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Abstract: Umbilical cord-derived mesenchymal stem cells (UC-MSCs) are reported to have features
intermediate between fetal and adult mesenchymal cells. Hence, UC-MSCs were cocultured with chondrocytes
and Schwann cells to induce differentiation because of their flexible differentiation potential. US-MSCs were
obtained from umbilical cords and cells at second passage were used in the experiments. Atelocollagen sponge
was used as the scaffold for coculture; a horizontal, interactive coculture plate with a 0.6-um pore size filter
was placed between the connected vessels. US-MSCs were cocultured separately with chondrocytes and
Schwann cells and culture alone served as a control. Five weeks after induction of differentiation, each
specimen was evaluated histologically. In specimens cocultured with chondrocytes and the controls, cartilage
tissues were detected using hematoxylin-eosin and toluidine blue staining. Cells positive for 5100 protein were
detected in the specimens cocultured with Schwann cells, but not in the controls. UC-MSCs were easily induced
to differentiate into chondrocytes and neural cells by coculture. This indicates that continuously-shared
humoral factors were effective in inducing differentiation of UC-MSCs. Coculture appears to be a potential
technique for tissue regeneration using MSCs.

Keywords: umbilical cord-derived mesenchymal stem cells; coculture; cell differentiation;
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1. Introduction

In recent years, it has been recognized that cellular kinetics of mesenchymal stem cells (MSCs)
differs depending on their origin [1]. Umbilical cord-derived mesenchymal stem cells (UC-MSCs),
one type of MSCs, are reported to have features intermediate between fetal and adult cells and have
a flexible differentiation potential [2]. We have already verified the differentiation of UC-MSCs into
adipocytes that were obtained according to the same culture method as that described in the present
study [3]. Although our previous studies confirmed that UC-MSCs have the potential to differentiate
into osteoblasts, we failed to generate mature bone tissues by culturing UC-MSCs under the same
conditions as the culture of bone marrow-derived mesenchymal stem cells (BM-MSCs) [3,4]. This
suggested that the differentiation potential of UC-MSCs might be affected by factors other than the
differentiation potential of MSCs derived from tissues such as bone marrow and adipose tissue. We
deduced that this result was attributed to the immaturity of UC-MSCs, based on the fact that UC-
MSCs are primitive and resemble fetal cells that are likely to be affected by the surrounding
environment [5]. Coculture allows humoral factors to be shared continuously [6]. We hypothesized
that UC-MSCs, which are likely to be affected by the surrounding environment, could be more easily
induced to differentiate through sharing of humoral factors with cocultured cells.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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For the purpose of clinical application, it is meaningful to explore methods that are simple to
operate, are less invasive to cells, and mimic the physiological process of tissue formation, in addition
to considering ethics and safety [7]. Coculture meets these conditions [6]. However, we did not find
any reports on the differentiation potential of UC-MSCs that was evaluated using coculture
techniques that were as simple as the technique performed in the present study. Coculture appears
to be not only simple but also less stressful for cells because it seems to be more physiological and
able to mimic the in vivo environment. Thus, UC-MSCs were cocultured with chondrocytes and
Schwann cells and the differentiation potential of UC-MSCs was evaluated. The present study is the
first preliminary study investigating the potential of UC-MSC coculture. The examination of our
hypothesis, which focuses on cell-cell interactions mediated by humoral factors, is expected to
contribute to the realization of regenerative medicine using autologous tissues.

2. Materials and Methods

The present study was conducted under the approval of the Ethics Committee of Kitasato
University (B-07-13). We obtained written informed consent from pregnant women and used the
tissues that were normally discarded after delivery. The materials were collected under conditions
ensuring the safety of neonates. The specimens provided were coded to prevent identification of
individual donors.

2.1. Preparation of Cells

UC-MSCs were obtained by the out-growth method in accordance with our previous report [3].
Our previous study confirmed that UC-MSCs had multiple differentiation potential [3]. The specific
procedure is described here. The umbilical cord (UC) was collected after delivery of the placenta.
Immediately after collection, the UC was placed in phosphate-buffered saline (PBS) and transported
to the culture room at 20-25°C. The UC was washed of attached blood with PBS, cut into
approximately 5-mm sections, and used for culture. These sections were incubated using Dulbecco’s
modified Eagle’s medium (DMEM) in a 25-cm? flask (Sumitomo Bakelite Co., Ltd., Tokyo, Japan)
under the conditions of 5% CO:z and 37°C. Media were replaced for the first time 1 week after the
onset of the culture and every 3 days thereafter. Following the emergence of adhesive spindle-shaped
cells, the UC sections were removed at approximately 2 weeks after the onset of the culture. The
culture was continued until the moment when cells became subconfluent (Figure 1). The cells that
became 80% to 90% subconfluent were subcultured, and the second-passage cells were used in the
experiments. Commercially-available chondrocytes (T0020-C, Cosmo Bio, Tokyo, Japan) were used.
A mouse Schwann cell line (IMS32, Cosmo Bio, Tokyo, Japan) was used. They were cultured
according to the respective, recommended methods. Commercially available chondrocytes (T0020-C,
Cosmo Bio, Tokyo, Japan) and a mouse Schwann cell line (IMS32, Cosmo Bio, Tokyo, Japan) were
cultured according to the respective manufacturer’s methods. The Schwann cells were used without
subculturing.

