
Review article: Biomedical intelligence | Published 05 April 2019 | doi:10.4414/smw.2019.20032
Cite this as: Swiss Med Wkly. 2019;149:w20032

Tissue engineering for paediatric patients
Mumme Marcusab, Wixmerten Ankea, Miot Sylviea, Barbero Andreaa, Kaempfen Alexandreac, Saxer Franziskaa, Gehmert
Sebastianb, Krieg Andreasb, Schaefer Dirk J.a, Jakob Marcela, Martin Ivana

a Department of Surgery and Department of Biomedicine, University Hospital Basel, University of Basel, Switzerland
b Orthopaedic Unit, University Children’s Hospital, Basel, Switzerland
c Paediatric Surgery Unit, University Children’s Hospital, Basel, Switzerland

Summary

The effects of oncological treatment, congenital anom-
alies, traumatic injuries and post-infection damage crit-
ically require sufficient amounts of tissue for structural
and functional surgical reconstructions. The patient’s own
body is typically the gold standard source of transplant
material, but in children autologous tissue is available only
in small quantities and with severe morbidity at donor
sites. Engineering of tissue grafts starting from a small
amount of autologous material, combined with suitable
surgical manipulation of the recipient site, is expected to
enhance child and adolescent health, and to offer func-
tional restoration for long-term wellbeing. Moreover, engi-
neered tissues based on patient-derived cells represent
invaluable models to investigate mechanisms of disease
and to develop/test novel therapeutic approaches. In view
of these great opportunities, here we introduce the cur-
rently limited successful implementation of tissue engi-
neering in paediatric settings and discuss the open chal-
lenges in the field. A particular focus is on the specific
needs and envisioned strategies in the areas of bone and
osteochondral regeneration in children.
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Introduction

The field of tissue engineering, originally conceptualised
about 25 years ago [1, 2], has resulted in some pioneering
examples of clinical success, but has clearly not lived up
to initial expectations. This can be attributed to a variety of
challenges, rooted in the complexity of processes that need
to be understood and controlled in tissue/organ regenera-
tion [3].

Implementation of tissue engineering paradigms in the
context of a paediatric population is particularly relevant
because of the critical need for transplant material and
the small amount of accessible autologous graft material,
which is available only at the expense of significant mor-
bidity at donor sites. The natural propensity to healing in
younger individuals represents an opportunity for tissue
engineering strategies. This has led to a few relevant re-
ports of engineered tissue transplantation in some clinical
settings, as detailed below.

Engineered urethral tissues have been used for hypospa-
dias, a genitourinary congenital malformation [4]. Authors
have reported variable degrees of success, as well as the
importance of refining strategies in order to enable the nat-
ural growth of penile size at puberty. An engineered au-
tologous vagina was implanted in four adolescent patients
with vaginal aplasia caused by Mayer-Rokitansky-Küster-
Hauser syndrome, with successful structural and function-
al results in follow-up assessments up to 8 years later [5].
Ear-shaped engineered cartilage tissues successful auricu-
lar reconstruction was shown in five patients with micro-
tia, despite the need to define a standard surgical procedure
[6]. For the regeneration of epidermis after burn injuries,
sheets with cultured autologous keratinocytes (e.g. Epi-
cel®) have been introduced [7], but the major challenge of
a complete dermo-epidermal reconstruction remains. The
combination of tissue engineering and gene therapy led to
the regeneration of the entire human epidermis in a sev-
en-year-old boy with junctional epidermolysis bullosa, a
genetic disease, by means of autologous transgenic ker-
atinocytes [8]. Further approaches to engineering tissues
for the treatment of congenital cardiovascular abnormali-
ties [9], short bowel syndrome [10] and tracheal replace-
ment [11], or to recover motor/sensory nerve function [12]
are highly promising, though they are not yet in clinical use
beyond single case studies.

