigation of the properties of intestinal
epithelial cells and their interaction with gut microbiome. Here, we established cecal and colonic
organoids from common marmosets, which are highlighted as model nonhuman primates but
susceptible to gastrointestinal diseases. Established organoids were capable of passaging and long
term culture. Results of quantitative reverse transcription PCR and immunostaining showed
differentiation of the organoids into major cell types in the intestinal epithelium (colonocytes, goblet
cells and enteroendocrine cells), enabling in vitro analysis of these cells in marmosets. The organoids
will be a useful model for the investigation of gut physiology related to gastrointestinal diseases
and gut-microbiome interactions, further expanding medical, biological and veterinary research in
the future.
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1. Introduction

The intestinal epithelium is a single layer of cells that covers the surface of the intestine. The
intestinal lumen contains various substances, including nutrients, gut microbiota, and their
metabolites. The intestinal epithelium interacts with these substances through intestinal epithelial
cells (IECs), which consist of specialized differentiated cells such as absorptive cells (enterocytes in
the small intestine and colonocytes in the large intestine; responsible for digesting food and drugs
and absorbing them), goblet cells (which secrete mucus), and enteroendocrine cells (which detect
luminal chemicals and secrete gut hormones). Studying the functions and characteristics of IECs is
crucial for understanding gut physiology, including processes such as food digestion, nutrient
sensing, drug metabolism, and host-microbiome interactions [1].

All cell types in intestinal epithelial cells (IECs) are derived from intestinal stem cells (ISCs),
which are located at the base of the intestinal crypts. Findings related to ISC niche factors and the use
of laminin-rich extracellular matrix have enabled the in vitro maintenance of IECs in the form of
intestinal organoids. These organoids are self-organized, three-dimensional (3D) structures
consisting of a single layer of IECs [2,3]. Intestinal organoids are now widely used as in vitro models
to study the characteristics and functions of IECs due to their ability to faithfully replicate IEC
functions in vitro [4,5]. Additionally, advancements in techniques such as genome editing [6] and
coculture with microbes [7] have further enhanced the utility of intestinal organoids as powerful tools
for studying gut physiology.

This culture system has been successfully applied not only to human and mice, but also to
various model and livestock animals such as macaque, canine, feline, bat, bovine, porcine, rabbit,
horse, sheep and chicken [8-13]. However, intestinal organoids from common marmosets (Callithrix
jacchus) have not been reported so far. Common marmosets are small primates native to South
America. Recently, they have been paid attention as small-bodied and highly reproductive non-
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human primate models for biomedical studies[14-17]. They are also utilized to study gut physiology,
particularly aspects related to the gut microbiome. For example, changes in gut microbiome in
relation to age [16] and diet [18] have been investigated in marmosets. Host-microbiome interactions
in this species have also been studied using transcriptomic analyses [17]. Furthermore, the high
susceptibility of common marmosets to gastrointestinal diseases is a problem when keeping them in
captive, prompting several studies aimed at identifying the causes and developing treatments for
these diseases [19-21]. Despite these advances in understanding marmoset gut physiology, to the best
of our knowledge, culture systems capable of providing in vitro models for studying the common
marmoset gut have not yet been established. Therefore, developing intestinal organoids from
common marmosets would be valuable for experimentally verifying and advancing these studies.

In the present study, we established intestinal organoids from the cecum and colon of common
marmosets. These intestinal segments were selected because marmosets are known to be hindgut
fermenters with evolutionarily enlarged cecum [22]. Results from RT-qPCR and immunostaining
analyses of the established cecal and colonic organoids demonstrated that the organoids
differentiated into major intestinal epithelial cell (IEC) subtypes. Intestinal organoids derived from
common marmosets will serve as an excellent tool for studying the gut physiology of this species in
the future.

2. Materials and Methods
2.1. Animals

6 common marmosets (0-3 years old) were used in this study. Detailed information about
individuals and sampling is listed in table S1. The study was approved by the Animal Welfare and
Animal Care Committee of the Center for the Evolutionary Origins of Human Behavior, Kyoto
University (permission numbers 2023-134 (approved April 1st, 2023), 2024- 023 (approved April 1st,
2024).