Fig. 1
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Figure 1. Preparation of umbilical cord-derived mesenchymal stem cells (UC-MSCs). UC-MSCs
were obtained by the out-growth method in accordance with our previous report [3]. The umbilical
cord was washed of attached blood with phosphate-buffered saline, cut into approximately 5-mm
sections, and used for culture. Following the emergence of adhesive spindle-shaped cells, the UC
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sections were removed. The cells that became 80% to 90% subconfluent were subcultured, and the
second passage UC-MSCs were used in the experiments.

2.2. Seeding on Scaffolds and Distribution of Specimens

Atelocollagen sponge (Atelo Cell CSM-50, KOKEN Co., Ltd., Tokyo, Japan) was used as the
scaffold (Figure 2). Each scaffold was seeded with 1x10° UC-MSCs, which were regarded as one
specimen. Seeding was performed according to the procedure described in the previous reports [3].
Subsequently, specimens were placed in each vessel of coculture plate. The specimens were cultured
in DMEM for one week to allow cell infiltration into the atelocollagen sponge. Six specimens were
prepared. Three of them were used for induction of differentiation into chondrocytes and the other
three were used for induction of differentiation into neural cells.

Fig. 2
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Figure 2. Atelocollagen sponge (Atelo Cell CSM-50, KOKEN Co., Ltd., Tokyo, Japan). Atelocollagen
sponge was used as the scaffold; each scaffold was seeded with 1x10> umbilical cord-derived
mesenchymal stem cells (UC-MSCs).

2.3. Coculture and Induction of Differentiation

UC-MSCs that were seeded on scaffolds and cultured alone were used as the controls (control
C: used for induction of differentiation into chondrocytes; control N, used for induction of
differentiation into neural cells). For coculture, a horizontal interactive coculture plate (NOCO-1,
Ginrei Lab, Ishikawa, Japan) was used (Figure 3). The specimens and controls were placed in the
right and left vessels of the plate and a necessary and sufficient amount of culture medium was
added. A filter with a pore size of 0.6 pm was placed between these vessels. This facilitated smooth
and continuous passage of proteins and cytokines, including exosomes, from vessel to vessel. And
The filter was precluding the cross-contamination of the two distinct cell cultures.

Fig. 3

Interactive Co-Culture Plate (Ginreilab Inc. Ishikawa Japan)

Figure 3. Horizontal interactive indirect coculture plate (NICO-1): The images are cited from
Ginreilab Inc.( https://nico-1.info/nico-1/, last access:21st July 2024). A filter was placed between the
vessels. This structure prevents cells from being mixed but allows them to share humoral factors.
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This provided an environment where the culture medium could be shared without mixing the
cells (Figure 4). The cells were also cultured at 37°C in 5% CO: during coculture and induction of
differentiation. For coculture of Control specimens (C) with chondrocytes, the culture medium was
changed to ChondroDiff Media (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany), and the
specimens were cocultured for 5 weeks to be induced to differentiate into chondrocytes. In these
cocultures, no additional components—such as growth factors—were added to the differentiation
induction medium.

Fig. 4
Filter:Pore size 0.6 pm

Figure 4. Indirect horizontal coculture The filter has a defined pore size of 0.6 um, precluding the
cross-contamination of the two distinct cell cultures. This facilitated smooth and continuous passage
of proteins and cytokines, including exosomes, from vessel to vessel.

