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' Although protocols on how to isolate mesenchyme from the mouse intestine are

available, it is not clear whether these procedures allow the efficient isolation
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of telocytes. Isolating telocytes efficiently requires special protocol adjustments
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that would allow dissociation of the strong cell-cell contact between telocytes
URL and neighboring cells without affecting their viability. Here, available intestinal
jove.com/video/64169 mesenchyme isolation protocols were adjusted to support the successful isolation and

culture of mesenchyme containing a relatively high yield of viable single-cell telocytes.

The obtained single-cell suspension can be analyzed by several techniques, such
as immunostaining, cell sorting, imaging, and mRNA experiments. This protocol
yields mesenchyme with sufficiently conserved antigenic and functional properties of
telocytes, and can be used for several applications. For example, they can be used for
co-culture with mouse- or human-derived organoids to support organoid growth with

no growth factor supplementation, to better reflect the situation in the original tissue.
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Introduction

Both the small intestine and colon are highly regenerative
tissues due to the presence of stem cells, which proliferate

and fuel regeneration1

. The mesenchyme surrounding
the epithelium provides structural and functional support
by secreting extracellular matrix proteins and signaling
molecules?, which modulate the response of epithelial cells.
Telocytes are large mesenchymal cells, mainly described so
far by electron microscopy as cells with long cytoplasmic
processes called telopodes, which overlap to create a
labyrinthic network3:4:5.6.7 Recently, intestinal telocytes
expressing the transcription factor FOXL1 have emerged
as an important stem cell niche component providing Wnt
proteins, which are crucial for stem and progenitor cell
function. Intestinal telocytes express high levels of key

signaling pathway proteins such as Wnt, Bmp, Tgfb, and Shh,

as well as many growth factors®.

Given that telocytes are a critical stem cell niche component
in vivo, developing protocols to isolate and culture them ex
vivo will allow their use as a source for signaling molecules
and growth factors, to support growth and differentiation
ex vivo. Using well-established protocols, colon or intestinal
epithelial crypts can be isolated and form 3D structures

known as organoidsg'm’11

. Three-dimensional organoids
represent a powerful tool to investigate both the physiology
and pathology of the intestinal epithelium ex vivo. In an ex
vivo system, organoids rely on exogenous supplementation of
factors for survival and growthm. Isolated mesenchyme can
be cultured with both mouse and human-derived organoids
and used as a source of growth factors, instead of exogenous
supplementation, to better reflect the situation in the original

tissue. Studying telocytes ex vivo has numerous benefits

in investigating normal or pathological cellular behaviors,

mechanisms of tissue homeostasis, and cell-cell interactions

in greater detail.

Although protocols describing how to isolate mesenchyme
from the mouse intestine are available, it is not clear whether
these procedures result in the efficient isolation of telocytes.
Successful isolation of telocytes requires special protocol
adjustments that would allow dissociation of the strong cell-
cell contact between the telocytes and neighboring cells,
without affecting their viability. To overcome these limitations,
this paper presents a modified protocol that consistently
yields a highly viable, single-cell suspension containing a
relatively high quantity of telocytes with sufficiently conserved
antigenic and functional properties. These telocytes can
be used for several applications, including co-culture with
mouse- or human-derived organoids, to support growth with
no growth factor supplementation. This in turn better reflects

the situation in the original tissue.

We used the FOXL1-Cre: Rosa-mTmG mouse model®, in
which telocytes are labeled with a membrane-bound version
of green fluorescent protein (GFP) in green, which allows
the investigator to follow telocytes in their entirety; all the
other mesenchymal cells are labeled with a membrane-
bound tdTomato in red. The current protocol was modified
from a protocol isolating intestinal mesenchyme12 to improve

telocyte yield and viability.

Protocol

All procedures described below were approved by the
Institutional Animal Care and Use Committee (IACUC) at the

Hebrew University of Jerusalem.

Copyright © 2023 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com

March 2023193+ 64169 - Page 2 of 11


https://www.jove.com
https://www.jove.com/

jove

1. Preparation of reagents and buffers

1.

2.

Preheat a water bath to 37 °C.

Prepare all the solutions in Table 1.

2. Intestinal mesenchyme isolation

Euthanize the mouse by CO, inhalation, immediately

followed by cervical dislocation.

Place the mouse in a supine position and spray the
abdomen with 70% EtOH. Lift the abdominal skin and cut
longitudinally along the midline to expose the peritoneal

cavity (see Figure 1 |,11).

