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Mesenchymal stem cells (MSCs) have considerable therapeutic potential and attract increasing interest in the biomedical field. MSCs are
originally isolated and characterized from bone marrow (BM), then acquired from tissues including adipose tissue, synovium, skin, dental pulp,
and fetal appendages such as placenta, umbilical cord blood (UCB), and umbilical cord (UC). MSCs are a heterogeneous cell population with

the capacity for (1) adherence to plastic in standard culture conditions, (2) surface marker expression of CD73"/CD90"/CD105"/CD45/CD347/

CD14/CD19/HLA-DR’ phenotypes, and (3) trilineage differentiation into adipocytes, osteocytes, and chondrocytes, as currently defined by the
International Society for Cellular Therapy (ISCT). Although BM is the most widely used source of MSCs, the invasive nature of BM aspiration
ethically limits its accessibility. Proliferation and differentiation capacity of MSCs obtained from BM generally decline with the age of the donor. In
contrast, fetal MSCs obtained from UC have advantages such as vigorous proliferation and differentiation capacity. There is no ethical concern
for UC sampling, as it is typically regarded as medical waste. Human UC starts to develop with continuing growth of the amniotic cavity at 4-8
weeks of gestation and keeps growing until reaching 50-60 cm in length, and it can be isolated during the whole newborn delivery period. To
gain insight into the pathophysiology of intractable diseases, we have used UC-derived MSCs (UC-MSCs) from infants delivered at various
gestational ages. In this protocol, we describe the isolation and characterization of UC-MSCs from fetuses/infants at 19-40 weeks of gestation.

Introduction

Mesenchymal stem cells (MSCs) are originally isolated and characterized from bone marrow gBM)1’2 but can also be obtained from a wide
variety of tissues including adipose tissue, synovium, skin, dental pulp, and fetal appendages™. MSCs are recognized as a heterogeneous cell
population that can proliferate and differentiate into adipocytes, osteocytes, and chondrocytes. In addition, MSCs possess the ability to migrate to
sites of injury, suppress and modulate immune responses, and remodel and repair injury. Currently, MSCs from different sources have attracted
growing interest as a source for cell therapy against a number of intractable diseases, including graft-versus-host disease, myocardial infarction,
and cerebral infarction*®.

Although BM is the most well-characterized source of MSCs, the invasiveness of BM aspiration ethically limits its accessibility. Proliferation

and differentiation capacity of MSCs obtained from BM generally decline with the age of the donor. In contrast, fetal MSCs obtained from fetal
appendages such as placenta, umbilical cord blood (UCB), and umbilical cord (UC) have advantages including less ethical concerns regarding
sampling and robust proliferation and differentiation capacity6'7. Among fetal appendages that are usually discarded as medical waste, UCB and
UC are considered a fetal organ, while placenta is considered fetomaternal. In addition, placenta and UCB need to be sampled and collected at
the exact moment of newborn delivery, whereas placenta and UC can be collected and processed after newborn delivery. Accordingly, UC is a
promising MSC source for cell therapys'g.

Human UC starts to develop with progressive expansion of the amniotic cavity at 4-8 weeks of gestation, continues to grow until 50-60 cm in
length, and can be isolated during the whole period of newborn deliverym. To gain insight into the pathophysiology of intractable diseases,
we use UC-derived MSCs (UC-MSCs) from infants delivered at various gestational ages”’12. In this protocol, we describe how to isolate and
characterize UC-MSCs from fetuses/infants at 19-40 weeks of gestation.
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The use of human samples for this study was approved by the ethical committee of Kobe University Graduate School of Medicine (approval no.
1370 and 1694) and conducted in accordance with the approved guidelines.

1. Isolation and Culture of UC-MSCs

NOTE: UC-MSCs have been successfully isolated, cultured, and expanded (more than passage number 4) from more than 200 UCs subjected to
this protocol. Among more than 200 UCs, 100% have shown successful UC-MSC isolation, less than 5% have shown accidental contamination,
less than 15% have shown growth arrest, and more than 80% have shown successful UC-MSC expansion.

1. Collect UC.

1.

Prepare a 50 mL plastic tube, an aseptic scissor, and a 500 mL bottle of alpha modified Eagle's minimum essential medium (alpha
MEM) at 4 °C.

