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Abstract

Introduction The current ‘gold-standard’ treatment of critical-sized bone defects (CSBDs) is autografts; however, they have
drawbacks including lack of massive bone source donor site morbidity, incomplete remodeling, and the risk of infection.
One potential treatment for treating CSBDs is bone marrow-derived mesenchymal stem cells (BM-MSCs). Previously, there
were no studies regarding the use of human umbilical cord-mesenchymal stem cells (hUC-MSCs) for treating BDs. We aim
to investigate the use of allogeneic hUC-MSC:s for treating CSBDs.

Method We included subjects who were diagnosed with non-union fracture with CSBDs who agreed to undergo hUC-MSCs
implantation. All patients were given allogeneic hUC-MSCs. All MSCs were obtained and cultured using the multiple-harvest
explant method. Subjects were evaluated functionally using the Lower Extremity Functional Scale (LEFS) and radiologically
by volume defect reduction.

Result A total of seven (3 male, 4 female) subjects were recruited for this study. The subjects age ranged from 14 to 62 years.
All seven subjects had increased LEFS during the end of the follow-up period, indicating improved functional ability. The
follow-up period ranged from 12 to 36 months. One subject had wound dehiscence and infection, and two subjects developed
partial union.

Conclusion Umbilical cord mesenchymal stem cells are a potential new treatment for CSBDs. Additional studies with larger
samples and control groups are required to further investigate the safety and efficacy of umbilical cord-derived mesenchymal
stem cells for treating CSBDs.
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Introduction

04 Ismail Hadisoebroto Dilogo Critical-sized bone defects (CSBDs) are commonly found in
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various clinical settings, such as congenital malformation,
cancer, trauma, and infection [1, 2]. CSBDs present signifi-
cant challenges in treating orthopedic disorders, as bones
have limited intrinsic regeneration capacity [3]. Currently,
the gold-standard treatment for CSBDs is the implantation of
autologous bone grafts, as they have the osteogenic, osteo-
conductive, and osteoinductive characteristics required to
heal such bone defects. However, this method faces chal-
lenges like the lack of massive bone source, donor site mor-
bidity, incomplete bone remodeling, and risk of infection
[1, 2, 4, 5]. Less preferred methods include allogenic bone
grafts and xenografts; however, these treatments often lack
osteogenic properties, making them ineffective. This high-
lights the increasing need for another therapeutic strategy
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that is affordable, atraumatic, and safe bone grafting strate-
gies [1, 2].

The solutions to the aforementioned problems may be
given by multidisciplinary field such as tissue engineering
(TE), which attempts to combine cells with scaffolds and
growth factors in order to create bio-artificial tissues [2].
Mesenchymal stem cells (MSCs), self-renewing multipotent
progenitor cells that can be isolated from adult and fetal
tissues [6], have garnered interest due to their potential for
enhancing bone TE. These cells are able to differentiate into
various cell lineages including bone cells [7, 8], allowing
them to regenerate damaged and diseased bone. Currently,
the gold standard of bone and cartilage TE research remains
bone marrow-derived MSCs (BM-MSCs), which are multi-
potent and able to differentiate into various cells including
osteoblasts, chondrocytes, neurons, myoblasts, adipocytes,
and fibroblasts. These cells can be harvested from bone mar-
row, expanded in culture, induced to differentiate, and com-
bined with a scaffold to repair CSBDs [9].

Despite being able to repair CSBDs, BM-MSCs have
several limitations such as donor-site morbidity, low yield
in sourcing, difficulty in expansion in vitro, and infection,
and a declining differentiation potential inversely propor-
tional to their age [2, 10, 11]. Those limitations could be
potentially overcome with the use of another type of MSC
from human umbilical cord (UC). Previously, there were no
studies regarding the use of hUC-MSC:s for treating CSBDs.
This study aims to investigate the use of allogeneic hUC-
MSC:s for treating CSBDs.

Methods

All patients were given allogeneic hUC-MSCs. Umbilical
cords were taken from mothers who had elective full-term
cesarean section without complications. All samples were
screened for HIV, hepatitis B, hepatitis C, fungal, and bac-
terial contamination. All MSCs were obtained and cultured
using the multiple-harvest explant method, which was estab-
lished by Pawitan et al. [12]

We included subjects age 14—62 years with CSBD who
agreed to undergo the hUC-MSC implantation. Patients
with diabetes mellitus, cardiovascular disease, autoimmune
disease, history of pathologic fracture, ongoing hormonal
therapy and active osteomyelitis or soft tissue infection were
excluded from this study.