Apart from the opportunities offered and the encouraging
results, paediatric patients present a set of specific sci-
entific and technical challenges to successful tissue engi-
neering, which have so far slowed down progress in this
promising field. For example, the amount of starting ma-
terial for a pool of suitable autologous cells is often ex-
tremely limited. Moreover, the ongoing structural (e.g.,
due to physical growth), biological (e.g., due to hormonal
changes) and psychological development of a child means
that the patient is never in a steady state. Additional chal-
lenges in the planning and execution of clinical trials in
paediatric cases are related to the, correctly, rigorous eth-
ical constraints needed to guarantee safety of the patients.
The number of cases that can be treated for specific indica-
tions, especially for congenital diseases, is also generally
limited, and it is difficult to derive from trials with small
cohorts the general conclusions that are required to warrant
introduction of novel procedures in routine clinical prac-
tice.
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In this review, we first introduce regulatory considerations
for clinical trials using engineered tissues in children and
then discuss clinical needs and envisioned strategies in the
specific context of paediatric tissue engineering for bone
and osteochondral regeneration.

Regulatory landscape for use of tissue engi-
neered products in paediatric populations

Children are considered a vulnerable population and spe-
cial legal requirements are laid down in the directive for
clinical trials 2001/20/EC, with additional regulations such
as ICH guideline E11 (Clinical Investigations of Medicinal
products in the Pediatric Population). These measures pro-
tect children from unjustified risk in clinical trials, and
participants in clinical studies are expected to potentially
benefit. Purely pharmacokinetic studies are not allowed in
healthy children and, whenever appropriate, data on safety
need to be taken from adult exposure. Moreover, depend-
ing on the disease, paediatric studies are often initiated in
the later stages of the clinical development of medicines
(e.g., after phase II in adults).

As a consequence, generally about 50–90% of medications
used to treat children are used off-label, based on results
from studies in adults. However, since “children are not
small adults” [13], off-label use could potentially lead to
increased risk of inefficacy or adverse reactions [14, 15].
Even though it is often questioned whether paediatric clin-
ical trials are ethical, they are crucial to provide safe and
high quality medicine for children.

There are many reasons for the low number of clinical
studies in the paediatric population, including ethical, le-
gal, economic, social and organisational challenges. The
economic incentive for companies to perform paediatric
trials, with high costs for a small market, is low. There is
often a lack of a suitable infrastructure and competence for
conducting paediatric clinical trials [16, 17]. To provide
more support for paediatric trials, several national and EU
networks have been established over the years (Enpr-
EMA, SwissPedNet, PAED-Net, MCRN etc.). This avoids
unnecessary replication of studies and fosters high-quality,
ethical research on the quality, safety and efficacy of med-
ications used in children.

Because of all these challenges, it became evident that
market forces alone are insufficient to stimulate adequate
research, development and authorisation of medicinal
products for the paediatric population. To fill this lack
of evidence and availability of authorised medicines for
children, the Pediatric Regulation (EC) No 1901/2006 has
been adopted, with the goals (i) “to encourage and enable
high-quality research into the development of medicines
for children”, (ii) “to ensure, over time, that most medi-
cines used by children are specifically authorized for such
use with age-appropriate forms and formulations”, and (iii)
“to increase the availability of high-quality information
about medicines used by children.” The new Pediatric Reg-
ulation resulted in an increase of trials including paediatric
cases from 8.25% in 2007 to 12.4% in 2016 (EudraCT
database) and in the successful authorisation of over 260
new medicines for use in children [14].

Beyond the well-established bone marrow transplantation
using haematopoietic stem cells, cellular therapies are typ-

ically classified (according to the EC Regulation No 1394/
2007 on advanced therapies) as Advanced Therapy Medi-
cinal Products (ATMPs). In this context, it is worth men-
tioning approval of Prochymal, allogeneic mesenchymal
stromal/stem cells for the treatment of graft versus host
disease (GvHD). Interestingly, no overall superiority of
Prochymal was demonstrated in a phase III placebo-con-
trolled trial [18]. However, a stratification of patients by
age indicated that the primary outcome, remission after 28
days, was significantly increased in paediatric GvHD [19].
These findings emphasise that also for ATMPs safety and
efficacy cannot be extrapolated from adult data, but need
to be specifically tested and established for children.

In the even more restricted area of tissue engineering, cur-
rently only two products are authorised by the European
Medicines Agency (EMA), namely Holoclar (conditional
approval and orphan designation received in 2015) and
Spherox (approval obtained in 2017). Holoclar (Holostem
Terapie Avanzate S.r.l., Modena/Italy), consisting of a pa-
tient’s own limbal cells grown in a laboratory, is indicated
for ocular burns. There is no information on the safety of
Holoclar in children up to 7 years old and only limited in-
formation in patients 8 to 17 years old. Although the safe-
ty and efficacy have not yet been established for paediatric
patients, in studies HLSTM01 and HLSTM02, which in-
cluded three children (aged 13, 14 and 16 years) and two
children (aged 8 and 14 years), respectively, the profile of
adverse reactions was not different from that in the adult
population. The EMA has deferred the obligation to sub-
mit the results of studies with Holoclar in one or more sub-
sets of the paediatric population. A phase IV clinical trial
is ongoing, with five patients between 2 and 17 years old
planned.