2.2. Organoid Culture Media

Organoid culture media were prepared reffering to Fujii et al. 2018 [3]. The basal medium was
prepared by supplementing Advanced Dulbecco’s Modified Eagle Medium/Ham's F12 with 10 mM
HEPES buffer, 2 mM L-Alanyl-L-Glutamine, 1 x B27 supplement, 1 x N2 supplement (all from Gibco,
Waltham, MA, USA), 10 pg/mL Gentamycin and 250 ng/mL Amphotericin B (both from Sigma-
Aldrich, St. Louis, MO, USA). Growth medium was prepared by supplementing basal medium with
50% human Wnt3a conditioned medium (lab-made[23]), 10% human Rspondin-2 conditioned
medium (lab-made[24]), 100 ng/mL recombinant human Noggin (Proteintech, Rosemont, IL, USA),
100 ng/mL recombinant human IGF-1 (FUJIFILM WAKO Pure Chemical Corporation, Osaka, Japan),
50 ng/mL recombinant human FGF-basic (FGF-2) (FUJIFILM WAKO Pure Chemical Corporation),
500 nM A83-01 (FUJIFILM WAKO Pure Chemical Corporation), 1 mM N-acetylcysteine (Sigma-
Aldrich), 10 nM human [Leul5]-gastrin 1 (Sigma-Aldrich), 10 mM nicotinamide (FUJIFILM WAKO
Pure Chemical Corporation), and 50 ng/mL recombinant human EGF (FUJIFILM WAKO Pure
Chemical Corporation).

2.3. Crypt Isolation and Organoid Culture

Crypt isolation and organoid culture was conducted as previously described [8,25] with a little
modification. Briefly, intestinal tissues were dissected and mucosal surfaces were washed with ice-
cooled DPBS supplemented with penicillin-streptomycin. Tissues were incubated with chelation
buffer (DPBS with 2% D-glucitol, 1% sucrose, 1% BSA, penicillin-streptomycin) containing 2mM
EDTA for 30-60 minutes. After rinsing with cold chelation buffer, the mucosal surfaces were scraped
with sterilized forceps to isolate the intestinal crypts.

Gained crypts were enriched by centrifugation (400xg, 5min), embedded in Matrigel (Corning,
NY, USA) and covered with growth medium. The medium was refreshed every 2 days. The
organoids were passaged once in 7-9 days by physical dissociation using P10 pipette tips attached to
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P200 pipette tips with split ratio of 1:3-1:5 (“mechanical passage”), or by chemical dissociation using
TrypLE Express (Gibco, Waltham, MA, USA) (“chemical passage”) with seeding density at 1~2*10*
cells per drop (25uL). ROCK inhibitor Y-27632 (FUJIFILM WAKO Pure Chemical Corporation) was
added for 2 days after passaging.

2.4. Quantitative Reverse Transcription Polymerase Chain Reaction (RT-gPCR)

Tissues were sampled and soaked in RNAlater (lab-made) for one night at 4°C. Organoids were
homogenized in buffer RLT in RNeasy Plus Mini Kit (Qiagen GmbH, Hilden, Germany). After that,
total RNA was isolated from organoids and tissues using RNeasy Plus Mini Kit, according to the
manufacturer’s instructions. cDNA was synthesized using PrimeScript RT reagent kit with gDNA
Eraser (Takara, Shiga, Japan). Quantitative RT-PCR was performed with THUNDERBIRD NEXT
SYBR qPCR Mix (Toyobo, Osaka, Japan) and StepOne Plus System (Applied Biosystems, Foster City,
CA). Marker genes were selected according to previous studies [9,13]. Sequences of the primers used
in this study are listed in table S2. Statistical analysis was performed using ACt values [26].