Locate the stomach, cut from the esophagus, and slowly
pull the intestine out of the peritoneal cavity. Clean
excess fat and connective tissue using forceps. Excise
the small intestine from the duodenum to approximately

0.5 cm from the cecum (Figure 1 111,1V).

Wash the intestine in a Petri dish containing cold sterile
PBS. Using ball-tip scissors, open the intestinal tube
longitudinally and wash out the feces (Figure 1 V).
Transfer the intestine into a new dish containing fresh

cold PBS and wash again.

Cut the small intestine into 1 cm long segments and
transfer into a 15 mL conical tube filled with 8 mL of PBS.

Shake the tube manually at one or two cycles/s for 1 min.

Transfer the segments using forceps into a 50 mL conical
tube filled with 20 mL of freshly made solution A (see
Table 1). Place the tubes in an orbital shaker incubator
at 37 °C for 20 min. After incubation, shake the tube
vigorously by hand at four or five cycles/s for 1 min to

dissociate the epithelium.

Repeat step 2.6 once.

10.

11.

12.

13.

14.

15.

Transfer the segments into a new 50 mL tube filled with
10 mL of sterile PBS, and invert the tube at one or two

cycles/s for 1 min.

Transfer the segments into a new 15 mL tube filled with
10 mL of sterile PBS, and tilt up and down gently at one

or two cycles/s for 2 min.

Under a biosafety cabinet, use forceps to place the
segments on a sterile laboratory wipe to dry them out.

Once dried, cut the segments further into 0.5 cm pieces.

Transfer the small segments using forceps into a 6-well
plate filled with 4 mL of prewarmed digestion solution per
well. Incubate at 37 °C for 50 min. Gently shake the plate
by hand every 20 min.

Transfer the segments using a Pasteur pipette into a 15
mL conical tube filled with 4 mL of DMEM. Shake the tube
manually at four or five cycles/s for 1 min to get a single-

cell suspension.

Filter the suspension through a 100 ym strainer into a 50
mL conical tube. Centrifuge the filtrate at 700 x g for 5

min at 4 °C.

Discard the supernatant by aspiration and resuspend
the cell pellet in 5 mL of 2% FBS/PBS. Centrifuge the

suspension at 700 x g for 5 min at 4 °C.

Discard the supernatant by aspiration, resuspend the cell
pellet with 12 mL of culture medium, and seed 1 mL per
well onto two 6-well plates. The following day, wash and
aspirate any dying cells and replace the spent medium
with fresh medium.

NOTE: For optimal maintenance of the culture, it is
recommended to change the medium every 2 days.
Depending on the mouse strain, genetic background,

and age, 4 days to 2 weeks are needed for the
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mesenchyme to be ready for co-culture experiments.
For further co-culture experiments, mesenchyme should

reach confluency, displaying flat and fully stretched

cellular morphology as shown in Figure 2. In general,

cells with round morphology are not viable or functional.

Figure 1: Mouse dissection. (I) Place the mouse in a supine position and spray the abdomen with 70% EtOH. Lift the

abdominal skin. (I) Open the peritoneal cavity longitudinally along the midline. (l1l) While gently pulling the stomach, sever

the esophagus. (IV) Pinch the stomach and slowly pull out the intestine. (V) Insert the tip of the ball-tip scissors in the lumen

and open the intestinal tube longitudinally. Please click here to view a larger version of this figure.

3. Mesenchyme resuspension for passaging or
co-culture

Resuspend the mesenchyme with 2 mL of 0.25%
trypsin-0.5 mM EDTA/well in a 6-well plate. Incubate for
5 min at 37 °C. Following incubation, if several cells have
not already started detaching from the dish, incubate for

an extra 2 min.

Using a cell scraper, gently scrape the surface of the
well. Transfer the cell suspension into a 15 mL conical
tube. Add 2 mL of DMEM-F12/well and gently pipette the
suspension up and down.

NOTE: It is important not to overfill the tube with

more than 50% of the tube volume. It is therefore

4.

recommended to use a 15 mL conical tube filled with 8
mL of suspension for every two wells.

Count the cells.

NOTE: A fully confluent well yields between 2 x 10° cells

and 2.5 x 10° cells.

Dilute the cell suspension to achieve a seeding density

of 3-5 x 10° cells/mL. Centrifuge for 5 min at 500 x g at
4 °C and discard the supernatant by careful aspiration.
NOTE: It is important to remove as much liquid as

possible.

