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General introduction

Preface

Personal introduction

My first clinical experience with the treatment of patients with cleft lip and palate (CLP)
was at the end of 2011, during my first year of the four-year postgraduate program in
orthodontics at the Radboud university medical center in Nijmegen. Under supervision
of Professor dr. Anne Marie Kuijpers-Jagtman and drs. Veronique Borstlap-Engels, |
learned about the orthodontic treatment of patients with CLP. They also explained me
about the different phases of CLP treatment, giving me insight into the long
multidisciplinary treatment, from birth to adulthood, which most patients with CLP
must undergo. Experience learned that orthodontic treatment of young patients and
patients with syndromic forms of CLP is often challenging. Both technical and social
skills are required for successfully running the cleft clinic. From my experiences at the
cleft clinic, | developed enthusiasm for doing fundamental research in the field of CLP
formation. Since 2018, | am a fulltime faculty member of the Department of Dentistry
of the Radboud university medical center and frequently treat patients at the cleft clinic
(Figure 1).

Figure I: The author of this thesis in action in the cleft clinic (left) and at the laboratory (right), connecting
the “two worlds” within the section of Orthodontics and Craniofacial Biology.

With a background in biomedical sciences at the University of Amsterdam,
prior to entering the dental school, | am also interested in the embryonic process of CLP
formation. Therefore, my research supervisor Dr. Frank Wagener and | designed
experimental studies in mice to investigate the process of palatogenesis in the absence
or presence of the cytoprotective enzyme heme oxygenase (HO). Although we found
interesting results, our study generated only more questions than answers regarding
palatogenesis. My ultimate goal, the prevention of embryonic cleft formation, is still far
away because of the inadequate knowledge in this field. Therefore, we expect that in
the short term, science will mainly focus on postnatal interventions like improved
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wound repair with less scar formation. Therefore, besides studying embryonic
palatogenesis, we also experimentally studied the potential role of cytoprotective
mechanisms and cellular signaling pathways in the wound repair process. Since our
section within the Department of Dentistry is officially called “Orthodontics and
Craniofacial Biology”, | hope my thesis will contribute to bridging the gap between these
“two worlds”, the world of the cleft clinic, and our laboratory world.

Challenges in patients with CLP

CLP is an umbrella term given to congenital disorders in which the upper lip, and/or the
alveolus, and/or the palate are affected by a cleft?3. CLP belongs to the most common
congenital craniofacial anomalies (circa 1 in 700 newborns)*8. Newborns with CLP
demonstrate a large phenotypic heterogeneity®. In the past, CLP was diagnosed
clinically immediately after birth®°. Since the ‘90s, an increasing humber of CLP cases
could already be confirmed by routine prenatal ultrasound screening. Cleft lip (CL) can
already be detected with ultrasound around the 13" week of pregnancy®®. It was found
worldwide that after prenatal counseling by the cleft team 85-93% of the parents felt
well prepared psychologically for the birth of their child and considered prenatal
diagnosis a benefit!*!3, However, it has recently been found that in Europe pregnancy
termination is carried out in 13% of the cases after the parents received prenatally the
solitary CLP diagnosis**.

The feeding of babies with CLP is more difficult because of the open connection
between the mouth and nose®>. The CLP anomaly can also affect the relationship
between mother and child®. Parents are often concerned about the future of their
child'’, which impacts their quality of life'®. Depending on the severity of the deformity
patients with orofacial clefts need to undergo medical treatments from birth to
adulthood, coordinated by a multidisciplinary cleft team consisting of diverse
specialists®, including several surgical interventions, orthodontic treatment, and other
non-surgical treatments, as speech therapy®?°. This medical treatment process affects
the psychological well-being of both the children and their family members®?°, The
malformation in newborns ranges from mild forms to complete bilateral clefts affecting
the lip, alveolar process, and the palate??.

Different dental abnormalities are usually seen in patients with CLP, including
collapsed maxillary dental arches, malformation of teeth, hypodontia in both the
maxilla and the mandible, supernumerary teeth in the cleft region??, and midfacial
deficiency?3.

Palatal clefting is often associated with Eustachian tube malfunction, which
can result in conductive hearing loss, and subsequently, a delay in speech and language
development!®?*, Moreover, patients with CLP often suffer from velopharyngeal
insufficiency, a failure of the soft palate to close against the posterior pharyngeal wall
causing hypernasal speech. Even 30% of the children with cleft palate demonstrate
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velopharyngeal insufficiency, despite surgical palatal closure?. It was found that
patients with CLP experience hearing loss and hypernasality in 20% and 69%,
respectively?®. Surgical velopharyngeal closure was found to correct hypernasality in
only 50% of the patients?®. Notably, 60% of children with CLP report being bullied about
their appearance and speech?’.

Surgical closure of the alveolus and palate, and pharyngeal flap surgery may
result in hampered sagittal (anteroposterior), vertical, and transversal growth of the
maxilla because of scarring?®. Scarring following surgical CL repair may also hamper
dentoalveolar development?®3°, Scarring following cleft palate (CP) repair may inhibit
sagittal growth of the maxilla, which can lead to midfacial deficiency3! (Figure I1).
Surgical maxillary advancement is often indicated to correct midfacial deficiency?®32.

Residual scars are also often observed after cleft lip surgery®. After CLP
treatment, adult patients were found to rate their esthetic outcome worse than the
experts of the cleft team3*. Especially female patients were dissatisfied with their
esthetic outcomes, and 63% of them asked for additional upper lip and nose
corrections®*. One study found that almost half of the patients with CLP were not
satisfied with their facial appearance, although they seemed to be psychosocially well
adjusted to their disability®. Scarring of their lip can lead to serious psychological
problems including low self-esteem and acceptance by peers3*3¢. CLP patients were
further found to score lower at social and emotional functioning3.

To achieve healing with less scarring, fetal surgical repair of CLP has been
proposed®’, and tested in mice3®3°, rabbits*®*!, goats*®?, and lambs*. Unfortunately,
fetal cleft surgery in a lamb model demonstrated a 25% risk of abortion®. In utero
surgical interventions for non-life-threatening diseases may only become feasible as
fetal surgery becomes safer for both mother and fetus®*.

Both syndromic and non-syndromic CLP disorders have multifactorial causes
that not only involve genetic predisposition, but also environmental influences? . In the
near future gene therapy or genetic engineering (e.g. using CRISPR-Cas9) becomes
available to prevent embryonic CLP formation3’. However, those treatment options
should first await a difficult ethical and moral debate®’. More research within the
combined fields of CLP formation, wound healing and tissue engineering is warranted
to develop preventive strategies and better clinical outcomes.
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Figure II: Progressive midfacial deficiency in a patient with CLP. This patient was born with a complete
bilateral CLP. Surgical CLP closure before the age of 9 months, and pharyngeal flap surgery at the age of 4
years were performed. Scarring of the upper lip (green arrow) and the palatal mucosa (black arrow) was
already visible at 5 years of age. At 9 years of age, retro-inclined deciduous upper incisors were observed,
together with collapse of the maxillary dental arch. Orthodontic expansion was performed to correct the
collapsed maxillary dental arch. At 10 years of age, premaxilla repositioning with alveolar bone grafting was
performed. At the age of 9 and 15 years, obvious midfacial deficiency is observed (purple asterisk),
characterized by a retrusive maxilla, creating a negative lip step. This patient is unsatisfied with his facial
appearance, and requests for esthetic improvement. An orthognathic surgical maxillary advancement, to
correct the midfacial deficiency, is planned for the age of 18 years. Scarring of the upper lip and palatal
mucosa with a retrusive maxilla are commonly found features in patients with CLP.

Structure of the general introduction

The general introduction is subdivided into 4 sections:

In Section 1. Craniofacial embryology and the etiology of CLP, the process of embryonic
development of the orofacial region will be explored. Furthermore, the incidence and
classification of CLP are addressed. The role of genetic and environmental factors in the
etiology of CLP will also be discussed.
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General introduction

In Section 2. Surgical CLP repair, scarring and growth inhibition, scar formation
following surgical CLP repair in relation to facial growth is debated. The influence of
oxidative, inflammatory, and mechanical stress at wound healing and scar formation is
covered.

In Section 3. Cytoprotective mechanisms and cellular signaling pathways in
palatogenesis and wound healing, the role of the cytoprotective enzyme system heme
oxygenase (HO) in embryonic development and wound healing is addressed.
Furthermore, the common processes and signaling pathways in palatogenesis and
wound healing are discussed. Finally, the potential roles of chemokine (C-X-C) ligand
11-chemokine (C-X-C) receptor 3 (CXCL11-CXCR3) and chemokine (C-X-C) ligand 12-
chemokine (C-X-C) receptor 4 (CXCL12-CXCR4) chemokine-chemokine receptor
signaling in palatogenesis are debated.

Lastly, in Section 4. Aims of the thesis, the research questions and aims are
formulated and the outline of the thesis is presented.
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Section 1. Craniofacial embryology and the etiology of CLP

1.1 Migration of cranial neural crest cells during embryonic craniofacial development
Craniofacial development is a complex process, and the mechanisms that regulate the
formation of skeletal structures, sensory organs, the nervous system, and the orofacial
region are still poorly understood®. Cells of the facial compartment are derived from
four main sources: 1). cranial neural crest cells (CNCCs), 2). the paraxial mesoderm, 3).
the epidermis, and 4). the endoderm*t. The non-epithelial tissues in the facial region
originate from migratory CNCCs and the paraxial mesoderm“. Notably, the CNCCs act
as stem cells and are the largest contributor to the developing face, responsible for e.g.
the facial bone, cartilage and muscles, and are among the most motile cells in the
embryo?’. Migration of the CNCCs starts at the neural crest and is directed, along well-
defined routes, first as a continuous wave and quickly split into three discrete
segregated streams, predominantly from rhombomeres (r) 2, 4 and 6 to populate the
first, second and third branchial arches (ba)*®*° (Figure 1; left panel). The CNCCs of the
first branchial arch form the different facial bones, muscles of mastication, and cranial
nerves V2 and V3. The migration of CNCCs is directed by several signaling pathways.
For short distances the migration of CNCCs starts by the process of polarization, which
includes the formation of a “front end” and a “back end” of the cell by changing the
shape of the cell, regulated by Wnt signaling®? (Figure 1; right panel). Wnt-signaling also
regulates “contact inhibition by locomotion”, a process by which cells change their
direction of migration upon cell-cell contact® 3. Furthermore, both Ephrin-Ephrin
ligand-receptor signaling®®, and complement factor component C3a ligand-C3a
receptor-mediated chemotaxis®® regulate the maintenance of the high density of the
CNCCs stream during migration, termed “co-attraction”. For long distance migration,
the chemokine CXCL12 directs the migration of CXCR4-positive CNCCs to the branchial
arches bal, ba2, and ba3*7-*%>758 (Figure 1).