The Masquelet technique of implantation was performed
in two stages. The first stage involved radical debridement
of all infected or non-viable bone and interposed fibrous tis-
sue. Following debridement, stabilization by plating internal
fixation was achieved to maintain length, alignment, and
rotation prior to insertion of the cement spacer [13].
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Procedure

Ten centimeters of UC was collected in 50 mL transport
medium, which contained alpha minimal essential medium
(«MEM, GIBCO 41061-029), 1% penicillin/streptomycin
(GIBCO 15140-122), 1% amphotericin B (GIBCO 15290-
026), 1% L-glutamax (GIBCO 15050-061), and 10% plate-
let lysate.

Cells of passage 3—-6 were used. The cells met the
requirement of the International Society for Cell Therapy
(ISCT), in terms of adherence to plastics, morphology,
surface markers, and three-lineage differentiation capacity.
Sterility checks were performed three times, in the begin-
ning, mid, and end of culture. Only cells that were proven
sterile through these sterility checks were given to patients
as part of their treatment.

The subjects underwent two stages of Masquelet tech-
nique. In the first step, a thorough debridement was per-
formed. The margins of the bone defect were cut until
the medullary cavity and bone marrow was reached, and
the intramedullary canals were drilled for a certain dis-
tance to increase vascularity. The segmental bone defect
was bridged by polymethylmethacrylate (PMMA) cement
spacer, and the bone was stabilized with plate and screw.
In cases of severe contamination or infection, multiple sur-
gical debridement and temporary stabilization procedures
were performed before definitive fixation and insertion of
a cement spacer was conducted.

The spacer served to induce the formation of encapsu-
lating thin fibrous membrane. Eight weeks following inser-
tion of the spacer, the second step of the Masquelet tech-
nique was performed. The fibrous membrane was incised,
the spacer was removed, and cavity was then filled with
osteogenic, osteoinductive, and osteoconductive agents.

Firstly, bone cement spacer was removed, and bone
defect site was prepared. For the osteoconductive agents,
5 g of hydroxyapatite (HA) granules (Bongros®-HA,
Daewoong) was filled with 50 million hUC-MSC:s to fill
the bone gap. 1.3 ml BMP-2 (Novosis®, Daewoong, Ltd)
per 5 g HA granules which has been proven to enhance
MSC differentiation was added as an osteoinductive agent
and finally sealed with demineralized bone matrix (Bon-
egener®, Daewoong, Ltd).

Patients were observed for 6 and 12 months follow-
ing operation. Outcomes were observed by clinical and
radiological examinations. The functional outcomes were
observed using the LEFS score (Lower Extremity Func-
tional Scale score) for lower extremity defects. Callus for-
mation was observed through serial X-ray examinations,
and defect volume was calculated using the following for-
mula from two projections of plain radiograph:

V= Lygy X Hypy X Waaa
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V=volume, L =length, W=width, AAI =the first pro-
jection of plain radiograph, AA2 =the second projection of
plain radiograph.

Result

A total of seven (3 male, 4 female) subjects were recruited
for this study. The age ranged from 14 to 57 years. All seven
subjects showed increased LEFS during the end of the fol-
low-up period, indicating improved functional ability. The
follow-up period ranged from 12 to 36 months (Table 1).
One subject had wound dehiscence and surgical site infec-
tion, and two subjects developed partial non-union (Table 2).
Radiography of Case 1, Case 2, and Case 3 is provided in
Figs. 1, 2, and 4. One of patients who developed partial
non-union (Subject 3) had high final volume defect. This
condition happened due to insufficient soft tissue coverage to
close the surgical site due to skin loss; therefore, the entirety
of tibial shaft could no longer unite. To overcome this condi-
tion, the surgeon made a union crossing between tibia and
fibula; therefore, patient can perform weight-bearing activi-
ties (Fig. 3).

Discussion

There are various approaches by which critical-sized bone
defects are being treated, such as bone grafting, distraction
osteogenesis, and induced membrane (Masquelet) technique
[14]. Nowadays, surgeons may opt to use various types of
bone grafts in accordance with the size of defects, includ-
ing cancellous autograft, allografts, and vascularized fibular
grafts; however, each type of grafts comes with each advan-
tages and setbacks. Cancellous autograft may give more
desired result in smaller defects (<5 cm), whereas larger
defects could yield more benefit from allografts and vas-
cularized fibular grafts. Nevertheless, these grafts lack of
osteogenic properties and need MSCs supplementation to
stimulate bone regeneration [14, 15].