Resuspend the cell pellet in prewarmed culture medium

and plate.
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4. Flow cytometry analysis for telocyte
purification

1. Obtain the mesenchymal cell pellet (step 2.14).
Resuspend the cell pellet in 1 mL of FACS buffer and

filter through a 40 ym strainer.

2. Incubate the cell suspension with allophycocyanin
(APC)-conjugated CD326 (1:100), CD45 (1:400), and
CD31 (1:250) antibodies in 400 pL of FACS buffer for 15
min at room temperature to exclude epithelial, immune,

and endothelial cells, respectively, from the sort.

3. Wash the cells by adding 1 mL of FACS buffer and spin
down at 700 x g for 5 min at 4 °C. Resuspend in 400
pL of FACS buffer and add 4',6-diamidino-2-phenylindole
(DAPI, 5 mg/mL, 1:1,000) for flow cytometry analyses.
Gate the single cells according to the SSC-height by
SSC-area. Gate the DAPI" live cells and gate out CD45%/
CD31*/CD326" to sort the GFP* telocytes, as shown in

Figure 3.

Representative Results

The above intestinal mesenchyme isolation protocol was

modified from protocols described in both Wu et al.'2 and

Shoshkes-Carmel et al.8. The protocol described in Wu et
al. is for the colon, and the one by Shoshkes-Carmel et
al. is for the small intestine, thus the digestion condition is
different in enzyme combination, work concentration, and
incubation time between these two protocols. Here, the
described protocol has been successfully used to isolate
and culture intestinal mesenchymal cells, including telocytes.
Briefly, we dissected the small intestine from the duodenum to
the ileum using a FOXL1-Cre: Rosa-mTmG mouse model8,
in which the telocytes were labeled with membrane-GFP
(green), while other mesenchymal cells were labeled with
membrane-tdTomato (red). We dissociated the tissue using
digesting enzymes and seeded the mesenchyme in a 6-
well plate. Following dissociation, telocytes lose their cellular
characteristics, showing round cellular morphology (Figure
2A) which is reflected in the under-quantification of GFP*
cells at day 1 compared with following days (Figure 2F).
After a few days, telocytes exhibit a small stretched cell
morphology with short cellular processes (Figure 2B,C).
However, 7-10 days following seeding, telocytes regain
their cellular characteristics, showing large stretched cell
morphology with long cytoplasmic processes (Figure 2D,E),

and are ready to be used in co-culture with organoids and

support their growth.

Figure 2: Cultured mesenchyme isolated from FOXL1Cre: Rosa-mTmG mouse intestine. FOXL1" telocytes are labeled

with GFP, while other mesenchymal cells are tdTomato®. (A-E) Representative images of cultured mesenchyme isolated

using the current protocol, plated in a 6-well plate, and imaged following 1 (A), 4 (B,C), and 7 (D,E) days of culture. Scale
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bars = 100 um. (F) Quantification of GFP/tdTomato cell ratio per field of view (percentages) at days 1, 4, and 7 of culture.
Abbreviations: FOXL1 = Forkhead box L1 protein; GFP = green fluorescent protein. Please click here to view a larger version

of this figure.

To evaluate this isolation protocol and reveal the cell immune and endothelial cells (CD326", CD45", and CD31;
composition, we analyzed the obtained cell suspension by  Figure 3 IV). The telocyte fraction (GFP*) scattered above
flow cytometry (Figure 3). Overall, 69% of the isolated cells 100k and 70k FSC and SSC, respectively (Figure 3 VI), and
were viable based on DAPI staining (Figure 3 lll); out of  represented almost 10% from the gated mesenchyme (live

the live cells, 60.9% represented epithelial contaminationand  CD45", CD326°, CD317) (Figure 3 V).

SSC-A
SSC-A

DAPI

Il Total events
I GFP+ cells

Tomato
SSC-A

APC-CD45/CD326/CD31 ' P

Figure 3: Flow cytometry gating strategy for sorting telocytes from isolated adult mouse intestinal mesenchyme.

(I) Low-level side scatter events were excluded. (1) Single cells were gated according to SSC-height by SSC-area. (lll)
DAPI* events were gated out to exclude dead cells from the sort. (IV) DAPI- CD45*/CD326*/CD31" events were gated

out to exclude immune, epithelial, and endothelial cells, respectively. (V) GFP* telocytes accounted for 10.3% of DAPI”
CD457/CD3267/CD31" cells. (V1) Back-gating analysis revealed the coordinates of GFP™ telocytes in an FSC-A/SSC-A plot.
Abbreviations: SSC-A = side scatter-peak area; FSC-A = forward scatter-peak area; SSC-H = side scatter-peak height; DAPI
= 4',6-diamidino-2-phenylindole; GFP = green fluorescent protein; APC = allophycocyanin. Please click here to view a larger

version of this figure.