In the mammalian fetus, CNCCs populating the pharyngeal arches are
characterized by the expression of SRY-Box Transcription Factor 9 (Sox9)>%62. After
arrival of the multipotent CNCCs at the pharyngeal arches, the embryo is still very small
and significant development and growth of the craniofacial structures must follow®. In
the process of craniofacial development, a controlled program, via signaling
interactions between the migrating cells and their environment, determines the fate of
the CNCCs®. Next, the CNCCs migrate, proliferate and differentiate to form the
orofacial region including the maxilla, mandible, dentin, pulp of the teeth, cartilage,
connective tissues®%, trigeminal nerve and mastication muscles®>%7%°, Since many
complex gene regulatory networks and numerous cellular mechanisms are active in
CNCCs during craniofacial development, the mechanisms that shape the face are still
not fully elucidated”.
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Figure 1: The migration of CNCCs from the neural crest to the branchial arches is directed by several
signaling pathways. In the developing mammalian fetus, cranial neural crest cells (CNCCs) migrating from the
neural crest split into three streams from the rhombomeres 2, 4 and 6 (r2, r4, r6) to the branchial arches 1,
2, and 3 (bal, ba2, ba3)(left panel). Wnt, Ephrin-Ephrin receptor, and C3a-C3a receptor intercellular signaling
pathways regulate the migration of CNCCs at short distances. CXCL12-CXCR4 signaling regulates the migration
of CNCCs for long distances to the branchial arches (right panel). From the first branchial arch the different
facial bones, including the maxilla, and muscles of mastication are finally formed. Only a selection is shown
here, since various other signaling pathways and mechanisms contribute to the migration of CNCCs.

One-third of all congenital birth defects affect the head and face’*. Numerous
congenital craniofacial abnormalities affect the form and function of the face, including
deformities, distractions, elongations, shortenings, asymmetries, and aberrant
structures. Explanations for these malformations still await fundamental understanding
of the underlying mechanistic failure of morphogenesis’2. Most disorders of craniofacial
development, such as CLP, Treacher Collins syndrome (TCS), Pierre Robin Sequence and
craniosynostosis, are caused by defects in the formation, migration, proliferation,
survival, or differentiation of CNCCs®®7374, Migration and survival of CNCCs can be
disturbed by toxic drugs, and by disruption of expression of homeobox genes muscle
segment homeobox (Msx) 1 and Msx27°, transcription factor Activating Protein 2 (AP-
2)7%77 growth factor Tgfbr2%, and intercellular signaling pathways, such as Cysteine-
rich secretory protein LCCL domain-containing 2 (Crispld2). Interestingly, disrupted
CXCL12-CXCR4 signaling in mice”8, chicken®’, and zebrafish®" impairs craniofacial
development by misrouting the migration of CNCCs. Disturbance of these processes can
lead to craniofacial malformations as CLP and TCS®. In this thesis we discuss craniofacial
development especially in relation to CLP formation.

1.2 Palatogenesis and CLP development

In humans, the face starts to develop in the 4" week of embryogenesis from the facial
primordia, originating from CNCCs, and development of the palate occurs between the
4™ and 10" week post-conception®. Palatal development, named palatogenesis, is an
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important part of craniofacial development in higher vertebrates®. Most of our
knowledge on palatogenesis has been obtained from mouse studies due to the
similarity with human palatogenesis and the ethical limitations for research with human
embryos®. Since Sox9 expression was observed in the palatal shelves in mice, CNCCs
are thought to contribute to the embryonic formation of the palate®>®¢. In most mouse
strains, palatal outgrowths are first detectable by embryonic day (E) 11.5, and palatal
fusion is complete by E17%’. The facial primordia consist of the frontonasal prominence,
the paired maxillary prominences and the paired mandibular prominences surrounding
the oral cavity®. Fusion of these prominences requires a precise spatiotemporal
regulation, whilst disruption of this regulatory network can result in orofacial clefting®.
Partial or complete lack of fusion of the maxillary prominence with the medial nasal
prominence on one or both sides can lead to a cleft of the lip, alveolus and primary
palate. The secondary palate develops following ordered stages. First the paired palatal
shelves grow vertically besides the developing tongue. As the mandible develops the
tongue drops, allowing the paired palatal shelves to rise into a horizontally oriented
position above the tongue. The two medial edge epithelium (MEE) layers covering the
tips of the growing palatal shelves adhere to each other in the midline and form the
midline epithelial seam (MES)® (Figure 2). Thereafter, the MES needs to disappear to
allow mesenchymal confluence and fusion of the secondary palate®. Failure of one of
these events results in palatal clefting®°°. Lack of fusion of the palatal shelves from the
maxillary prominence results in palatal clefting posterior to the incisive foramen?®.

Figure 2: Formation and disintegration of the MES in the process of palatal fusion. Example of different
stages of palatogenesis within the same fetus in HE stained coronal palatal sections (magnification: x100) in
heme oxygenase-2 knockout (HO-2 KO) mice of a mixed 129Sv x C57BL/6 background at E15. Horizontal
orientation of the palatal shelves with both tips covered by the medial edge epithelium (MEE) (yellow boxes,
left panel), midline adhesion including the formation of the midline epithelial seam (MES) (red box, middle
panel), and eventually disintegration of the MES (green box) to allow palatal fusion and mesenchymal
confluence. The MES changed from a multi-cell-layer (middle panel) into a continuous one-single-cell-layer,
to a disintegrating MES, during which islands of epithelium in the midline can be observed (right panel). This
example demonstrates that MES formation and MES disintegration in mice occurs fairly quickly, within one
day.

The secondary palate fuses anteriorly to the primary palate and anterodorsally
to the nasal septum. Finally, the closed palate separates the oral cavity from the nasal
cavity®®. Within the palatal mesenchyme intramembranous ossification in the anterior
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part forms the hard palate, and myogenesis in the posterior part results in the soft
palate®.

Multiple mechanisms have been proposed to explain the disappearance of the
MES. The main hypotheses underlying MES disintegration involve epithelial cell
migration to the oral®®?, or nasal epithelium®*%, epithelial-to-mesenchymal
transformation (EMT)®C, epithelial cell apoptosis®®, or a combination of these events®.
Cranial neural crest-derived mesenchymal cells must undergo osteogenic
differentiation to form the hard palate®. In mice, CNCCs form aggregated cell masses
to initiate palatal bone formation in the palatal mesenchyme in mice between E14.5

and E16.5%877,

1.3 Incidence and classification of CLP

It is estimated that the prevalence rates of birth defects in total are with 6.4% the
highest in the low-income countries, 5.6% in the middle-income countries, and with
4.7% the lowest in the developed countries®®%. To put the numbers in perspective, the
incidence of CLP (1 in 700)*8 is higher compared to Down syndrome (1 in 1000)*%, and
spina bifida (1 in 2.000)!°, but lower compared to the incidence of congenital heart
disease (1 in 167)1°%1%, The incidence of isolated cleft palate is much lower, namely
about 1in 2.200 live births'%, Isolated cleft lip occurs in 1in 1.700 live births!®. The CLP
incidence depends on ethnic and geographical variation®®. In addition, the incidence of
CLP is highest among Asians, followed by Caucasians, and lowest in people of African
descent 106-108,

CLP shows a very heterogeneous anatomy. Accurate classification and sub-
phenotyping of the cleft in the lip, and/or alveolus and/or palate is important to come
to a correct diagnosis. CLP can be divided into isolated cleft lip and/or alveolar process,
isolated cleft palate, and combined cleft lip, alveolus, and palate. CLP can be limited to
one side (unilateral) or can be a double-sided (bilateral) cleft of the lip, with or without
a cleft of the alveolus®!®. Approximately 75% of clefts involving the lip are unilateral,
and the left side is affected twice as often as the right-side®. The cleft can be subdivided
into complete or incomplete!'®112, Considering its wide spectrum CLP can range from a
mild condition to a severe craniofacial anomaly. For example, it can extend from only
an incomplete cleft of the lip, with or without a cleft in the alveolar process, to a
complete bilateral cleft of the lip and alveolus with a cleft running through the palate
and anterior displacement of the premaxilla with a collapse of the maxillary dental
arch'®4 Examples of patients with different CLP diagnoses treated within the
craniofacial-cleft clinic of the Radboud university medical center, Nijmegen, The
Netherlands, are presented below (Figure 3). The maxilla is frequently deficient in the
sagittal, vertical and transversal dimension, often accompanied by constriction of the
maxillary dental arch®'>. The severity of maxillary hypoplasia is related to the cleft
typells.
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Figure 3: Patients with CLP demonstrate a heterogeneous anatomy both before and after surgical cleft
repair. The features of patients with CLP can range from a mild condition to a severe type of cleft. (A)
Unilateral and (B) bilateral clefts are shown, before and after surgical closure of the lip and/or palate. In the
top row, extra-oral pictures at the age of 2-4 weeks, before surgical closure of the cleft lip. The photos in the
middle row represent the intra-oral pictures of the mixed dentition of the same persons above after closure
of the cleft of the lip and/or palate, taken between 5-9 years of age. The extra-oral pictures in the bottom
row are of the same persons above, taken between 5-9 years of age. Scar formation of the lip and/or palate
is observed (depicted by black arrow).
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In unilateral cases, the premaxilla is commonly hypoplastic and deviates from
the facial midline. Bilateral cleft cases show a wide variety in the shape and position of
the premaxilla and tend to present a narrow maxilla as the result of the collapse of the
lateral maxillary segments®'’.