For coculture of Control specimens N (with Schwann cells), the culture medium was changed to
Mesenchymal Stem Cell Neurogenic Differentiation Medium® (PromoCell GmbH, Heidelberg
Germany), and the specimens were cocultured for 5 weeks to be induced to differentiate into
Schwann cells. No substances other than the commercially-available differentiation induction media
were added for induction of differentiation of either specimen. The flow of the experiments is shown
in Figure 5.
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Figure 5. The flow of the experiments (a) Induction of differentiation into chondrocytes; Atelocollagen

Histological evaluation

sponge was seeded with 1x105 UC-MSCs. The specimens were placed in each vessel of coculture
plate.The specimens were cultured in DMEM for one week to allow cell infiltration into the
atelocollagen sponge. For coculture of Control specimens (C) with chondrocytes, the culture medium
was changed to ChondroDiff Media (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany), and the
specimens were cocultured for 5 weeks to be induced to differentiate into chondrocytes.
Subsequently, specimens removed from NOCO-1 were evaluated histologically. (b) Induction of
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differentiation into neural cells; Atelocollagen sponge was seeded with 1x105 UC-MSCs. The
specimens were placed in each vessel of coculture plate. The specimens were cultured in DMEM for
one week to allow cell infiltration into the atelocollagen sponge. For coculture of Control specimens
N (with Schwann cells), the culture medium was changed to Mesenchymal Stem Cell Neurogenic
Differentiation Medium® (PromoCell GmbH, Heidelberg Germany), and the specimens were
cocultured for 5 weeks to be induced to differentiate into Schwann cells. Subsequently, specimens
removed from NOCO-1 were evaluated histologically.

2.4. Histological Evaluation

Specimens removed from NOCO-1 were fixed with 10% formalin. After washing, the samples
were embedded in paraffin, cut to approximately 3-mm sections, stained with hematoxylin and eosin
(H&E), and observed with an optical microscope. Specimens C and controls C were stained with
toluidine blue O (Toluidine Blue O: CI 52040. Kanto Chemical CO., INK Tokyo Japan). Specimens N
and controls C were stained with S100 protein (Polyclonal Rabbit Anti-S100: DAKO Agilent. CA
USA). Specimens were stained according to the respective manufacturer’s methods, and observed
with an optical microscope.

3. Results

In specimens C and controls C, small elastic hard masses were formed outside the scaffolds.
These small masses were cartilage matrices that were metachromatically-stained with toluidine blue.
H&E staining also showed findings consistent with those of cartilage tissue (Figure 6). In H&E
staining of the controls, cartilage-like tissues detected in the controls were smaller than those in the
specimens. And, in toluidine blue staining of the controls, metachromatically stained cartilage
matrices were also detected in a smaller area in the controls than in the specimens. Controls N showed
no cells stained with S100 protein, whereas specimens N showed cells positive for S100 protein. H&E
staining revealed that the morphology of 5100 protein-positive cells in specimens N was consistent
with that of Schwann cells (Figure 7). In H&E staining of the controls N, no cells showed morphology
specific to Schwann cells.

Fig. 6
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Figure 6. Results of the histopathological examination of the specimens and controls that were
induced to differentiate into chondrocytes (a) Hematoxylin—eosin (H&E) staining of the cocultured
specimens: Cartilage-like tissues were detected. (b) Toluidine blue staining of the cocultured
specimens: Metachromatically-stained cartilage matrices were detected. (c¢) H&E staining of the
controls: cartilage-like tissues detected in the controls were smaller than those in the specimens. (d)
Toluidine blue staining of the controls: metachromatically-stained cartilage matrices were detected in
a smaller area in the controls than in the specimens.
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Figure 7. Results of the histopathological examination of the specimens and controls that were
induced to differentiate into Schwann cells (a) Hematoxylin—eosin (HE) staining of the cocultured
specimens; cells that morphologically appeared to be Schwann cells were detected. (b) S100-protein
staining of the cocultured specimens; Schwann cell-like cells were positive for S100 protein. (c) H&E
staining of the controls; no cells showed morphology specific to Schwann cells. (d) S100-protein
staining of the controls; no cells positive for S100 protein were detected.

4. Discussion

The availability of autologous tissues as biomedical materials for regenerative medicine suggests
that they may be safe for use in patients. The number of pregnant women attending our department
for prenatal consultations about their fetuses diagnosed with an alveolar cleft is not rare. As a
consequence, we have focused on the umbilical cord (UC) as a source of autologous regenerative
medicine. Collecting these autologous tissues at birth poses no difficulty. Recent studies have
revealed the presence of mesenchymal stem cells (MSCs) in many tissues, including the UC. The
presence of UC-MSCs has become well known in recent years, and attention is paid to their
usefulness. In this study, we focused on the UC, which has the following advantages: (1) it is
autologous tissue; (2) it can be noninvasively collected; and (3) it provides an abundant volume of
tissue. The purpose of this study was to obtain autologous tissues for tissue regeneration in the form
of UC-MSCs.