In parallel, we also isolated mesenchyme from a wild- fraction was evaluated by using a combination of surface

type (WT) C57BI6 mouse intestine, in which the telocyte markers previously analyzed on mesenchyme isolated from a
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FOXL1Cre: Rosa-mTmG mouse model, in which the telocyte
fraction was GFP-labeled. We found that a subset of the
telocytes can be defined by a positive staining to CD201
and podoplanin (GP38) (Figure 4). Moreover, using these
markers in immunostaining 1 day following isolation and
culture confirmed that, although the cells did not yet exhibit
their cellular characteristics, they obtained the expression of
these molecular markers, showing staining in 70%-80% of the

GFP™ telocytes (Figure 5).

The telocyte fraction defined by surface markers is not
identical to the one obtained by using the FOXL1-driven

reporter mouse; the telocyte is highly heterogenous and

contains several subsets. It is necessary to combine the
surface marker with FOXL1 labeling for telocyte definition.
In the small intestine of theFOXL1Cre: Rosa-mTmG mouse,
60%-70% of the GFP* cells are CD201 positive, and
65%-80% are positive for GP38. When using surface
markers, it is important to note that inappropriate storage
and repetitive freeze-thawing cycles of antibodies decreases
the binding efficiency. In addition, enzymatic digestion
may disrupt surface marker expression. We observed that
the expression of CD138, a transmembrane proteoglycan
expressed on mesenchymal cells, was disrupted and greatly

decreased with dissociation.

\J

Vi GFP+

Tomato

v

vl GFP- _ Tomatos

Figure 4: FACS analysis of single-cell mesenchyme suspension isolated from FOXL1Cre: Rosa-mTmG mouse

small intestine using the current protocol. FACS analysis on (I-1l) single cells, (llI) DAPI", (IV-VI) Lin"(CD45", CD326",
CD317) GFP™ cells, showing that (VII) 65.3% of the GFP* and 31.2% of the Tomato™ are positive for GP38, whereas (VIII)
60.5% of the GFP* and 22.6% of the Tomato® are positive for CD201. Abbreviations: SSC-A = side scatter-peak area;
FSC-A = forward scatter-peak area; SSC-H = side scatter-peak height; DAPI = 4',6-diamidino-2-phenylindole; GFP = green

fluorescent protein; APC = allophycocyanin; PE = phycoerythrin. Please click here to view a larger version of this figure.
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Figure 5: Day one cultured mesenchyme, fixed and stained for mesenchymal markers. (A-D) Representative images

of cultured mesenchyme stained for GP38. (F-l) Representative images of cultured mesenchyme stained for CD201.

Scale bars = 100 ym. (E) Quantification of Tomato* GP38* and Tomato™ CD201" double-positive from total Tomato®.

(J) Quantification of GFP* GP38" and GFP* CD201* double-positive from total GFP*. Please click here to view a larger

version of this figure.

Solution A:

HBSS supplemented with 2% FBS, 1 mM DL-dithiothreitol (DTT), 2 mM EDTA (pH 8.0).

Complemented
medium 1640
(CM1640):

RPMI 1640 medium supplemented with 10% FBS, Pen/
Strep (100 units penicillin/mL, 100 pg streptomycin/mL).

Digestion solution:

100 U/mL collagenase type VIII, 75 mg/mL DNase | in 4 mL of prewarmed CM1640.

Note: Add collagenase and DNase | just before digestion procedure starts.

Culture media:

DMEM-F12 media supplemented with 10 ug/mL gentamicin, 10 mM HEPES,
glutamine, Pen/Strep (100 units penicillin/mL, 100 ug streptomycin/mL).

FACS buffer:

PBS supplemented with 5% FBS and 1 mM EDTA.

Table 1: Composition of all the solutions used in the protocol.

Supplemental Table S1: The major differences between Discussion

the current protocol and the two reference protocols are

listed here. Please click here to download this File.