Spherox (Co.don AG, Berlin/Germany), consisting of
spheroids of human autologous matrix-associated chon-
drocytes, is currently the only available tissue engineered
product for articular cartilage repair with market authori-
sation by EMA. Nonetheless, safety and efficacy of Spher-
ox have not been established in patients aged less than 18
years and open physis is defined as contraindication. Fur-
thermore, the positive recommendation for reimbursement
by the UK National Institute for Health and Care Excel-
lence (NICE) has only been granted for adult patients, thus
the cost benefit ratio is still unclear for children. An inves-
tigation plan to evaluate safety and efficacy in paediatric
patients is ongoing.

It is important to mention that when a medical device is
combined with tissue engineering technologies, it is con-
sidered to be a combined ATMP. In these cases, the grafts
have to comply with both ATMP and medical device regu-
lations.

In order to develop suitable tissue engineered products for
paediatric use, we advocate the importance of starting by
targeting specific paediatric unmet clinical needs, which
should lead to the envisioning of possible new solutions to
improve treatment possibilities. This path will be proposed
in the next section in the context of bone and osteochon-
dral tissue engineering.
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Targeting unmet clinical needs in paediatric
patients

Bone regeneration
Repair of critical bone defects generally requires consider-
ation of an interplay of different actors and factors, namely
the presence of bone forming cells, the availability of os-
teogenic cytokines, the provision of vascularity, and sup-
port by a guiding structure that is compatible with mechan-
ical stability. In paediatric cases, some additional factors
and challenges need to be considered. In this situation,
the skeleton is still developing and therefore any strategy
should allow continued increase in size, with an appropri-
ate interface with connected soft tissues and adaptation to
evolving mechanical requirements.

Treatment of congenital cleft lip and palate illustrates these
challenges. This congenital fusion defect of the maxilla has
a major impact on the affected children. It impairs feeding,
speech development, dentition, facial aesthetics and there-
by psychosocial development. The aim of treatment, apart
from closing the lip, is to close the connection between
oro- and nasopharyngeal cavities and to restore the upper
jaw. The latter requires a significant amount of adequately
shaped bone with considerable mechanical resilience and
the ability to grow. Autologous bone grafts are associat-
ed with complications and a notable failure rate, and are
therefore often only used before final dentition at the age
of seven or eight. The combination of cells and materials in
a tissue engineering approach has been planned and tested
in a variety of configurations [20]. These include the use
of different sources of stem and progenitor cells, of scaf-
folds functioning also as barrier membranes for guiding the
soft tissue interface, and of growth factors, typically in the
form of platelet-rich plasma. The plethora of possible com-
binations and the difficulty of running well-powered ran-
domised controlled trials in this indication, however, have

resulted in a lack of evidence despite promising results in
single patients [21].

Defects in long bones also represent an unmet clinical
need in children. These can be the consequence of cancer
surgery, of congenital pseudoarthrosis of the tibia [22, 23]
or abnormal bone mineralisation in genetic diseases such
as neurofibromatosis. Even bagatelle traumas can result in
pseudoarthrosis, with the need for bony reconstruction in
an appropriate size. To date, autologous bone grafts har-
vested from another region of the body, such as the fibula,
represent the state of the art (fig. 1). Depending on the size
of the defect and, accordingly, the amount of graft material
required, either donor site morbidity increases or the autol-
ogous bone available is not sufficient to treat defects with
a reasonable risk-benefit ratio. For these high-risk bone de-
fects, implantation of osteoprogenitor cells from various
sources in combination with different materials has been
tested by several groups [24, 25]. These approaches have
been reported to be successful in a number of cases, though
mechanical stability remains an important challenge.