The heterogeneity of clefts of the primary or secondary palate can be
explained by differences in embryonic origin and underlying fusion or differentiation
defects. Fusion defects of the primary palate lead to complete clefting of the lip (CL)
either or not combined with a complete or incomplete cleft of the alveolus.
Differentiation defects of the primary palate give rise to incomplete, submucous or
hypoplastic cleft lip and/or alveolus. Fusion defects of the secondary palate lead to
complete or incomplete hard-palate clefts) that may be combined with a cleft in the
soft palate and/or uvula. Differentiation defects of the secondary palate give rise to a
combination of submucous, hypoplastic hard and soft palate defects!10-112,

1.4 Etiology of CLP

Birth defects are the main cause of spontaneous abortion, stillbirth, perinatal death,
infant death, and congenital disorders®®. The causes of birth defects are complex and
include genetic and environmental factors and/or their interactions®. Although the
mechanisms are not fully elucidated, it is thought that in the etiology of CLP formation
genetic predisposition and environmental factors both play a role!*®. CLP is typically
classified into syndromic and non-syndromic, and both forms are characterized by a
strong genetic component!?®,

Figure 4: Genetic factors are responsible for syndromic CLP. Cleft palate found as a component of (A), the
Pierre Robin sequence caused by chromosomal abnormalities near the SOX9 gene and (B), Van der Woude
syndrome caused by mutations in the Interferon regulatory factor 6 (IRF6) gene.
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In about 38% of the cases, CLP is diagnosed with additional congenital
anomalies?®, due to chromosomal aberrations or monogenic diseases'*®, caused by a

120121 'and are regarded as syndromic CLP. Syndromic

mutation of a single genetic locus
forms of CLP consist of over 300 different conditions>!?2. The most common form of
syndromic CLP are the Pierre Robin sequence (Figure 4A) and the Van der Woude
syndrome (Figure 4B)>?312%  The Pierre Robin sequence is a rare disease with an
incidence ranging from 1 to 8.500-30.000 newborns'?, It is characterized by the clinical
features: micrognathia, glossoptosis, and compromised airway with variable extent of
a cleft palate?®. Chromosomal abnormalities near the SOX9 gene, that is crucial for the
function of CNCCs, were found to disrupt its regulation, leading to the condition*?’. The
incidence of Van der Woude syndrome has been reported as 1 in 75.000—100.000 live
births!?8, The Van der Woude syndrome is an autosomal dominant condition with high
penetrance and variable expression. Clinical manifestation of this clefting syndrome
includes bilateral midline lower lip pits, cleft lip, and cleft palate along with
hypodontial?®. Van der Woude syndrome accounts for approximately 2% of all CLP
cases'3%131 Mutations in the Interferon regulatory factor 6 (IRF6) gene were identified
as driving factor for the etiology?%132,

Some clefting syndromes are rare, affecting only 1 in 10.000-100.000 live
births!?!, Examples of patients of our clinic with rare syndromic CLP include for example
Greig syndrome®33, Branchio-oto-renal (BOR) syndrome!®*, Oral-Facial-Digital Type |

136 and Kabuki syndrome %7 (Figure 5).

(OFD1) syndrome?3>, Adrenogenital syndrome

CLP cases occurring in isolated condition, unassociated with any recognizable
anomalies, are non-syndromic CLP cases'3®. In about 62% of the cases CLP occurs in
isolation®123, caused by a combination of genetic and environmental factors!1124:139,140,
Deletions and mutations in the genes observed in mice, such as transcription factor
translation related protein p63 (P63)%'42, poliovirus receptor-related 1 (PVRL1)
encoding a cell-cell adhesion molecule!#¥14314 cleft lip and palate transmembrane
protein 1 (CLPTM1)%*>%4¢ and T-box transcription factor protein 22 (TBX22)147 gre
associated with the development of non-syndromic CLP in humans®?.

Variants of several genes are associated with increased risk of non-syndromic
CLP, namely growth factors as transforming growth factor-alpha (TGF-a), transforming
growth factor-B3 (TGF-B3)'*8%4°, transcription factors MSX1, TBX22 and IRF6°0159,
Genes related to the nutritional metabolism such as the genes 5,10-
methylenetetrahydrofolate reductase (MTHFR) and retinoic acid receptor alpha
(RARA)€0161 and genes involved in the metabolism of toxic compounds generated by
maternal smoking, such as cytochrome P450 family 1 subfamily A member 1
(CYP1A1), glutathione S-transferase M1, (GSTM1), N-Acetyltransferase 2 (NAT2)162164
are linked to increased risk of CLP as well.
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Figure 5: Examples of rare syndromic forms of CLP. On the top row, extra-oral pictures at the age of 2-4
weeks. The photos in the middle row represent the intra-oral pictures of the same persons above at the age
of 2-4 weeks. The extra-oral pictures on the bottom row are of the same persons above, taken at 5 years of
age.

Moreover, genes involved in immune response as PVLR1'®® are also related to
increased risk of CLP. Examples of patients of our CLP clinic with MSX1 and IRF6 genetic

variants are presented in Figure 6.

166 167

Environmental factors as smoking*®, alcohol consumption'®’, anti-epileptic

drugs phenytoin'®® and valproic acid'®®, maternal corticosteroid use'’®, diabetes'”?,

173 infections!’®'74, folate deficiency, zinc deficiency,

maternal’’? and paternal age
contact to teratogens such as chemical solvents, and both high- and low-dose vitamin
A/retinoic acid intake are associated with increased risk for CLP®%175. Nutrition
guidelines for pregnant women and women planning to have a baby as prevention for
getting babies with CLP recommend sufficient intake of folic acid, zinc, and multivitamin
supplementation (containing vitamin A, B6 and C), and advise to keep a healthy lifestyle
shortly before and during pregnancy!'#!’®, Despite these guidelines, the interplay
between genetic predisposition and environmental factors cannot be prevented
completely. The molecular mechanisms involved in CLP formation need to be better
understood.

Since CLP has been observed in both members in 60% of monozygotic twins'”’,
but only in 3-10% of dizygotic twins'?¥'”7, it is likely that both genetic and
environmental factors are involved in the etiology of CLP. Namely, specific gene variants
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are thought to correlate with specific environmental risk factors for CLP%°. The
combination of genetic variants of the genes TGF-a, TGF-f3, MSX1 with maternal

178181 and the combination of genetic variants of TGF-B3, MSX1, alcohol

smoking
dehydrogenase 1C (ADH1C) with maternal alcohol consumption!®®18218 has been
found to increase the risk of CLP. Furthermore, the combination of genetic variants of
the gene RARA with high vitamin A intake before the seventh week of gestation was
found to increase the risk of CLP*#. In addition, poor maternal vitamin B6 status was
associated with an increased risk of CLP'®°, The zebrafish ethmoid plate forms a good
model to study the contribution of genetic and environmental interactions to palatal
clefting. In the coming years, this model might deliver more insights in the complex

etiology of CLP1%6,

Figure 6: Genetic variants of the MSX1 and IRF6 genes in non-syndromic CLP patients. MSX1 and IRF6
genetic variants are related to increased risk of CLP. The photos in the lower row represent the intra-oral
pictures of the same persons above. Note: the presented patients with CLP associated with variants of the
IRF6 gene are sisters.

1.5 Oxidative and inflammatory stress in relation to CLP

Reactive oxygen species (ROS) are strong oxidants, and may interact cellular
biomolecules, such as DNA, leading to modification and potentially serious
consequences for the cell’#'®”, ROS can contribute to the etiology of congenital
malformations by disrupting migration of CNCCs to the orofacial region” . Exposure to
ROS, generated by maternal smoking, was found to harm fetal growth and
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188191 |n rats, maternal diabetes was found to cause growth

192

development in humans

retardation and congenital anomalies in the offspring The relation between

exposure to anti-epileptic drugs and the occurrence of CLP, and congenital heart

167

disease was found®®31%, Maternal smoking'®®, alcohol consumption®’, infections'’%74,

196

diabetes!’?, bleeding episodes during pregnancy!®, associated with increased oxidative

and inflammatory stress'®”**°, were found to increase the incidence of babies with CLP.
These findings strongly suggest that oxidative and inflammatory stress are involved in
the etiology of CLP (Figure 7).