2.5. Immunstaining of Organoids and Tissues

Tissues were fixed in 4% paraformaldehyde 0.1M phosphate buffer solution (4% PFA, Muto Pure
Chemicals, Tokyo, Japan) overnight at 4°C and embedded in paraffin. Organoids were gently washed
in DPBS and fixed in 4% PFA for 20 minutes at room temperature. Fixed organoids were rinsed three
times in DPBS, embedded in 3% (w/v) agarose followed by embedding in paraffin. Samples were
sectioned at 5 um, deparaffinized and rehydrated in a graded alcohol series. Antigen was retrieved
by tris-EDTA buffer (lab-made). Blocking was performed by 10% normal horse serum (S-2000; Vector
Laboratories, Burlingame, CA) diluted in PBS-T at room temperature for 1 h, and sections were
incubated overnight at 4°C with primary antibodies (table S3) diluted in blocking solution. Primary
antibodies were detected using 488 or 555 Alexa secondary antibodies (1:1000) (Thermo Fisher
Scientific) for 1 h at room temperature. Nuclei were stained with DAPI (Dojindo Molecular
Technologies, Tokyo, Japan). Stained sections were mounted by Mountant Permafluor (TA-030-FM;
Thermo Fisher Scientific, Waltham, MA) and observed with a fluorescence microscope (LSM-510,
Axioplan 2; Carl Zeiss Microscopy GmbH) mounted on a cooled charge-coupled device camera
system (Cool SNAP HQ; Photometrics, Tucson, AZ).

3. Results
3.1. Common Marmoset Cecal and Colonic Organoids Were Successfully Cultured with Budding Structure

The crypts of common marmoset cecum and colon were embedded in matrigel and cultured in
medium containing ISC niche factors. After one week of culture, we observed growth of organoid-
like structures from the cecal and colonic crypts. Gained organoids were capable of passaging and
long-term expansion (Figure 1A). Cecal and colonic organoids were successfully established from
one adult (Gj768) and three infant individuals (Cj936, 944, 967). Organoids could both mechanically
(physical dissociation by pipetting) and chemically (dissociation by digestive enzymes) passaged.
Since mechanically passaged organoids showed better growth (Figure 1C), we cultured organoids
with mechanical passaging method in the following experiments.
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Figure 1. Common marmoset intestinal organoids. A: Representative images of cecal organoid growth (Cj768).
The numbers after “P” indicate passage numbers (PO = crypt culture). The numbers after “Day” indicate days
passed from latest passaging (DayO = the day cells were passaged). B: Representative images of organoids
established in this study. The low “cec” shows images of cecal organoids. The low “col” shows images of colonic
organoids. Scale bars in A and B = Imm. C: Representative images of cecal organoids passaged by two different

methods (Cj768). 4 days were passed after passaging when the images were taken. Scale bars in C =500um.

3.2. Basic Characterization of Cecal Organoids by RT-gPCR

To identify which type of cells were contained in the cecal and colonic organoids, we performed
quantitative reverse transcription PCR. We detected expression of all the genes that have been
examined, suggesting that all major IEC subtypes were present in cultured organoids (Figure 2).
Almost all markers of ISC (Figure 2A) and transit-amplifying (TA) cells (Figure 2B) showed higher
expression compared to tissues. Colonocyte marker FABP1 showed significantly lower expression in
cells than tissues (Figure 2C), which is consistent with the previous study that showed immaturity of
enterocytes in this culture condition [3]. Notably, cecal and colonic organoids tended to show higher
expression of secretory cell markers (TFF3, NEUROGS3, PYY) compared to tissues.
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Figure 2. Gene expression analysis of intestinal markers in common marmoset intestinal tissues and organoids
by RT-qPCR. The expression levels of marker genes of ISCs (A), TA cells (B), colonocytes (C), goblet cells (D)
and enteroendocrine cells (E) were quantified. Expression levels were calculated by ACt method using ACTB as
a housekeeping gene. Data are displayed as mean + SE (N = 4). Welch's t-test was performed (*p < 0.05, ** p <
0.01, ***p < 0.001).

3.3. Immunofluorescence of Cecal Organoids

Finally, the structure and cellular distribution in the cecal and colonic organoids were confirmed
by immunostaining. The specificity of the antibodies was validated using tissues (Figure 3A,B).
Staining for the epithelial cell marker E-cadherin visualized the budding morphology of the
established organoids (cecal: Figure 3C, colonic: Figure 3D, "E-cad", Figure S1). Cells within the
organoids oriented their VIL1-positive apical sides toward the inner lumen of the organoids (Figure
3C,D, "VIL1").