2. Aseptically cut out UC with a surgical scissor at approximately 5-10 cm in length and collect it soon after newborn birth by cesarean
section.

3. Immediately place the UC in a 50 mL plastic tube and add 20-30 mL of alpha MEM into the tube.

4. Store the UC at room temperature (RT) until it is transported to the laboratory.

NOTE: Aseptic UC can be stored in serum-free medium at RT for up to 2 days. Therefore, UC obtained from neighboring hospitals can
be collected if it is delivered to the lab within 2 days.
2. Dissect UC.

1. Prepare a plastic tray, sterilized scissors and forceps, 10 mL pipettes, 25 mL pipettes, two 60 mm tissue culture dishes, phosphate-
buffered saline (PBS), purified enzyme blends (see Table of Materials, reconstituted with sterile PBS in a concentration of 13 Wiinsch
units/mL and stored at -80 °C), and a 500 mL bottle of reduced serum medium (see Table of Materials).

2. Warm up the PBS, purified enzyme blends, reduced serum medium, and culture medium [alpha MEM containing 10% fetal bovine
serum (FBS) and 1% antibiotic-antimycotic solution (AA) stored at 4 °C] to RT.

3. Take out the UC from the tube and place it in a plastic tray.

4. Weigh and dissect 5 g of UC with a sterilized scissor.

5. Pour 10 mL of 70% ethanol over the UC for sterilization using a 10 mL pipette.

6. Wash the UC with 10 mL of PBS twice using a 10 mL pipette.

7. Place the UC in a sterilized 60 mm tissue culture dish (see Figure 1, step 1).

8. Add 10 mL of reduced serum medium into the dish.

9. Add 0.5 mL of purified enzyme blends to reach a final concentration of approximately 0.62 Wiinsch units/mL.

NOTE: The use of purified enzyme blends instead of traditional collagenase has been shown to improve the yield and viability of UC-
MSCs isolated from UC.
10. Cut the UC into 2-3 mm pieces with sterilized scissors and forceps (see Figure 1, step 2).
NOTE: This process takes about 30 min.
11. Incubate the UC pieces at 37 °C for 30 min in a 5% CO, incubator.
12. Cut the partially-digested UC pieces into smaller pieces that easily flow through a 25 mL pipette.
NOTE: This process takes about 30 min.
13. Incubate the smaller UC pieces at 37 °C for 15-45 min in a 5% CO, incubator.

NOTE: Incubation needs to continue until the homogenates become viscous. The total digestion time is approximately 120 min. In the
case of using UCs from preterm infants, however, the digestion time can be shortened because those are easily cut and digested.

3. Isolate UC-MSCs.

Pob=~
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Prepare four 50 mL plastic tubes and a 500 mL bottle of culture medium.

Divide the UC homogenate into two 50 mL plastic tubes using a 25 mL pipette, with approximately 7.5 mL in each tube.

Add 20 mL of culture medium into each tube and mix well.

Filter each UC homogenate through a 100 um cell strainer placed on top of a new 50 mL collection tube, using a 25 mL pipette to
collect UC-derived cells.

NOTE: This process takes about 15 min each, as the digested UC solution is sticky.

Centrifuge two tubes at 1,000 x g for 5 min.

Carefully aspirate the supernatant and discard it.

Resuspend the cell pellets in two tubes with 5 mL of culture medium.

Transfer the cell suspension into a new 60 mm plate and culture at 37 °C in a 5% CO, incubator (see Figure 1, step 3).

4. Culture UC-MSCs.

1.
2.

No oM

Warm up the PBS, trypsin-EDTA (0.25 w/v%), and culture medium (alpha MEM containing 10% FBS and 1% AA) to RT.

When cells are attached to a 60 mm plate, remove the culture medium and wash with 5 mL of PBS twice to remove debris and red
blood cells.

NOTE: Attached cells usually appear at 3-5 days after initial plating (see Figure 1, step 4).

Replace the culture medium twice per week and incubate at 37 °C in a 5% CO, incubator until 90-100% confluency.

NOTE: This usually takes 7-14 days after initial plating.

Wash cells with 5 mL of PBS twice, add 0.5 mL of trypsin-EDTA, and incubate at 37 °C for 5-10 min.

When cells become rounded and detached, add 9 mL of culture medium and mix well to inactivate trypsin.