Figure 7: The etiology of cleft lip and palate. CLP can occur as syndromic and non-syndromic form. Syndromic
CLP is characterized as CLP with additional congenital anomalies. Non-syndromic CLP is defined as CLP
occurring in isolation. Syndromic CLP is caused by chromosomal aberrations and/or specific gene mutations.
Non-syndromic CLP is caused by genetic factors, environmental factors, and the combination of both.
Environmental factors can cause oxidative and inflammatory stress during pregnancy, promoting pathological
pregnancy and increasing the risk of CLP formation.
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Section 2. Surgical CLP repair, scarring and growth inhibition

2.1 Surgical CLP repair during childhood

Patients with CLP receive multidisciplinary treatment from early childhood until
adulthood, including several surgeries by specialists. The treatment of CLP is complex,
and many variables influence the outcome, e.g. the severity and extent of the
malformation, the surgical strategy, the surgeon’s experience, and the timing with
respect to the patients age??’. These multidisciplinary teams of specialists include a
plastic and reconstructive surgeon, maxillofacial surgeon, orthodontist,
otolaryngologist, speech therapist, pediatrician, geneticist, a nurse practitioner or social
worker, and sometimes a psychologist?°%?92, Notably, in 201 multidisciplinary cleft
centers in Europe, 194 different protocols were applied for the treatment of CLP2%, and
not one protocol is generally accepted. If the cleft is not surgically corrected, patients
are prone to functional problems, as hearing problems due to otitis media, speech and
feeding difficulties, and abnormal dental development due to loss of lip pressure?®*.
Surgical interventions are necessary to reconstruct the anatomy of the affected
craniofacial structures. CLP can affect patient’s feeding, hearing speaking and
swallowing?%. Surgical CLP treatment enhances facial esthetics, which is important to
achieve improved psychosocial well-being?®>. However, dependent on its severity, CLP

patients may face a life-long care plan, which can have an impact on their quality of
“erOS-ZOS'

2.2 A brief history of surgical CLP repair

Evidence of the first attempts of surgical closure of a cleft lip are found in ancient
Chinese scriptures. In a scripture from the Chin Dynasty (ca 229-317 A.D.) surgery of
“harelips”, as the cleft lip anomaly was called, has been described?®212, Furthermore,
in the Tang dynasty (618-901 A.D.) a surgeon named Fang Kan was titled as “the doctor
of lips’ repair”?'2. Hundreds of years later, the first person in Europe who described the
procedure of cleft lip repair was the Flemish surgeon Jehan Yperman (1295-1351), from
the city leper?'2, In 1556, the French surgeon Pierre Franco defined an operation for
closure of a cleft lip after removing a piece of epithelium, skin or mucosa on both sides
of the cleft?®3, The Dutch surgeon Hendrik van Roonhuyze (1622-1672) from
Amsterdam recommended early surgical cleft lip closure, at the age of 3 or 4 months?4,
It is important to realize that before the 19t century operations were performed
without anesthesia, and therefore surgical lip closure had to be performed fast. The
English physician John Snow was in 1847 the first one who administered chloroform as
anesthesia for a surgical cleft lip repair?'®. To improve nasal form following unilateral
cleft lip repair, the American plastic surgeon Millard published in 1968 the "rotation
advancement principle" using an exchange flap in the region of the anterior nostrils?!°.
This method has subsequently been modified by others. The operative techniques for
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unilateral clefts of the lip are now regarded as satisfying, but the surgical closure of
bilateral clefts still remains a challenge because of the often severely malpositioned
premaxilla?'’. Although many surgeons have tried to translate the successful surgical
techniques for unilateral clefts to bilateral clefts, this remains still unsatisfactory?'’.

The first experiences with surgical cleft palate closure date from the 18™
century. In 1764, Le Monnier, a French dentist, performed the first surgical closure of
the soft palate, and introduced several sutures for this procedure?*®, At that time there
was still not the benefit of general anesthesia, and without general anesthesia surgical
closure of the hard palate was not possible. Not until 1861, the surgical palatal closure
with the use of anesthesia was described by the German surgeon Von Langenbeck, who
also applied antiseptics for this procedure?'®. The Irish surgeon Maurice Collis
performed surgical closure of the hard palate in Dublin in 1867 using chloroform for
general anesthesia??. Staged palatal closure was introduced by the German surgeon
Herman Schweckendiek in Marburgin 1951, including early soft palate closure, but hard
palate closure until approximately 8 years old in order to avoid growth impairment?2L.
However, this staged closure was found to show good results as far as maxillary growth
is concerned, but the disadvantage is the late development of proper speech. Despite
great advances, not one method of treatment of CLP has yet been universally
accepted??222, As mentioned before, for CLP patients many treatment protocols are
propagated, indicating a lack of agreement regarding their outcome???. The Dutch
Practice Guideline for treatment of Patients with Cleft lip and Palate, published in 2018,
also states that there is no evidence for better treatment outcomes regarding specific
CLP treatment protocols or a particular treatment timing. Despite 250 years of
experience with surgical palate closure, significant improvements in treatment
outcome are still needed.

2.3 Scarring following surgical cleft palate repair can hamper facial development

The consequences of surgical CLP repair on the craniofacial development remain
controversial. An important factor for craniofacial growth is the iatrogenic effect of
surgical interventions??4. Structural distortions of the face can develop gradually over
time and can be regarded as the price that has inevitably to be paid for the advantages
that early surgical closure of the lip and palate brings??®. Notably, individuals with a cleft
that never had cleft surgery, such as in low-income countries and isolated habitats,
demonstrated midfacial growth within quite normal limits?2%2?7, suggesting that the
impaired growth is related to the scar formation following surgical CLP repair. Others
found that the intrinsic hampering of maxillary development in unoperated bilateral
cleft and alveolus patients was limited??®. There remains an unresolved discussion on
the effect of congenital maxillary growth deficiency vs. the effect of surgical
intervention on the outcome of CLP treatment??. Intrinsic growth impairment in
subjects with orofacial clefts can be studied by comparing facial morphology of subjects
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with untreated cleft and unaffected individuals of the same ethnic background??.
Interestingly, facial variation in subjects with unrepaired complete bilateral clefts??° and

230 occurred in the

in subjects with unilateral cleft lip and alveolus/palate
anteroposterior direction. But, in controls the facial variation was mostly found in the
vertical direction??>?3°, These finding suggests that individuals with unilateral or
bilateral clefts can have an intrinsic horizontal midfacial growth impairment affecting
facial morphology??>23°,

Hypertrophic scar formation following primary cleft lip repair varies widely,
from 8% to 47%%°231232, Cleft lip repair in unilateral CLP patients causes transverse
narrowing of the maxilla?33, resulting in a posterior cross bite, accompanied by crowding
and retro-inclined upper incisors?®. Scarring following cleft lip repair can lead to the
creation of secondary deformities, such as deformed philtrum, Cupid's bow asymmetry,
tight upper lip, whistle deformity, and irregularities in the functioning of orbicularis oris
muscle 3234235 (Figure 8). Notably, surgical cleft lip repair in unilateral CLP patients was
found to cause transverse narrowing of the maxilla without sagittal growth
restriction?®3. The normal elongation of the maxilla is thus usually not affected by lip
surgery?%,

Palatal surgery seems mainly responsible for sagittal growth inhibition of the
maxilla3l. However, surgical closure of the cleft palate by the vomerine flap repair was
found not to affect maxillary growth at 10 years of age in UCLP patients, but at this age,
the growth is not yet complete?®’. The displacement of the upper jaw in relation to the
vomer is recognized, and surgical cleft palate repair can affect the growth of the
vomero-(pre)maxillary suture?®. Furthermore, growth of the periosteum, a dense
fibrous membrane covering the surface of bones, necessary for the development of
dentoalveolar structures, might be affected by scar tissue after surgical cleft palate
repair?3®. The distribution of scar tissue on palates is related to the severity of the
maxillary dental arch constriction?3® (Figure 9). The scar tissue on the palate may thus
not only impair dento-alveolar development but can also restrict normal midfacial
growth?* (Figure 9).

In the literature there is still no consensus about the ideal timing for surgical
palatal closure in patients with unilateral CLP in terms of facial growth?*°. To reduce the
risk of growth interference, centers have experimented with 2-stage palate repairs with
delayed hard palate closure. The 2-stage procedure was thought to narrow the palate,
allowing the use of smaller flaps at the time of the hard palate repair?*2%3, Indeed,
several studies have observed that the 2-stage procedure facilitates normal midfacial
growth3%244-246  Because of the low level of evidence and high risk of bias in most
studies, it is not possible to prove or rebut that postponing surgery of the hard palate
will bring benefits in terms of maxillary growth?%,
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Figure 8: Scarring of the lip and palatal mucosa following surgical CLP repair. (A) This case demonstrates
scarring (black arrow) of the upper lip and palatal mucosa following surgical CLP repair. Surgical lip closure,
at 6 months of age, soft palate closure, at one year of age, and pharyngeal flap surgery was performed at 4
years of age. At 9 years of age a bilateral cleft of the alveolus together with displacement of the pre-maxilla,
and a palatal cleft is present. Retro-inclined maxillary incisors are observed, together with a collapse of the
lateral maxillary segments. At the age of 10 years alveolar bone grafting was performed combined with
surgical hard palate closure. At 11 years of age the palatal mucosa demonstrated scar formation (black arrow)
after surgical cleft palate closure. Orthodontic expansion was performed to correct the collapsed dental arch
at the age of 13 years. Scarring of the palatal mucosa and upper lip is still obvious. (B) Scarring (black arrow)
of the upper lip and palatal mucosa following CLP surgery in 2 patients with a unilateral and 2 patients with
a bilateral cleft lip and palate. The top row shows intra-oral pictures at the age of 11 years, after surgical
palatal closure. The extra-oral photos in the bottom row show scarring of the lip, because of the repaired
cleft lip, and a residual deformation of the nose.
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Furthermore, there is still a controversy between maxillofacial growth and
speech. Children with CLP show delayed speech development?’. Children who
underwent early palate repair, before 12 months of age, exhibited better speech
compared to those with palate repair between 12 and 27 months?*, or between 24 and
36 months?*. The downside of delayed hard palate closure is the higher incidence of
velopharyngeal insufficiency and compensatory misarticulations?*>2°°, Velopharyngeal
dysfunction, a failure of the soft palate to close against the posterior pharyngeal wall,
leading to air leakage into the nasal passages during speech, causing hypernasal speech,
can be reduced by performing pharyngeal flap surgery?>*. Velopharyngeal dysfunction
persists in 7 to 30% of the surgically-treated CLP patients?°%2%3, Pharyngeal flap surgery,
between the ages of 5-7 years, was found to increase retro-inclination of the upper
incisors?>. Furthermore, 19% of CLP patients who underwent pharyngoplasty required
a Le Fort | maxillary surgical advancement, against 8% of the CLP patients who did not

undergo pharyngoplasty®>®

, indicating that pharyngoplasty may impair maxillary growth
from childhood to adulthood. In contrast, several other studies found no interference
of pharyngoplasty with facial growth?°6-2>°,

In conclusion, scarring following cleft lip repair may affect facial esthetics and
the dental arch form, but surgical lip closure seems not to restrict maxillary growth over
time?33, In contrast, surgical cleft palate closure is related to midfacial growth inhibition
in the long term3.. Interestingly, it is thought that in subjects with unoperated cleft lip
and alveolus/palate a minor intrinsic growth deficiency may already be present?2%23°,
In addition, subjects with an unoperated complete-cleft lip, alveolus, and palate were
found to develop a dental arch form with a significant smaller width and depth
compared to subjects with unoperated cleft lip and alveolus without cleft palate?®°.
Therefore, it is thought that the minor intrinsic growth deficiency may be further
exaggerated by scar formation following surgical cleft palate repair.