Depending on the patient’s age, the maturity of tissue is of
relevance and thus, for example, solutions need to be com-
patible with the presence of hypertrophic cartilage. This
is well illustrated by the challenge of physeal fractures.
Growth of long bones usually occurs at both extremities in
a region called the epiphysis. This is a highly structured
complex zone composed of cartilaginous cells. The ma-
turity of these chondrocytes increases towards the end of
the bone from a proliferative to a hypertrophic, a calcify-
ing, and finally an ossifying layer as part of the enchondral
ossification process. Disturbance of this structure, such as
in the context of fractures, can result in premature growth
stop. Depending on the fracture morphology, this leads to
complete growth arrest or asymmetric growth, both with
disabling consequences. For this indication, osteoprogen-
itor cells or chondrocytes, as well as the modulation of

Figure 1: Bone fracture complications due to neurofibromatosis. (A) Radiograph of a 12- year-old boy’s ulna after a minor trauma, with signs
of a chronic non-union and deficient bone healing. Further investigation led to the diagnosis of neurofibromatosis type 1, which includes bone
mineralisation abnormalities. (B) A long fibular graft including the growth plate was harvested to ensure safe reconstruction and preservation
of balanced forearm growth. (C) The postoperative assessment indicates consolidation of the proximal ulna and an open epiphysis, although
the positive result was achieved at the cost of extensive morbidity at the site of the fibula.
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Figure 2: Osteochondral lesions at the hip site following Legg-Calvé-Perthes (LCPD) disease. (A, B) Radiographs in anteroposterior or Lauen-
stein projections of the hips of a 7-year-old boy with LCPD of the right hip (Catterall Group 4, Lateral Pillar Group C), indicating femoral head
containment. (C, D) Radiographs in anteroposterior or Lauenstein projections taken at 15-month follow-up confirm acceptable containment
with an enlarged but spherical femoral head after non-surgical treatment. (E, F) Radiographs in anteroposterior or Lauenstein projections 20
months after greater trochanteric epiphysiodesis at the age of 11 years, implemented to compensate for loss of epiphyseal height and abduc-
tor strength and to alleviate pain. The risk of developing early-onset osteoarthritis remains increased.

specific pathways, are currently being evaluated in animal
models, but clinical applications are not yet consolidated
[26].

In a nutshell, the promise for bone tissue engineering in
paediatric patients is immense. However, given the high
degree of individualisation necessary, the current literature

cannot yet provide standard approaches or high-level evi-
dence on specific procedures.

Osteochondral/joint reconstruction
Large defects involving cartilage/bone interfaces represent
a severe clinical challenge in children. Reconstruction with
free vascularised epiphyseal transfers, from the proximal
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Figure 3: Defective finger joint development due to symbrachydactyly. (A) Macroscopic view of the right hand in a 2-year old boy. On palpa-
tion only the proximal phalanx was present in an intact soft tissue envelop. (B) Intraoperative result by web deepening, with double opposing
Z-plasties (jumping man) flaps in the third and fourth web and a syndactyly release with a graftless technique (Seagull flap) in the second web.
(C) Postoperative assessment indicates minimal scarring but limited functional and aesthetical gain. Stabilisation of the digits for improvement
of grasp without donor site issues remains challenging, but could be facilitated by the use of engineered bone grafts.

fibula, for example, has been well described [27], but the
surgery is complex and donor site morbidity problematic.

Osteochondral defects of the lower extremity can impact
children’s mobility, and participation in leisure activities
and sports in particular. Legg-Calvé-Perthes is a typical
paediatric disease in this category, with the peak onset of
symptoms between 5 and 10 years of age. The exact ae-
tiology remains elusive, but compromised vascularisation
and repetitive mechanical stress, amongst others, are dis-
cussed as potential causes. The disease can lead to sub-
chondral fractures of variable severity, and eventually to
complete destruction of the femoral head [13, 28]. Affect-
ed children are characterised by a shortened leg and func-
tional impairment with limping. Moreover, incongruent ar-
ticular surfaces at skeletal maturity are strongly associated
with premature osteoarthritis of the hip joint [29]. Exist-
ing treatment modalities depend on the patient’s age and
the stage of the disease. In younger patients or mild cases,
observation, bed rest or medication with anti-inflammatory
compounds, bisphosphonates or bone morphogenetic pro-
teins have been used with success. In more severe cases,
surgical treatment is necessary, with greater trochanteric
epiphysiodesis to compensate for loss of epiphyseal height
(fig. 2), or derotational osteotomy of the femur or osteoto-
my of the acetabulum, with the aim to protect the weak
fragmented head from deformity [30]. Reconstruction of
such osteochondral defects with tissue engineered grafts
could restore articular congruence and delay or even avoid
early osteoarthritic changes. However, to date no reports
of the implantation of engineered osteochondral composite
solutions have been identified.