Transfer the cell suspension into a new 100 mm plate and culture at 37 °C in a 5% CO, incubator (see Figure 1, step 5).

Replace the culture medium twice per week and incubate at 37 °C in a 5% CO, incubator until 90-100% confluency.
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12.

NOTE: This usually takes 4-8 days after initial plating.

Wash cells with 10 mL of PBS twice, add 1 mL of trypsin-EDTA, and incubate at 37 °C for 5-10 min.

When cells become rounded and detached, add 9 mL of culture medium and mix well to inactivate trypsin.

Transfer the cell suspension into two new 100 mm plates and culture at 37 °C in a 5% CO, incubator (see Figure 1, step 5).

. Repeat subculture (1:2 splits) until tenth passage (see Figure 1, step 5).

NOTE: Because cells cultured under less confluent conditions tend to reach earlier proliferation arrest, it is important to passage cells
with a split ratio of 1:2.

Use cells at fifth to eighth passage for cell surface marker analysis, cell differentiation assay, and other experiments.

NOTE: To keep the vigorous proliferation for as long as possible, cells are generally cultured under more than 70-80% confluent
conditions.

2. Surface Marker Expression of UC-MSCs

Sk WN =

Prepare cells in a 100 mm plate and dissociate them with 1 mL of trypsin-EDTA at 37 °C for 5-10 min.

Add 9 mL of culture medium and centrifuge at 1,000 x g for 5 min.

Aspirate the supernatant and discard it.

Resuspend the cell pellets with 10 mL of PBS and centrifuge at 1,000 x g for 5 min. Repeat this washing step twice.

Resuspend cells with flow cytometry (FCM) buffer (PBS containing 2 mM EDTA and 10% blocking reagent) at ~1 x 10° cells/mL.

Transfer 50-100 uL of cell suspension into a 1.5 mL tube; add phycoerythrin (PE)-conjugated antibodies against CD14, CD19, CD34, CD45,

CD73, CD90, CD105, or HLA-DR; and incubate on ice for 45 min.

© o N

Wash cells with FCM buffer twice and add 50-100 uL of 0.2% viability dye solution (see Table of Materials).
Incubate at RT for 15 min, wash cells with FCM buffer twice, and filter cells through a 70-um cell strainer.
Run cells through the FCM and analyze the obtained results using FCM software according to the manufacturer's instructions.

3. Trilineage Differentiation of UC-MSCs

1. Perform adipogenesis.

wh =

No oM~

8.

Prepare a cell suspension in culture medium at a concentration of 5 x 10° cells/mL.

Plate 1 mL of cell suspension in a 12-well plate and incubate at 37 °C in a 5% CO, incubator for ~24 h.

Replace the culture medium with adipogenic differentiation medium (see Table of Materials) and incubate at 37 °C in a 5%

CO; incubator for 2-3 weeks. Change adipogenic differentiation medium twice a week.

Wash cells with PBS three times.

Incubate cells in 4% formaldehyde solution for 30 min at RT.

Wash cells with PBS three times and with 60% isopropanol three times.

Prepare 0.5% oil red O solution by dissolving 84 mg of oil red O in 10 mL of 100% isopropanol and adding 6.7 mL of distilled water.
Stain cells with 1 mL of 0.5% oil red O solution at RT for 20 min.

Wash cells with 60% isopropanol three times and visualize under a microscope.

2. Perform osteogenesis.

wh =

No oM~

8.

Prepare a cell suspension in culture medium at a concentration of 1 x 10* cells/mL.

Plate 1 mL of cell suspension in a 12-well plate and incubate at 37 °C in a 5% CO, incubator for ~24 h.

Replace the culture medium with osteogeneic differentiation medium (see Table of Materials) and incubate at 37 °C in a 5% CO,
incubator for 1-2 weeks. Change osteogenic differentiation medium twice a week.

Wash cells with PBS three times.

Incubate cells in 4% formaldehyde solution for 30 min at RT.

Wash cells with PBS three times.

Prepare 2% alizarin red S solution by dissolving 200 mg of alizarin red S with 10 mL of distilled water. Stain cells with 1 mL of 2%
alizarin red S solution at RT for 3 min.

Wash wells with PBS three times and visualize under a microscope.

3. Perform chondrogenesis.

1.
2.

No oM

©

Prepare a cell suspension in culture medium at a concentration of 1.6 x 107 cells/mL.