Several animal studies have been performed to study the effects of CLP surgery
on maxillary growth?%. Surgical closure of experimentally created CLP performed in 6-
week-old rabbits and 8-week-old beagle dogs demonstrated impaired facial growth?¢?.
Surgically-induced cleft lip, alveolus and palate cleft in 6-week-old rabbits resulted in
impaired maxillary growth after surgical cleft closure?®?. In beagle dogs, surgical repair
of experimentally created cleft lip, alveolus and palate caused hampered craniofacial
growth?®3, Surgical closure of experimentally created mucoperiosteal soft tissue
defects, by elevating the palatal mucoperiosteum and leaving the bone adjacent to the
dentition denuded, hampered transverse palatal growth in beagle dogs, but sagittal
maxillary growth was affected to a minor degree?®*. However, in Old Spanish Pointer
dogs with a 15-20% spontaneous congenital cleft palate rate, impaired sagittal and
transversal growth of the maxilla was observed in the cleft palate dogs compared to the
control dogs without congenital cleft palate?®®, indicating some intrinsic growth
impairment in congenital cleft palate. Notably, several genes that are associated with
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CLP development, as Wnt, TGF-3 and IRF6 are also involved in the process of wound
repair?6e,

Figure 9: Disturbed development of maxillary skeletal and dento-alveolar structures following
surgical CLP repair. Disturbed development of maxillary skeletal and dento-alveolar structures
observed in a 15-year-old patient with unilateral CLP. The upper left lateral incisor was missing.
A hampered midfacial sagittal growth (yellow asterisk), together with transversal maxillary dental
arch collapse (blue arrow) is present, leading to a bilateral posterior (green arrow) and frontal
dental (purple arrow) crossbite. The upper incisors are retro-inclined, and the upper dental
midline is severely deviated to the left side (yellow arrow).

2.4 Wound healing and scar formation

Wound healing is a precisely coordinated process of cellular, molecular, and

267-270

biochemical events to restore the anatomy of the injured tissue . Following

hemostasis, the healing process occurs through a series of sequential overlapping

phases: inflammation, proliferation, and remodeling?%%%7+272,

During hemolysis, erythrocyte destruction leads to hemoglobin (Hb) release
into the circulation. In the extracellular milieu, Hb undergoes different oxidation stages

273

resulting in the release of free heme?’?. Upon hemolysis, release of free heme

molecules in the circulation induce oxidative stress reactions by damaging endothelial
cells and oxidizing lipoproteins, which can activate systemic inflammatory responses?’.
Local release of heme may be a physiologic trigger to start inflammatory processes in
wound healing?°.

The Inflammation phase is initiated to destroy possible invading bacteria and
to eliminate damaged cells, preparing the wound bed for the growth of new tissue?”.
The fibrin aggregated platelets release growth factors and cytokines, attracting

leukocytes, granulocytes, and macrophages to the site of injury?’2?7, Transforming
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growth factor beta 1 (TGF-B1) is immediately released by platelets after injury, and
recruits macrophages and fibroblasts to the wound site?”’. The granulocytes will clear
the wound from invading pathogens and cellular debris?’®. Recruited monocytes
differentiate into pro-inflammatory M1 macrophages and anti-inflammatory M2

macrophages?’9-28

. The M1 macrophages release pro-inflammatory cytokines and
chemokines, such as Interleukin-8 (IL-8), Monocyte Chemoattractant Protein-1 (MCP-
1), C-C chemokine receptor type 2 (CCR2), and CXCL10 to further attract additional
leukocytes?®?. The anti-inflammatory M2 macrophages clear the wound area from the
apoptotic cells by phagocytosis, and cause resolution of inflammation by producing
anti-inflammatory cytokines, such as IL-10 and vascular endothelial growth factor
(VEGF)275:283,

The proliferation phase is characterized by the replacement of the provisional
extracellular matrix (ECM) with newly formed granulation tissue, contraction of the
wound margins, and covering the wound by re-epithelialization?®*. The cellularity of the
wound increases as fibroblasts, vascular endothelial cells and epithelial cells migrate to
the site of injury and start to proliferate?®>. The newly formed capillaries grow into the
wound site to deliver fluid, oxygen, nutrients, and leukocytes needed for the
proliferating tissues?®®2%’_ Fibroblasts then produce the ECM, which is a three-
dimensional network of extracellular macromolecules containing collagen fibers,
enzymes, and glycoproteins, that provide structural and biochemical support. In the
wound healing process the ECM contains collagen type Il fibers which are deposited in
a disorganized manner?®’. Some fibroblasts then differentiate into myofibroblasts, and
those myofibroblasts continue to deposit ECM of collagen type Il fibers?®®. These
myofibroblasts generate high contractile forces by using the a-smooth muscle type
actin-myosin complex to close the wound through interactions with the ECM?8%2%0, The
conversion of fibroblasts into contractile myofibroblasts, and their maintenance is
driven by mechanical stress and the release of TGF-B12%°. Epithelialization is initiated
during the response to injury and leads to keratinocyte proliferation and migration
across the regenerating ECM?%. Besides, TGF-B1 signaling regulates keratinocyte
proliferation and migration during epithelialization?®¥22, Also, the release of
chemokine CXCL11 by keratinocytes promotes the migration of undifferentiated
keratinocytes into the wound to fulfil wound coverage by epithelialization?®3. After
epithelialization is complete, wound contraction does not continue, and during normal
wound healing most myofibroblasts undergo apoptosis?®#?%, resulting in minimal scar
tissue?®®,

The remodeling phase outlines tissue remodeling and maturation to gain
greater tensile strength and flexibility. The remodeling of the ECM is mainly carried out
by fibroblasts, degrading the collagen type Ill fibers, which are earlier produced mainly
by myofibroblasts, by the release of matrix metalloproteinases (MMPs), and deposition
of type | collagen fibers?®%2%, This phase begins about a week after injury and may
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continue for years?*’2%8, The collagen fibers get cross-linked, reducing the thickness of
the scar tissue and making the skin area stronger?®®. Tensile strength can be restored
to a maximum of 80% of its original strength in approximately one year?”3%, The
majority of blood vessels finally disappear from the wound area?®’. Human wound
healing normally ends up with some remaining non-functioning fibrotic tissue, known
as a scar®0?,

2.5 Excessive scar formation following oxidative, inflammatory, and mechanical stress
Although inflammation is a protective and necessary process, the inflammatory process
needs to be tightly controlled to prevent chronic inflammation3°23%, Inflammatory cells
produce ROS, like H202 (hydrogen peroxide) via their plasma membrane nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase3®. Prolonged inflammation and
elevated levels of ROS can result in hampered wound repair and /or excessive
scarring®®3%, Extended excessive oxidative and inflammatory stress may overwhelm
adaptive protective mechanisms and aggravate tissue damage and can lead to
pathological wound repair?®397:308  Chronic inflammation can lead to deposition of
excessive collagen type Il fibers and ECM proteins within the wound area, fueling the
process of hypertrophic scarring of the tissue, called fibrosis?®288:309310 |nflammation is
crucial in the initiation, maintenance, and progression of hypertrophic scarring3*.
Enhanced TGF-B1 levels are observed in the epidermis of human chronic wounds3*2,
Elevated levels of TGF-B1 is associated with hypertrophic scar formation33, and
decreasing TGF-B1 signaling was found to improve the wound healing process with less
scarring3!4, Healing of the oral mucosa occurs normally quicker and form less scar tissue,
because of rapid re-epithelization and collagen fibrils formation, compared with dermal
wounds3®®, In an experimental wound model study in mice a decreased TGF-B1
production was found in oral mucosa compared to dermal wounds, underscoring that
TGF-B1 promotes scar formation3'®. However, despite the reduction of TGF-B1, scar
tissue formation still occurs in oral mucosa following palatal surgery3'®. Hypertrophic
scar formation is a frequent postoperative complication that impairs soft tissue form,
function, or movement?®. Studying the wound healing process in diabetic patients led
to more insight into the relation between oxidative and inflammatory stress and
impaired wound healing®!®. In diabetic wounds, mitochondrial overproduction of ROS
can lead to high oxidative stress levels!’, which was found to impair the wound healing
process®®. Diabetes decreases angiogenesis in healing wounds3!°, compromising the
three phases of wound healing, and delaying the orderly progression of healing?4%286:320,
Diabetic patients develop a chronic low-grade inflammation characterized by a chronic
production of pro-inflammatory cytokines, such as TNF-a, IL-1B and I[L-632%322,
Macrophages in diabetic wounds also exhibit reduced phagocytic capacity, which allows
bacteria and debris to accumulate and decreases expression of growth factors, such as
VEGF323325_ Results from wound healing assays suggest that oxidative stress can induce
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apoptosis in fibroblasts that are stimulated to proliferate and migrate into the wound
margins and could lead to disturbed wound healing3?%3?’. Furthermore, excess ROS can
cause pathological changes in ECM structure and function3?. ROS exposure also

increases expression of cysteine-rich protein 61 (CCN1), a negative regulator of collagen

| production, in human dermal fibroblasts3%,

Figure 10: Etiology of excessive scar formation following cleft lip and palate surgery. Heme release,
maternal diabetes and infections are associated with oxidative and inflammatory stress in the wound healing
process. Prolonged wound contraction and skin stretching was found to generate mechanical stress during
the wound healing process. During pathological wound healing the oxidative micro-environment, together
with chronic production of pro-inflammatory cytokines and reduced macrophage phagocytic capacity,
promotes the persistence of myofibroblasts, leading to excessive collagen type Il deposition, generating
excessive scar formation. These scars disturb the development of the skeletal and dento-alveolar structures,
causing midfacial deficiency (yellow asterisk), transversal collapse of the upper dental arch (yellow arrow)
with retro-inclined upper incisors (green arrow).