A. cecal tissue B. colonic tissue

--
. “ --
M"‘g. --

E-cad

D. colonic organoids

--

Figure 3. Inmunostaining of common marmoset cecal and colonic tissues and organoids. MKI67: proliferation
marker, E-cadherin: epithelial cell marker, VIL1: colonocyte marker, MUC2: goblet cell marker, CHGA:
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enteroendocrine cell marker, 5-HT: a kind of gut hormone. A, B: Specificity of primary antibodies was confirmed
with cecal (A) and colonic (B) tissue. C: representative images of stained cecal organoids. D: Representative

images of stained colonic organoids. Nuclei were stained with DAPI (blue). Scale bars = 50um. .

The organoids abundantly contained MKI67-positive proliferating cells (Figure 3C,D, "MKI67"),
indicating that the organoids were actively proliferating. MUC2-positive goblet cells and CHGA-
positive enteroendocrine cells were also observed (Figure 3C,D). Most CHGA-positive cells were co-
stained with 5-HT (serotonin), a type of gut hormone, consistent with the results observed in the
tissue (Figure 3A-D, “5-HT” “CHGA” “Merge”).

4. Discussion

In this study, we succeeded in culturing intestinal organoids from common marmosets. Among
the established organoids, we performed basic characterization on cecal and colonic organoids.
Marmoset cecal and colonic organoids had budding morphology unlike organoids from macaque
large intestines [8,9], which had spheric morphology and contained little differentiated cells in
proliferation state.

RT-qPCR results revealed that many of the marker genes for ISCs, TA cells, goblet cells and
enteroendocrine cells exhibited higher expression levels in organoids compared to tissues.
Immunostaining further confirmed that organoids include cells that can produce secretory
substances such as MUC2 and 5-HT. These findings indicate that the organoids we established
possess the ability to differentiate into secretory cells while retaining proliferative capacity.

In macaque colonic organoids established by Li et al. [9], marker genes of secretory cells (goblet
and enteroendocrine cells) were expressed at lower levels compared to colonic tissue. The differences
in RT-qPCR results between Li et al. and our study may due to either interspecies variations or
differences in culture conditions. The culture medium used by Li et al., which supplements media
with the p38 inhibitor SB202190, is known to enhance organoid proliferation. In contrast, the medium
we employed substitutes SB202190 with IGF-1 and FGF-2, which have been reported to promote ISC
differentiation into secretory cells [3]. These differences in culture conditions are consistent with the
discrepancies observed between our RT-qPCR data and those of Li et al. Although we are currently
unable to disentangle the effects of interspecies differences from those of culture conditions, we
propose that the culture medium developed by Fujii et al. [3] is particularly suitable for establishing
intestinal organoids rich in secretory cells from nonhuman primates.

Common marmoset cecal and colonic organoids and methods to establish them can be applied
to various aspects when studying marmoset gut physiology. Intestinal organoids are highlighted
these days as an in vitro model suitable for the studies of host-microbiome interactions in the gut
[27]. Understanding this aspect in marmoset gut is useful not only for biomedical studies, but also
for understanding how their special feeding habit in the wild, exudativory [28,29]. Furthermore, it is
known that intestinal diseases such as marmoset wasting syndrome (WMS) [19] and marmoset
duodenal dilation syndrome [20] are common in captive common marmosets. As for WMS, previous
studies revealed that change in IEC functions are observed in marmosets with this disease [19]. By
culturing intestinal organoids from healthy and diseased marmosets and comparing the features, it
may be possible to understand the molecular basis of these diseases.

In summary, we successfully established common marmoset intestinal organoids. Although
some improvements in the culture system are required, common marmoset intestinal organoids have
various implications and will promisingly contribute to medical, biological and veterinary research
in the near future.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Table S1: information about individuals and cell lines used in this study;Table
S2: primers for RT-qPCR; Table S3: antibody list. Figure S1 shows the zoomed out view on immunostaining

results.
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