Defects in the upper extremity are often less dramatic as
children adapt quickly and learn to deal with a deficiency
much faster than adults do. However, if bilateral use of
the hands is impaired, intervention is needed. For defects
related to avascular necrosis in the hand (e.g., Kienbock,
Preiser, or Dietrich disease) the same perspectives apply as
for the lower extremity described above (e.g., Perthes dis-
ease). Different considerations apply for congenital mal-
formations of the hand and upper extremity. These are pre-
sent in about 1 in 200 to 1 in 5000 live births, depending
on severity grading and geographic region. In about 60 to

80% of cases, these children do not have any associated
syndromes. Surgery for congenital hand defects typically
employs autologous tissue to improve hand function. How-
ever, many families will not agree to “mutilate” another
part of the body in an already imperfect individual. Recon-
struction without a donor site is therefore important. This
dilemma is well illustrated in cases of symbrachydacty-
ly, where the deformity involves short fingers but a full
hand plate (fig. 3). Traditional treatment was transfer of
a toe phalanx into the soft tissue pocket and later distrac-
tion to create digits [31]. Effects on the donor site at first
seemed acceptable, but long-term results in the feet were
poor [32] and the functional gain on the hand was insuffi-
cient [33]. We propose that filling the empty, well vascu-
larised soft tissue pocket at the end of the phalanges with
tissue engineered hypertrophic cartilage is a possible strat-
egy to be developed. This approach would mimic endo-
chondral bone growth [34] and lead to only minor differ-
ences from a non-vascularised toe phalangeal transfer. This
would be the first application of tissue engineering in con-
genital deficiency of bone and cartilage.

Scientific and clinical perspectives

Tissue reconstruction in children in a variety of possible
contingencies might greatly benefit from tissue engineer-
ing approaches, in view of (i) prevention of donor site
morbidity, (ii) avoidance of implantation of synthetic sub-
stitutes that cannot grow with the individual and (iii) cap-
italisation on the biological potency of cells from younger
individuals.

Further research on the interface between fundamental
stem cell / developmental biology, material science and
surgical technology is, however, necessary to the intro-
duction of skeletal tissue engineering in children. Open
challenges include selection of suitable cell sources, better
understanding and control of biological processes (e.g.,
isolation, expansion and differentiation of stem/progenitor
cells), generation of complex customised shapes (e.g., by
3D bioprinting), enhancement of robustness in manufac-
turing (e.g., by superior standardisation within bioreactor
systems), and promotion of functional engraftment (e.g.,
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the possibility for the graft to grow with patient age
through physiological interfaces with surrounding soft tis-
sues).

Because of the typically small patient populations, espe-
cially in orphan paediatric diseases, and the important eth-
ical need to save children from the unnecessary risks of a
trial, in silico approaches offer a useful technique through
individualised computer simulation. Carlier et al. investi-
gated, in 200 virtual subjects generated from a previously
established model of murine bone regeneration, the effect
of bone morphogenetic protein treatment in congenital
pseudarthrosis of the tibia [35]. The potential of in silico
medical technologies for tissue engineering obviously
needs to be reconciled with the complexity of the process-
es, which can be modelled into machine learning algo-
rithms only very approximately.

As for other clinical implementations of tissue engineering
approaches [36, 37], we believe that it is important to
switch from the classical view centred around the manu-
facture of a suitable graft, towards a more comprehensive
paradigm, which can be referred to as “regenerative
surgery”. The phrase captures that surgical manipulation
of an engineered graft, preparation and conditioning of the
environment at the recipient site and reaction of the sur-
rounding soft tissue over time, are at least as critical as the
manufactured implant and its designed functionalities [38].

Finally, the field of paediatric tissue engineering could go
beyond the generation of implantable grafts. In fact, three-
dimensional tissues generated using cells of children with
genetic diseases (e.g., neurofibromatosis) represent invalu-
able advanced models for fundamental science. These
would allow investigating the effect of specific genetic
mutations on skeletal tissue development, growth and re-
generation, possibly leading to the identification of innova-
tive treatments, eventually bypassing the need of extensive
implant material.
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