Prolonged tension by wound contraction, and mechanical stress caused by skin

stretching is another causative factor for scar formation3?®330, Abnormal scars often

301

occur at specific sites subjected to skin stretching, such as joints*°*. Mechanical stress

is crucial in the initiation, maintenance, and progression of hypertrophic scarring3%.
Activation of TGF-B1 expression by mechanical stimuli has been demonstrated in vitro

331 332

in rat lung tissue®?, in cultured human corneal epithelial cells**4, and human gingival
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fibroblasts333. The myofibroblast phenotype is regulated by mechanical stresses to
which they are subjected and thus by mechanical signaling?®®. Dysregulation of ECM
reconstruction was found to result in high contractile forces, leading to development
of fibrosis?®. In conclusion, oxidative, inflammatory, and mechanical stress following
surgical cleft repair can lead to pathological wound healing, resulting in excessive scar
formation, hampering growth and development of the dento-alveolar and skeletal
structures (Figure 10).
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Section 3. Cytoprotective mechanisms and signaling
pathways in palatogenesis and wound healing

3.1 The cytoprotective enzyme system HO

Free heme molecules in the circulation are able to provoke oxidative stress reactions
and systemic inflammatory responses?’*. The heme oxygenase (HO) system belongs to
the most important cytoprotective mechanisms33*. Two distinct isoforms, namely HO-
1 and HO-2, have been identified®*. HO are the rate-limiting enzymes breaking down
heme into biliverdin, free iron (Fe?*) and carbon monoxide (CO). Biliverdin is next
rapidly converted into the anti-oxidant bilirubin by biliverdin reductase (BVR)33%3%7, Free
iron is a potent pro-oxidant molecule, but the increase in intracellular iron promotes
co-induction of the iron scavenger ferritin, leading to a net decrease in free iron and
overall decrease in oxidant status33®33°, CO has anti-inflammatory and anti-apoptotic
properties3*? (Figure 11). HO-1 is the inducible isoform and can be induced by a variety
of pathophysiological stimuli, including its substrate heme, cytokines, endotoxins,
hypoxia and oxidative stress, while HO-2 is constitutively expressed3*.

Tissue protection

Free heme I I
Anti-oxidation

Fe?* —— Ferritin —— | Cytoprotection
0 —— —_—
co Anti-apoptosis
Anti-inflammation

Anti-proliferation

Biliverdin
Anti-coagulation
Anti-oxidation
Anti-inflammation
Bilirubin Anti-proliferation

Figure 11: Free heme degradation by the cytoprotective enzyme systems HO and BVR. Circulating free heme
molecules can generate oxidative and inflammatory stress (red). Degradation of free heme, via O.-dependent
oxidation, by both isoforms heme oxygenase (HO)-1 and HO-2 enzyme systems produces biliverdin, free iron
(Fe?*), and carbon monoxide (CO). Biliverdin is converted into bilirubin by the enzyme biliverdin reductase
(BVR). The HO end-products demonstrate diverse tissue protective effects (green). Free iron release following
HO-activity triggers the production of ferritin, stimulating anti-oxidative and cytoprotective pathways. CO has
been implicated in anti-apoptotic, anti-inflammatory, anti-proliferative, and anti-coagulative pathways.
Bilirubin stimulates anti-oxidative, anti-inflammatory, and anti-proliferative pathways.
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3.2 The role of HO in embryonic development

The HO system is a key regulator during embryological development. HO-17/~ and HO-
1*/~ mice exhibit a prolonged time for blastocyst attachment versus wild type mice3*2.
Both HO-1 and HO-2 enzymes are strongly expressed in the human placenta during
embryonic development3®. Maintenance of pregnancy is poor in HO-17~ mice, as

d3*23%_ In normal human third-trimester

extremely low birth rates are reporte
pregnancies, the placenta was found to express higher amounts of the HO-2 isoform
than the HO-1 isoform3*-34’_ In mice, HO-1 was found to promote intrauterine fetal
survival®®?, and showed critical in placentation, spiral artery remodeling, and blood

pressure regulation during pregnancy3®

. Placental HO-1 activity modulates fetal
growth in the rat3*. HO-13°° and HO-23* were downregulated in the placenta during
human pathologic pregnancies. VEGF was shown to induce HO-1-dependent capillaries
formation in cultured human microvascular endothelial cells (HMEC-1) and human
umbilical vein endothelial cells (HUVECs) in vitro®!. In DBA/2-mated CBA/J females,
used as an abortion-prone mouse model, a high rate of abortion was associated with

decreased placental HO-1 expression3>?

. Placental HO protein expression is also
decreased in preeclampsia patients3*3. HO-1 deficiency in both human and mice
exhibits macromolecular oxidative damage, tissue injury and chronic
inflammation3>#3>>, Pharmacological inhibition of HO-activity in pregnant rats resulted
in a significant decrease in pup size, whereas transfection with adenoviral human HO-1

construct (hHO-1) resulted in increased pup size3%°.

3.3 The role of HO in wound healing

Following hemostasis after tissue injury Hb is endocytosed by macrophages and
converted by the HO-1 pathway to release iron, CO and biliverdin in the wound area.
Those three products of HO-1 activity can individually affect wound healing
responses3®®, CO and bilirubin were found to exert anti-inflammatory properties to
facilitate wound repair®*’. Induction of HO-1 mRNA and protein expression has been
detected within three days after skin injury3>. Interestingly, there is evidence that HO-
1 expression in macrophages promotes formation of the anti-inflammatory M2-like
phenotype?!. M1-like macrophages store the majority of the iron intracellularly in
ferritin, whereas, M2-like macrophages release it to the extracellular environment via
the transmembrane channel, ferroportin®®°. In a wound healing study in mice, the HO-
1 pathway was found to promote angiogenesis and re-epithelialization®®°. HO-1
promotes wound closure by augmenting anti-inflammatory, antioxidant, and
angiogenic activities in diabetic rats, suggesting an important role of heme breakdown
in the wound healing process®. Application of hydrogel incorporated with chestnut
honey at full-thickness circular wounds in diabetic mice was found to promote early
HO-1 expression, which accelerated the wound healing process3®2. Excisional diabetic
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wounds in rats showed faster wound closure following curcumin application,
upregulating VEGF, TGF-B1, CXCL12 and HO-13%3, HO-1 induction following heme
treatment increased cellular proliferation and collagen synthesis was observed,
together with increased wound contraction in a full-thickness cutaneous wound model
in rats34. Siam weed extract was found to increase HO-1 expression in Balb/c 3T3
fibroblast cell line, and promoted fibroblast migration in a cell migration assay in
vitro3%s,

3.4.1 Common regenerative processes and signaling pathways in palatal fusion and
wound healing

A paradigm within regenerative biology is that similar molecular and cellular signaling
pathways controlling tissue generation during embryonic development often also
control wound repair®%®. The process of palatogenesis shares many similarities with
cutaneous wound healing?®®. The regenerative processes in palatal fusion and wound
repair show familiar cellular signaling pathways and gene regulatory networks2.
Especially proliferation and remodeling of mesenchymal and epithelial tissues in both
processes will be discussed in relation to signaling via expression of transcription
factors, growth factors and chemokines.

3.4.2 Mesenchymal cell recruitment and proliferation in palatal fusion and wound
healing

The first similarity concerns recruitment of mesenchymal stem cells (MSCs) required for
proliferation of the mesenchymal tissues for both growth of the palatal shelves, and
regeneration of lost tissue during wound repair3®’. As discussed earlier, CNCCs migrate
from the lateral ridges of the neural crest to the first branchial arch, to form the
orofacial region, including the palatal structure of the maxilla®®®7%8, In particular,
CXCL12-CXCR4 chemokine ligand-receptor-mediated chemotaxis was found to guide
the migrating CNCCs over a long distance to their final destination®”4%57%8 After the
arrival of those CNCCs the face is still very small, and significant growth and expansion
of the cranial structures will follow®. In mice, the palatal shelve formation starts from
the maxillary prominences at E11.53%8, Each palatal shelf consists of a central core of
neural-crest derived mesenchymal cells surrounded by an epithelium composed of
cuboidal ectodermal cells®. Proliferation of the mesenchyme alters the palate size and
morphology of the palatal shelves3®°. Both palatal shelves first grow vertically besides
the tongue, and thereafter, get elevated above the tongue®’. Sox9 expression was
observed within the mesenchyme of the palatal shelves in mice during palatal shelf
initiation at E12.5, vertical down-growth of palatal shelves at E13.5%5, and during palatal
fusion at E15%. It is therefore thought that Sox9-positive CNCCs contribute to the
development of the palatal mesenchyme. Interestingly, CXCL12 expression in the
medial and lateral part of the forming palate at E14.5 in mice has been observed3”°,
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hypothesizing that CNCCs are actively recruited to the fusing palatal shelves. Repression
of CNCC migration and proliferation by inhibiting the transcription factor family Zeb,
was found to prevent fusion between cultured mice palatal shelves in vitro®®,
Furthermore, deletion of VEGFa reduced cell proliferation, and showed poor palatal
shelf elongation, and variable palatal shelf elevation which led to cleft palate in mice in
vivo®". In the transgenic CL/Fr mouse 15% to 40% of newborns spontaneously develop
CLP32, and this finding was associated with a deficient cell proliferation of the
secondary palatal mesenchyme373. Fgf10/Fgfr2b signaling was found to coordinate
epithelial-mesenchymal interactions during palate formation in mice. Fgfl0is
expressed in the mesenchyme of developing palatal shelves, and its corresponding
receptor, Fgfr2b, is expressed in the adjacent epithelium374,