Currently, investigators are conducting studies to determine the process of tissue regeneration.
However, not all elements of the process, such as timing, substances, concentrations, and
combinations and ratios of substances, have been elucidated. When tissues are formed in the body,
cells continuously release various factors, such as exosomes, and interact to regenerate tissues. In the
case of in vitro tissue formation, essential operations that have been reported are performed.
However, the in vitro operations may not necessarily mimic the physiological tissue formation in the
body. For example, adding bone morphogenic protein (BMP) to BM-MSCs induces BM-MSCs to
differentiate into osteoblasts so that bone tissues can be obtained. Nevertheless, this is achieved in an
environment different from the complex in vivo environment [8]. As a means to solve this issue, we
focused on coculture. The advantage of coculture is that the factors released from cocultured cells can
continuously be used at physiological timing and concentrations during coculture [6,9]. This outcome
is achievable regardless of whether the details have been known. Because UC-MSCs are more
primitive and more likely to be affected by the surrounding environment than adult tissue-derived
MSCs [10,11], we hypothesized that coculture would benefit tissue regeneration with UC-MSCs and
facilitate tissue formation compared to tissue formation by culturing UC-MSCs alone.

The coculture techniques used in recent years are classified mainly into two types [9]. These are
direct coculture, by which cells are not separated but mixed together to contact each other in one well
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during culture; and indirect coculture, by which multiple different types of cells are cultured
simultaneously in a system with separate vessels that keep the cells from being mixed and contacting
each other [6,9]. In indirect coculture, humoral factors mediate cell-tocell interactions [12,13]. There
are two types of indirect coculture containers: vertical and horizontal. Horizontal coculture vessels
were employed in our study, as they are believed to facilitate more efficient and continuous exchange
of humoral factors between cell types. This configuration optimizes the interaction between cells by
promoting a stable and consistent environment for factor diffusion, which may enhance the overall
coculture system's performance and reliability [12]. Figure 6 shows a difference in the color of the
medium between the left and right vessels. This discrepancy is likely due to the presence of a filter.
Nevertheless, considering the results of the differentiation assays, indirect horizontal coculture
appears to have been beneficial for the continuous exchange of humoral factors in observed this study.

Mesenchymal stem cells are well established as essential for regenerative medicine and are
found in many tissues, e.g., bone marrow and adipose tissue. Bone marrow is the most common
supply source of mesenchymal stem cells for osteogenesis. Recent studies revealed the presence of
mesenchymal stem cells many other tissues, including the UC [1,2]. UC, whose abundant tissue
volume is available noninvasively from the neonate at birth, has good clinical potential for the patient
him/herself if it can be used as autologous tissue. This causes less ethical, medical, and safety issues
[3]. Our purpose is the clinical application of regenerative medicine using autologous tissue-derived
materials to reduce surgical invasiveness in the future. Direct coculture seems more physiological
and more likely to cause interactions through contact of cells than indirect coculture [14]. However,
if cells derived from other people or species are mixed, implantation will be difficult even after
successful formation of targeted tissues. In recent years, investigators have studied the importance of
the actions of humoral factors, such as exosomes, on cells [15]. In the present study, US-MSCs in the
control N, which were induced to differentiate only in the commercially-available differentiation
induction medium, did not differentiate into Schwann cells. UC-MSCs in Control N differentiated
into Schwann cells, which suggests that humoral factors shared through the filter in coculture might
have contributed to the induction of differentiation into neural cells. As for the induction of
differentiation into cartilage, the histological evaluation revealed cartilage-like tissues in both control
C and specimen C. However, specimen C showed more mature and larger cartilage-like tissues that
were macroscopically detectable. On the basis of a previous report [16] and our previous experiences,
we consider that the induction of UC-MSCs to differentiate into neural cells is not as easy as induction
to differentiate into chondrocytes. In the present study, however, we were able to induce
differentiation into both chondrocytes and Schwann cells with similar culture techniques using
commercially-available differentiation induction media without any special manipulation of cells or
inventive additives to the culture media. The results of the present study suggest that coculture is
useful for the induction of differentiation of UC-MSCs.

Limitation: The sample size was limited because clinically obtained specimens were used.

5. Conclusions

Coculture with chondrocytes and Schwann cells was effective in inducing differentiation of UC-
MSCs. Our results using indirect horizontal coculture vessels demonstrated that humoral factors
released by chondrocytes and Schwann cells significantly induced differentiation of UC-MSCs. This
suggests that coculture is not only a simple and less stressful technique but also a physiologically
relevant method for enhancing the differentiation potential of UC-MSCs, making it a useful tool for
regenerative medicine applications utilizing UC-MSCs as autologous tissue.
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