Here, we developed a protocol to isolate mesenchyme from
mouse small intestine using the FOXL1-Cre: Rosa26-mTmG

mouse model, which enables researchers to distinguish

Copyright © 2023 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported jove.com March 2023193 - 64169 - Page 8 of 11

License


https://www.jove.com
https://www.jove.com/
https://www.jove.com/files/ftp_upload/64169/64169fig05large.jpg
https://www.jove.com/files/ftp_upload/64169/64169fig05large.jpg
https://www.jove.com/files/ftp_upload/64169/64169_Supp Table S1.xlsx

jove

telocytes from other mesenchymal cells. There are some
critical steps to follow in this protocol. First, it is important
to shake the tube vigorously at four or five cycles/s, to
discard the maijority of epithelial cells during mesenchyme
isolation. The incubation time for enzymatic digestion must be
optimized based on digestion efficiency. During incubation,
the plates are to be gently shaken horizontally for a few
seconds every 20 min. Once the tissue becomes filament-
like, the incubation must be stopped by proceeding to protocol
step 2.12. Exposing the tissue for long digestion times may
result in low cell viability rate and yield. Following enzymatic
digestion, the tube must be mechanically shaken to release
more single cells into suspension; ideally, the solution should
look cloudy, and no tissue fragments should be visible. If this

is not the case, prolong the enzymatic digestion to 60 min.

Keeping sterile conditions and avoiding potential bacterial
contamination is one of the critical steps when working with
primary tissue culture. Sterile dissecting tools, reagents, and
buffers must be used; gloves must be changed, and the
working area must be cleaned when working with animals is
done. Once the cell suspension is obtained, work should be
conducted under a laminar biological hood. Following plating,
cells should be incubated overnight with no disturbances,
since this can affect adherence. In addition, it is important to
replace the culture medium one day post seeding, since non-

adherent cells may affect culture viability.

Surface markers used in this protocol strongly reacted
with their epitopes; however, it is possible that enzymatic
digestion may affect binding reactivity, and therefore, FACS
analysis results. Another limitation of this protocol is the
underrepresentation of the muscularis layer. To improve
the efficiency of muscle layer cell isolation, we recommend

mechanical separation of the muscle from the mucosa

layers, and separate enzymatic digestion for each of the
layers. For dissociating the epithelium from the stroma, either
mechanical separation or chelating agents (EDTA or DTT)
can be used; however, enzymatic digestion for obtaining

single cells has been optimized in this protocol.

Isolation of intestinal mesenchyme has been previously
described?; scraping off the villi with a coverslip would
cause the loss of some mesenchyme alongside the villus,
especially villus tip mesenchymal cells such as Lgr5* villus tip
telocytes13. In this protocol, we utilize collagenase type VIl
instead of dispase Il and trypsin in combination with DNase |,
as collagenase more efficiently releases mesenchymal cells
from the matrix. Although it prolongs the processing time
(>90 min vs. 35 min), the two protocols yielded similar cell
viability rates; the current protocol improved the yield of the
mesenchymal cells in general, and more specifically of the
telocyte fraction. The current protocol yielded approximately
10% GFP™ telocytes, confirmed both by visualization and by
FACS analysis, while the earlier protocol yielded 2% GFP™*
telocytes. The major differences between the current protocol
and the two reference protocols are listed in Supplemental

Table S1.

The identification of FOXL1"GFP* cells as subepithelial
telocytes is based on in vivo studies. The need to develop and
modify available mesenchyme isolation protocols to produce
higher yields of telocytes, and the knowledge of how to
achieve this was based on our understanding of the structure
and function of FOXL1" telocytes in vivo, as large cells with

long cellular projections closely attached to epithelial cells.

Interestingly, ex vivo GFP* telocytes exhibit cellular
characteristics similar to their features in vivo in the intestine
and are, therefore, suggested to serve as an ideal support

for organoid growth. Although this protocol mainly discusses
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telocyte isolation from the small intestine, a similar protocol
with minor modification can be used and easily applied for
colon mesenchymal cells, such as the recently described

MAP3K2-regulated intestinal stromal cell (MRISC)'2.

Once the mesenchymal cells have stretched and reached

confluency, they can be used for several additional
applications, such as 3D co-culture with mouse- or human-
derived organoids, using growth factor-free Matrigel. The
mesenchyme typically forms a network fully supporting
organoid formation and growth with no exogenous growth
factor supplementation. The intestinal stroma has intrinsic
3D features that can provide the epithelium with mechanical

support'#

. Therefore, this protocol can also be used to isolate
mesenchyme to be integrated into a 3D bio-printed scaffold

and utilized for further xenograft experiments.
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