Both Fgfr2b™~ and Fgf10™~ mouse mutants exhibit impaired shelf growth as the result
of reduced palatal mesenchyme®’®. TGF-B1 drives palatal growth by promoting DNA
synthesis and cell proliferation during early phases in mice3’®. TGF-B1 promotes also
mesenchymal proliferation of the human palatal shelves3”’. Expression of TGF-B1 is
found in the both palatal epithelial and mesenchymal cells between E12.0-E12.5 in
mice3’8. Following suppression of expression levels of TGF-B1 receptor (TBR-l) by
transfecting the siRNAs siTBR-I, murine cultured palatal shelves at E13 + 72 h were not
fused which led to complete clefting in the anterior and posterior regions in vitro®’°. In
A/J mice size reduction of the lateral nasal process was found following administration
of phenytoin at E10, and led to orofacial clefting®®°. Administration of an overdose
retinoic acid resulted in growth retardation of mouse fetus’s palatal mesenchymal
(MFPM) cells in vitro®®'. Excessive retinoic acid administration permanently impeded
palatal shelves growth in vivo in E13 in mice3&2,

Proliferation of mesenchymal cells, including fibroblasts, endothelial cells, and
inflammatory cells, is also essential for regeneration in cutaneous wound healing 2.
The importance of proliferation of mesenchymal tissue in wound healing has been
demonstrated by several studies®3. In murine full thickness ear wounds, increased
CXCL12 expression was observed in the epithelium at day 3 and remained elevated
through day 21. Thereby, CXCR4 was significantly elevated within 3 days of wounding
in the epidermis®®. CXCL12-delivering Lactobacilli, containing a plasmid encoding
CXCL12, administrated topically to wounds in mice efficiently enhanced wound closure
by increasing proliferation of dermal cells®®. Impaired granulation tissue formation
leads to delayed wound healing3®. Treatment with MSCs significantly increased the
proliferation of dermal fibroblasts and increased overall wound repair®®’. MSCs
enhance angiogenesis by stimulating proliferation and recruitment of endothelial cells
to facilitate new blood vessel formation3® MSCs were also found to enhance
angiogenesis in chronic wounds by the secretion of VEGF3%, and chemokine CXCL123%.
CXCL12 is found to promote the recruitment of bone-marrow-derived MSCs which
differentiate into endothelial cells and fibroblasts to form the granulation tissue?’%3%1,
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3.4.3 Epithelium remodeling in palatal fusion and wound healing

The second similarity concerns epithelial cell migration during formation and
remodeling of the epithelium involved in palatal fusion and wound closure?®, In mice,
a multi-layer epithelial seam is formed by the adhesion of the two MEE layers covering
the tips of the palatal shelves at E14%3, Thereafter, the MEE seam thins to a single cell
layer while at the same time MEE cells accumulate at the oral and nasal aspects to form
epithelial triangle at E14,5 (Figure 2)3%2. The epithelial seam eventually disappears so
that only mesenchymal cells are observed in the midline of the palate, with islands of
epithelial remnants by E15%. One of the main hypotheses underlying MES
disintegration is epithelial cell migration to either the oral®®?, or nasal epithelium®>%3,
Maintenance of the MES by repressing TGF-B signaling during the final stages of
palatogenesis resulted in a failure of the palatal shelves to fuse3®3. However, expression
of both TGF-B1 and TGF-B3 has been observed in the MEE3** and in the MES, and was
associated with MES cell death®®>. Notably, loss of TGF-B signaling in the palatal
epithelium leads to soft palate muscle cell proliferation and differentiation defects.
Live imaging analysis in unpaired murine palatal shelf culture, allowed observation of
epithelial cell migration into the mesenchyme during the process of MEE removal in
vitro®?. Others found that MES cells migrated toward the oral side in ex vivo cultured
mouse palatal shelves over 48 hours of tracking in vitro®l. On the contrary, in another
study migration of the MEE to the nasal side was observed in cultured mice palatal
shelves, but not to the oral side in vitro®. However, others found migration of the
labeled MEE cells toward the oral and nasal ends3’. Since these studies found no
consensus of the direction of MEE migration, the process of MES disintegration during
palatal fusion remains still not completely understood.

To close the defect in the epidermis following wound healing, keratinocytes
have to get free from the basal lamina to migrate over the newly deposited
ECM3%, TGF-B1 also promotes keratinocyte migration by stimulating MMPs3%, After
covering the wound bed keratinocytes start to proliferate to supply enough cells to
form a multi-layered epithelium*®. Once the wound is healed, defined as being fully
epithelialized with no drainage, the proliferation signals cease and the stratification

3% Delayed wound closure is often due to reduced keratinocyte

402

process begins
migration or proliferation®®l, CXCR3, is expressed by maturing keratinocytes*®?, and
CXCL11-CXCR3 signaling increases keratinocyte migration?®, Following CXCL11
exposure human keratinocytes demonstrated enhanced migration in a transmigration
assay in vitro®®, whereas CXCR3”~ mice demonstrated a significant delay in re-
epithelialization and deficient dermal maturation in excisional wounds*®. Also in
CXCL117" mice delayed re-epithelialization in excisional wounds was found?®,

In conclusion, mesenchymal cell proliferation is essential in both the
developing palatal shelves and healing wounds, and inhibition was found to result in

palatal clefting and delayed wound healing, respectively. Controlling the pro-oxidative
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and pro-inflammatory stressors by induction of cytoprotective mechanisms that
regulate inflammation and tissue repair may thus be necessary to promote tissue
regeneration®®®. Formation and remodeling of the epithelium is needed in the process
of palatal shelf adhesion and fusion and wound re-epithelialization.

3.5 The potential role of stem cells in wound healing

407,408’ and

Stem cell therapy is clinically used in diverse pathologies, such as leukemia
rheumatoid arthritis®®®41°, Stem cell therapy has also potential for improving wound
repair and promoting tissue regeneration**#13, Administration of mesenchymal stem
cells has been found to improve wound repair in rodents**4%> minipigs*'6, and
humans*!’. Stem cells are stored in niches, and are recruited to the site of injury, where
they can differentiate into different cells necessary for wound repair, as keratinocytes,
endothelial cells, pericytes, and monocytes*'®. Wound repair can be improved by
inducing re-epithelialization and angiogenesis*'4. Unfortunately, stem cells die quickly
after administration to an injured area®'>%?%, Seeding stem cells in collagen matrices has
been found to enhance cell survival after delivery in non-healing wounds in humans?*?,
and diabetic rabbits*?2. The lack of sufficient stem cell engraftment at sites of injury is a
major limiting factor of stem cell-based therapies*?. Interestingly, even when
administered stem cells in the wound area do not differentiate, they still produce
protective paracrine factors*?*. Cultured stem cells were found to produce diverse
cytoprotective and anti-inflammatory proteins, including insulin-like growth factor-
binding proteins (IGFBPs), granulocyte colony-stimulating factor (G-CSF), granulocyte-
macrophage colony-stimulating factor (GM-CSF), platelet-derived growth factor AA
(PDGF-AA), superoxide dismutase 2 (SOD2), pigment epithelium-derived factor (PEDF)
and hepatocyte growth factor (HGF) in vitro**>*?’. The cytoprotective environment
created by the stem cells inhibits the differentiation of fibroblasts into myofibroblasts,
preventing the formation of hypertrophic scarring3°%4?8, However, the mechanisms of
mesenchymal stem cell-mediated wound healing are still not completely understood*.

3.6 The complexity of chemokine-receptor signaling pathways

Chemokines are small proteins, usually 70—80 amino acid residues. The human genome
and other mammalian genomes each encode approximately 50 different
chemokines*3%431, Chemokines are classified into two major subfamilies (CC and CXC)
and two minor subfamilies, CX3C and XC, based on the spacing of conserved cysteine
(C) residues. Mammalian genomes each encode approximately 20 chemokine
receptors. Chemokine receptors are classified according to the subfamily of
chemokines to which most of their ligands belong. Receptors are named using the
prefixes CCR, CXCR, CX3CR, and XCR followed by an identifying number3043,
Chemokine receptors are integral membrane proteins composed of seven
transmembrane helical segments. Activation occurs by binding of the chemokine to the
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extracellular domain of the G protein-coupled receptor (GPCRs)**2. Notably, interaction
between chemokines and their receptor can occur in a very complex manner. Different
chemokines can interact with the same receptor, and different receptors can interact
with the same chemokine®*3. Multiple chemokine ligands can also compete with each
other and bind on different chemokine receptors**'. Chemokines can act as antagonists
or synergize with other chemokines.

Figure 12: Schematic presentation of the mechanism of chemokine-chemokine receptor signaling
pathways. Binding of the chemokine ligand to the chemokine transmembrane receptor changes its state and
transduces a signal from its cytoplasmic tail inside the cell via G proteins or B-arrestins. Via phosphorylation
of protein kinases a target protein gets phosphorylated, finally activating or inhibiting specific cellular
responses. The phosphatases (PP) dephosphorylate the proteins bringing them to an inactive state.
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Moreover, simultaneous or sequential triggering of two chemokine receptors
can synergize its activation. Activation of one type of chemokine receptor can be
synergized by chemokine heterocomplexes***. The available concentrations of other
chemokines to which the receptor binds, and other receptors to which the chemokine
binds influence their signaling**°. However, there are also some chemokines that bind
to receptors without inducing transmembrane signals®°. The interplay between
chemokine and receptor is even more complex than previously thought and still not
entirely elucidated*°.

Upon binding to their related chemokine ligands, the receptors undergo
conformational changes and transduce a signal from their cytoplasmic tail inside the
cell, activating intracellular effectors, as G proteins or B-arrestins, initiating signal
transduction pathways*3%4%. The signal transduction pathways run through a series of
switch-like intermediates, going from inactivity to activity. In many cases the
intermediates are protein kinases. Each phosphorylates the next kinase. These
activated kinases are swiftly dephosphorylated by low-level phosphatases and return
to inactivity. At the end of the pathway a particular cellular response gets inhibited or
activated*® (Figure 12).