Mesenchymal stem cells (MSCs), also known as marrow
stromal cells or mesenchymal progenitor cells, are defined
as self-renewal, undifferentiated cells with the capacity to
differentiate into several distinct mesenchymal lineages. To
date, MSCs of multiple adult vertebrate species have been
demonstrated to differentiate into connective skeletal tissue,
bone, cartilage, osteoblasts, chondrocytes, marrow stroma
and adipocytes, making their usage possible in the orthope-
dic field [16, 17]. The primary sources of MSCs for clinical
use are BM and adipose tissue (AT); however, their utility is
limited by the need for invasive harvesting procedures and
strict donor age requirements (Fig. 4). The frequency and
differentiating capacity of MSCs also decrease with donor

Table 1 Characteristics of the subjects
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The cause of high final volume defect is due to insufficient soft tissue coverage to close the surgical site due to skin loss; therefore, the tibia could no longer grow and eventually developed

BD bone defect, F female, MSC mesenchymal stem cell, LEFS Lower Extremity Functional Scale, M male, ORIF open reduction internal fixation
partial non-union

“One subject had two fracture sites, and analysis was carried out according to fracture site

*

@ Springer



268

European Journal of Orthopaedic Surgery & Traumatology (2021) 31:265-273

Table 2 Complications that

; . Subject Leg length discrep- Complications Surgical revision Follow-
occurred in the subjects ancy (cm) up
(months)
2b 0 ‘Wound dehiscence, Implant removal 13
surgical site infec-
tion
3 4 Partial union (union  Leg-lengthening procedure 18

between the tibia
and fibula)

Fig. 1 Radiography of Subject 1. a Preoperative femoral radiography.
b Postoperative femoral radiography. ¢ 6-month postoperative radiog-
raphy. d 12-month postoperative radiography. e 29-month postopera-
tive radiography
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age; thus, cells that derived from elderly patients may be
clinically ineffective [17, 18]. Due to these limitations, alter-
native sources of MSCs have been sought (Fig. 5).

Implanted exogenous hUC-MSCs may be able to stim-
ulate dormant MSCs in the fractures through a paracrine
effect [19]. hUC-MSCs may also have a direct effect by the
proliferation and differentiation of MSCs into osteogenic
cells [20]. In this study, we use allogeneic hUC-MSCs to
treat CSBDs. As multipotent cells, hUC-MSCs can differ-
entiate into osteogenic and chondrogenic lineages, allowing
them to regenerate bone. This makes hUC-MSCs an attrac-
tive potential alternative to bone grafts. Moreover, using
hUC-MSCs can avoid ethical and technical issues [18], as
they are obtained by a simple, safe, and painless procedure
when a baby is delivered. Although allografts are currently
used for a variety of orthopedic procedures, they are expen-
sive and carry the risk of viral infection and immunorejec-
tion associated with poor biological and mechanical proper-
ties [2].

Due to their osteogenic potential and immunomodula-
tory, anti-inflammatory, and antiapoptotic properties, MSCs
have the potential to be used as the primary treatment for
diseases affecting bone tissues [21]. Initially, the focus of
MSCs treatment of musculoskeletal injuries was based on
their ability to differentiate into several cell types [21-24]. It
was expected that upon implantation, the cells would colo-
nize and differentiate at the lesion site along the appropriate
MSCs lineage. However, it is found that the survival and dif-
ferentiation of MSCs at the site of the lesion is limited [25]
and that the primary benefit of MSCs is in their paracrine
signaling on neighboring cells.[26] The molecules secreted,
such as growth factors, cytokines, and chemokines, have
beneficial effects on injured tissues [27, 28] by promoting
angiogenesis and inhibiting fibrosis, apoptosis and inflam-
mation [29, 30]. This hypothesis is supported by preclinical
studies showing that many cell types respond to paracrine
signaling from MSCs, causing the modulation of a large
number of cellular responses, such as survival, proliferation,
migration, and gene expression [30]. Various animal models
have also demonstrated that MSCs accelerate and promote
new bone formation. Factors secreted by MSCs include
trophic and immunomodulatory factors [31]; insulin-like
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(b)

Fig.2 Femoral radiography of Subject 2a. a Preoperative radiography. b Postoperative radiography. ¢ 6-month postoperative radiography. d