Place a 5 pL droplet of cell suspension onto the center of well in a 12-well plate (micromass cultures) and incubate at 37 °C in a 5%
CO;, incubator for 2-3 h.

Gently add 1 mL of chondrogenic differentiation medium (see Table of Materials) and incubate at 37 °C in a 5% CO, incubator for 4-7
days. Change chondrogenic differentiation medium twice a week.

Wash cells with PBS three times.

Incubate cells in 4% formaldehyde solution for 30 min at RT.

Wash cells with PBS three times.

Prepare 0.05% toluidine blue solution by dissolving 250 mg of toluidine blue with 500 mL of 0.1 M sodium acetate buffer with pH 4.1.
Stain cells with 1 mL of 0.05% toluidine blue solution at RT for 30 min.

Wash cells with PBS three times and visualize under a microscope.
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Representative Results

The procedures from UC collection to MSC culture are summarized in Figure 1. UC of approximately 5-10 cm in length can be collected from
all newborns delivered by cesarean section. UC starts to develop at 4-8 weeks of gestation and continues to grow until 50-60 cm in length,

as shown in Figure 2. There are two arteries (A), one vein (V), cord Iining (CL), and Wharton's Jelly (WJ) in UC, as depicted in Figure 3 and
Figure 4. UC-MSCs can be isolated from all cord regions or whole cord"™. Because UC from infants with early gestational ages is fragile and
difficult for dissection into a single cord region, UC-MSCs are isolated from whole cord""""2. There are several methods to isolate MSCs from
UC, which include the explant method ™ and enzymatic digestion method"®, plus their derivatives'®. Due to the longer culture cycle, lower yield,
and earlier proliferation arrest associated with the explant method17'18, UC-MSCs are cultured by enzymatic digestion method as illustrated in
Figure 5 and Figure 6.

The minimal criteria for defining MSCs are established by the ISCT and include their surface marker characterization®. To determine surface
marker expression, UC-MSCs from preterm and term infants are incubated with appropriate PE-conjugated antibodies and analyzed by flow
cytometry. They are positive for MSC signature markers (CD73, CD90, CD105) but negative for monocyte/macrophage (CD14), endothelial
(CD34), hematopoietic (CD19, CD45), and major histocompatibility complex (HLA-DR) markers, as shown in Figure 7.

According to the ISCT criteria19, MSC must possess mesodermal differentiation capacity assessed by a trilineage differentiation assay. To
evaluate trilineage differentiation capacity, UC-MSCs from preterm and term infants are induced to differentiate into osteocytes, adipocytes,
and chondrocytes under standard in vitro differentiation conditions. As shown in Figure 8, they are well-differentiated into all three types of
mesodermal cells.

“ ey R
T S R e

Step 5 100-mm plate

100-mm plate

Figure 1: Schematic diagram of isolation and culture of UC-MSCs. Step 1. 5-10 cm of UC aseptically collected from placental tissue. Step 2.
Purified enzyme blend-digested UC pieces. Step 3. Culture of UC-MSCs at 37 °C in a 5% CO, incubator. Step 4. Attached UC-MSCs appeared
at 3 days after initial plating. Step 5. Subculture of UC-MSCs. Please click here to view a larger version of this figure.
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Figure 2: UC from fetusesl/infants delivered at various gestational ages. UCs from fetuses/infants at 19-38 weeks of gestation are shown.
The size of UC increases with gestational age. Scale bars represent 8 cm. Please click here to view a larger version of this figure.

Figure 3: Sectional view of UC from preterm and term infants. There are two arteries (A), one vein (V), cord lining (CL), and Wharton's Jelly
(WJ) in UC from preterm and term infants. The sizes of these tissues vary with gestational ages. Scale bars represent 2 mm. Please click here to
view a larger version of this figure.

] 1 2 3 " 15

Figure 4: Anatomy of UC. (A) 5 cm of UC from term infant. (B) Cross section of UC. (C) Partially dissected UC. There are two arteries (A), one
vein (V), cord lining (CL), and Whalton's Jelly (WJ). UC from infants of earlier gestational ages is particularly fragile and difficult to be dissected.
Please click here to view a larger version of this figure.
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Figure 5: UC dissection using purified enzyme blends. (A) 5-10 cm of UC. (B) 2-3 mm pieces of UC. (C) Purified enzyme blend-digested UC
pieces. Please click here to view a larger version of this figure.

Figure 6: Morphology of UC-MSCs from preterm and term infants. (A and E) UC-MSCs at passage number 1 (P1) before the replacement
of culture medium (A: X40; E: X200). (B and F) UC-MSCs at P1 after the replacement of culture medium (B: X40; F: X200). (C and G) UC-MSCs

at P3 (C: X40; G: X200). (D and H) UC-MSCs at P5 (D: X40; H: X200). Scale bars represent 50 pm. Please click here to view a larger version of
this figure.

22 weeks gestation 37 weeks gestation
T e Teose . coms " cors R — T oS
Y T cots ST Teos ST eow cots’ cDa4

CO45 HLA-DR coas HLA-DR

Figure 7: Surface marker expression of UC-MSCs from preterm and term infants. CD73/CD90/CD105-positive and CD14/CD19/CD34/
CDA45/HLA-DR-negative phenotypes are found in UC-MSCs from both preterm (22 weeks gestation) and term (37 weeks gestation) infants.
Please click here to view a larger version of this figure.
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Adipogenic Osteogenic Chondrogenic

Preterm

Term

Figure 8: Trilineage mesenchymal differentiation of UC-MSCs from preterm and term infants. UC-MSCs from preterm (22 weeks
gestation) and term (37-40 weeks gestation) infants are differentiated into adipocyte (visualized by oil red O), osteocyte (visualized by alizarin
red S), and chondrocyte (visualized by toluidine blue). Images were taken at 200X. Scale bars represent 50 um. A part of this figure has been
adapted from Iwatani et al."'. Please click here to view a larger version of this figure.

MSCs can be isolated from a variety of tissues and are heterogeneous population of cells that do not all express the same phenotypic markers.
Here, we outlined a protocol that guides the collection and dissection of UC from preterm and term infants and enables isolation and culture of
UC-MSCs. Following this protocol, we have successfully isolated UC-MSCs that fulfill the ISCT criteria’® from fetuses/infants delivered at 19-40

weeks of gestation and demonstrated that they represent some aspects of intractable disease pathophysiology during prenatal development11’12.

In BM-derived MSCs (BM-MSCs), younger donor-derived BM-MSCs generally show greater proliferative and differentiative potential than older
counterparts and hold more potential for cell therapy2°'21. Similarly, preterm UC-MSCs isolated from fetuses aborted at 8-12 weeks of gestation
were reported to exhibit more vigorous proliferation and differentiation compared to term UC-MSCs isolated from newborns delivered at 37-40
weeks of gestationzz. Despite the differences in gestational age and cord region, UC-MSCs isolated with this protocol also revealed a more
vigorous proliferation of preterm UC-MSCs than term UC-MSCs 2

A critical step within this protocol is the UC dissection with purified enzyme blends that are composed of collagenase | and Il and dispase. As
outlined in the representative results, the stiffness of UC dramatically varied with gestational age (Figure 2). To achieve optimal dissection of
UC, the incubation time of purified enzyme blends needs to be adjusted to the stiffness of the individual UC. Generally, it usuall;/ takes longer
for term UC than preterm UC. Among existing methods to isolate MSCs from UC, we choose the enzymatic digestion method'® over the explant
method'* that may lead to a longer culture cycle, lower yield, and earlier proliferation arrest'”"®, An important modification of the enzyme
digestion method is the use of purified enzyme blends instead of traditional collagenase, which enables an efficient and consistent dissection of
UC from fetuses/infants with variable gestational ages.

A limitation of this protocol is the use of whole cord to isolate MSCs from UC. Because UC-MSCs can be isolated from all cord regions or whole
cord13, UC-MSCs are isolated from whole cord in this protocol. This is due to the feasibility of UC dissection from preterm infants. However, the
potential variation in the proportion of each cord region may limit the strict comparison between UC-MSCs isolated by this protocol.

UC-MSCs are being increasingly used as a source of mesenchymal stromal cells for preclinical and clinical studies®®. Despite this increased
usage, a consensus on methods of UC-MSCs isolation is still missing, which may result in different cell populations to be deemed the same UC-
MSCs. This protocol will ultimately assist researchers in better understanding the derivation and functional characteristics of UC-MSCs.

The authors have nothing to disclose.
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