12-month postoperative radiography

Fig.3 Tibial radiography of Subject 2b. a Preoperative tibial radi-
ography. b Postoperative tibial radiography. ¢ 6-month postoperative
tibial radiography. d 12-month postoperative tibial radiography

growth factor-1 (IGF-1) induces osteoblast proliferation and
differentiation [32], and vascular endothelial growth factor
(VEGF) promotes angiogenesis. VEGF also contributes to
osteogenesis by enhancing the survival and differentiation
of endothelial cells [33]. TGF-p1 stimulates migration of
osteoprogenitor cells, and it also regulates cell prolifera-
tion and differentiation. Moreover, it enhances extracellular
matrix (ECM) production [34]. All of these factors secreted
by MSCs contribute to the bone formation process (Fig. 6).

Previously, MSCs have been found to allow bone regen-
eration in multiple cases. As far as we are concerned, there
is no study regarding the use of UC-MSCs in humans with
CSBDs. However, there are several studies that investigate
the osteogenic potential of hUC-MSC:s. In an in vitro study,
Baba et al. found that hUC-MSC:s differentiated into osteo-
blasts and adipose cells, thereby verifying their osteoblastic
and adipogenic-differentiation potential [35]. rhBMP-2 was
also used in the present study as an osteoinductive factor at
the time of differentiation induction. Hydroxyapatite used as
the scaffold had already been shown to be a useful scaffold
for osteogenesis [35]. In this present study, it was found that
the use of hUC-MSCs could probably provide satisfactory
outcome for those with CSBD. In cases of CSBD, the direct
effect of exogenous hUC-MSC is more prominent in high
growth factor-contained induced membrane environment,
and MSCs proliferate and differentiate into osteogenic cells
(Fig. 7).

Three subjects showed complications of the treat-
ment. One subject (Subject 2) experienced wound
dehiscence, surgical site infection, and exposure of the
plate. The subcutaneous part of the tibia is susceptible
for these complications. However, after the plate had
been removed, the infection was solved. Another sub-
ject (Subject 4) who developed complications resulted in
successful union at the fibular-tibia site, but non-union
in the tibial defect site. This was a result of poor soft
tissue condition in tibial defect site. Angiogenesis could
not occur in poor and shrinkage soft-tissue environment.
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(a) (b) (c) (d)

Fig.4 Tibial radiography of Subject 3. a Preoperative radiography. b Postoperative radiography. ¢ 6-month postoperative radiography. d
12-month postoperative radiography

Fig.5 Femoral radiography of Subject 4. a Postoperative radiography. b One month postoperative radiography. ¢ 3-month postoperative radiog-
raphy. d 6-month postoperative radiography. e 12-month postoperative radiography

Therefore, hUC-MSC in favorable soft-tissue environ- The present study highlights that hUC-MSCs could be
ment (e.g., free from infection) is a potential new treat-  safely used for treating CSBDs. While this initial study
ment to treat CSBD (Fig. 8). is limited by small number of subjects and the lack of a
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Fig.6 Femoral radiography of Subject 5. a Femoral radiography
before undergoing Masquelet. b Post mesenchymal stem cells implan-
tation femoral radiography. ¢ 6-month postoperative femoral radiog-

Fig. 7 Femoral radiography of
Subject 6 a Preoperative femo-
ral radiography. b Postoperative
femoral radiography. ¢ 6-month
postoperative femoral radiogra-
phy. d 12-month postoperative
femoral radiography

control group, it is our hope that further research regard-
ing the use of hUC-MSCs can be conducted with larger
patient cohorts to thoroughly assess the efficacy and
safety of the therapeutic use of hUC-MSCs in treating
CSBDs.

raphy. d 12-month postoperative femoral radiography. e 15-month
postoperative femoral radiography

Conclusion
Umbilical cord-derived mesenchymal stem cells are a

potential new treatment for critical size bone defects. This
study found significant improvement in terms of LEFS and
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(d)

Fig.8 Femoral radiography of Subject 7. a Preoperative femoral
radiography. b Postoperative femoral radiography. ¢ 3-month postop-
erative femoral radiography. d 6-month postoperative femoral radi-

VAS of patients diagnosed with lower extremity CSBD.
Further studies with larger samples versus controls are
required to investigate the safety and efficacy of umbilical
cord-derived mesenchymal stem cells for treating critical
size bone defects.
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