Signaling via chemokines is involved in a series of physiological and
pathological events. Most chemokines are considered pro-inflammatory because their
expression is induced in response to tissue damage?3°. Chemokine receptor activation
leads to a variety of additional cellular and tissue responses, including chemotaxis,
cellular proliferation, differentiation, apoptosis, angiogenesis, inflammation,
hematopoiesis, and ECM remodelling**®442, Chemokine signaling is also involved in a
variety of processes like blastocyst implantation and placentation 4434, recruitment of
specific cells involved in wound healing ** and the immune system?4®, and in metastasis
in cancer®7-449,

3.7 CXCL12-CXCR4 and CXCL11-CXCR3 signaling in relation to oxidative stress and HO-
activity

CXCL12 signaling is involved in processes that can reduce ROS levels. Administration of
CXCL12 analog CTCE-0214D before LPS treatment in mice induced HO-activity and
attenuated oxidative stress in liver and spleen tissue*°. Cultured hematopoietic stem
cells of CXCR4™~ mice demonstrated increased endogenous production of ROS*,
Expression of CXCR4 in human cultured colorectal cancer cell lines was upregulated
under hypoxia by hypoxia-inducible factor 1-alpha (HIF-1a) activity*>2.

In human cultured keratinocytes exposure to different concentrations of H,0>
promoted CXCL11 expression**3, Low oxidative concentrations of H.0, were found to
impede CXCL11 mediated chemotaxis of activated human T cells in vitro***. Signaling
via CXCR3-B was found to downregulate the expression of HO-1 in human breast cancer
(MCF-7 and T47D) cell lines**>.
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Lastly, CXCL12-CXCR4 signaling was thus found to induce HO-1, reducing
oxidative stress in human cell lines in vitro. By contrast, CXCR3 signaling was found to
downregulate HO-1 and increase oxidative stress.

However, the complex relation between CXCL12-CXCR4 and CXCL11-CXCR3
signaling and HO-1 induction and oxidative stress has not been studied very extensively
and needs further study.

3.8 The potential roles of CXCL12-CXCR4 and CXCL11-CXCR3 chemokine-receptor
signaling in palatogenesis

We earlier described that CXCL12-CXCR4 chemokine-chemokine receptor signaling
directs the migration of CNCCs to the branchial arches*’-**>78, CXCL12-CXCR4 signaling
also plays a role in mechanisms as pregnancy, wound healing, immune system, cancer,
and osteogenesis. CXCL12-CXCR4 signaling is involved in human blastocyst
implantation*** by promoting cell survival and proliferation, and in inhibiting apoptosis
of human trophoblasts**®. Furthermore, CXCL12 and CXCR4 are diffusely expressed in
human placenta*?. In mice, CXCL12-CXCR4 signaling was found to recruit
hematopoietic stem cells and mesenchymal stem cells to the wound area®”#5”. CXCL12-
CXCR4 signaling is associated with metastasis of rhabdomyosarcoma cells*47%*, breast

458 and colorectal cancer cells*°. CXCL12-CXCR4 signaling also mediates

cancer cells
osteogenic differentiation of cultured mesenchymal stem cells in vitro*°.

We already discussed that in response to injury CXCL11-CXCR3 signaling
promotes keratinocyte migration into the wound area?®3. Expression of CXCL11 was
found to activate chemotaxis of CXCR3-positive T lymphocytes*!. CXCL11-CXCR3
signaling stimulated colon cancer metastasis to the draining lymph nodes®2. In
zebrafish, CXCR3-CXCL11 signaling facilitated macrophage recruitment*3.

Both CXCL12-CXCR4 and CXCL11-CXCR3 signaling pathways are thus involved
in a wide variety of processes. Since its involvement in mesenchymal cell proliferation
and migration, and osteogenesis, CXCL12-CXCR4 signaling may play an active role in
palatogenesis. Since its regulatory role in keratinocyte migration and epithelial
remodeling, CXCL11-CXCR3 signaling has a potential role in the coordination of MES
disintegration to facilitate palatal fusion.
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Section 4. Aims of the thesis

4.1 Objectives and research questions

In patients with CLP, the combined processes of palatogenesis, wound repair following
surgical cleft repair, and orthodontic tooth movement all determine the resulting
shape/morphology of the face. The purpose of this thesis is to explore the potential role
of cytoprotective mechanisms in these processes.

We postulate that following oxidative and inflammatory stress during the
process of palatal fusion, wound repair after surgical interventions, and orthodontic
tooth movement the HO-system is induced to activate anti-oxidative and
cytoprotective pathways. Furthermore, we hypothesize that decreased HO-activity
during embryonic development, by either abrogation of HO-2 expression, or
pharmacological inhibiting the activity of both HO isoforms, will lead to increased
oxidative and inflammatory stress, leading to pathological pregnancy and increased risk
of CLP formation (Figure 13). Moreover, we postulate for our experimental studies that
mice fetuses exposed to oxidative and inflammatory stress following intraperitoneal
administration of the alarmin heme in increasing doses at E12, will undergo
pathological mechanisms, resulting in an increased risk of CLP formation.

The effects of palatogenesis in relation to HO-activity inhibition in combination
with exposure to increasing heme levels will be studied as well. The effect of mechanical
stress, generated by orthodontic forces in rats or by splinting of excisional wounds in
mice, on the cytoprotective enzyme system HO will also be studied.

Proliferation and remodeling of the mesenchymal and epithelial tissues were
essential in the process of both palatogenesis and wound healing. Since CXCL12-CXCR4
chemokine signaling is found to recruit CNCCs to form the craniofacial mesenchymal
tissues, we postulate that chemokine receptor CXCR4 and its ligand CXCL12 are both
expressed within the palatal shelves to facilitate palatal shelf growth, fusion and bone
formation. Considering that CXCL11-CXCR3 chemokine signaling is important in the
process of keratinocyte migration, epithelial remodeling and macrophage recruitment,
we propose that chemokine receptor CXCR3 and its ligand CXCL11 will be expressed
within the palatal shelves to promote MES disintegration and its clearance by
macrophages.

Finally, we propose that stem cell administration may promote wound repair
and reduce scar formation following cleft repair. Reduced scar formation possibly leads
to minimized growth inhibition of the maxilla in surgically treated CLP patients, and may
lead to less severe morphological features of CLP.
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Figure 13: Cytoprotective mechanisms may harness against oxidative and inflammatory stress during
palatogenesis and wound repair, and possibly reduce the risk of CLP formation or prevent excessive
scarring following surgical cleft repair leading to less severe morphological features of CLP, respectively.
Oxidative stress and inflammation are associated with a higher risk of CLP formation, and promote excessive
scarring following injury. We postulate that decreased activity of the cytoprotective and anti-inflammatory
enzyme system HO will cause increased ROS release and inflammation, leading to pathological pregnancy
and increased risk of CLP formation. On the other hand, induction of HO-isoform HO-1 may neutralize ROS
and inflammation, decreasing the risk of pregnancy pathology, including CLP formation. We postulate that
inducing cytoprotective pathways, such as the HO system, prevent the development of pathological
pregnancies, decreasing the risk of CLP formation. Furthermore, we suggest that HO-1 induction and stem
cell administration may promote wound repair and reduce scar formation following surgical CLP repair.
Reduction in scar formation possibly leads to less disturbed dento-alveolar structures and minimized growth
inhibition of the maxilla in surgically treated CLP patients, and may lead to less severe morphological features
of CLP. These processes will be investigated in animal models.

Research question 1: Do decreased cytoprotective mechanisms contribute to
impaired embryonic development and palatogenesis?

Both genetic and environmental factors are involved in the etiology of CLP, and
maternal risk factors as smoking, alcohol consumption, diabetes, infections, and anti-
epileptic drugs were found to increase the risk of having a newborn with CLP. Oxidative
and inflammatory signals contribute to the development of pathological pregnancies.
A lack of protective signaling pathways may increase the risk of developing a pregnancy
pathology, and possibly will increase the risk of CLP formation. In this thesis, we will
investigate the effects of reduced cytoprotective mechanisms on embryonic growth
and development, and palatogenesis in mice. Reduced cytoprotection was obtained by
using a HO-2 KO mouse model, or by pharmacological inhibition of HO-activity using tin
mesoporphyrin (SNMP) administration at E11.
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Research question 2: Do decreased cytoprotective mechanisms in combination with
exposure to increasing levels of oxidative and inflammatory stress impair embryonic
development and palatogenesis in a dose-dependent manner?

To further clarify its role, the effects on embryonic growth and development, and
palatogenesis will be studied in the presence and absence of protective pathways in
combination with increasing oxidative and inflammatory stress levels. In mice, HO-
activity was inhibited pharmacologically by SnMP administration and increasing
oxidative and inflammatory stress levels were generated by administration of heme, an
endogenous “alarmin” and the substrate of HO, in different dosage at E12. We
postulate that administration of high doses of heme, in combination with HO-activity
inhibition will lead to severe pathological pregnancy, resulting in disturbed embryonic
development, with possibly increased risk of craniofacial anomalies, as CLP.

Research question 3: Does the CXCL11-CXCR3 chemokine-chemokine receptor
signaling pathway facilitate MES disintegration during palatal fusion?

CXCL11-CXCR3 chemokine signaling has been found to regulate keratinocyte
proliferation and migration during wound repair. We postulate that CXCL11-CXCR3
chemokine signaling is also important within the fusing palatal shelves to regulate MES
disintegration during palatal fusion.

Research question 4: Does the CXCL12-CXCR4 chemokine-chemokine receptor
signaling pathway facilitate palatal shelf development, and growth, and
osteogenesis?

Chemokine-receptor signaling pathways regulate a wide variety of mechanisms during
embryonic development. The CXCL12-CXCR4 chemokine-receptor signaling pathway is
the main regulator of CNCCs recruitment to the first branchial arch, to form the
mesenchymal tissues of the orofacial region. CXCL12-CXCR4 chemokine signaling also
regulates osteogenesis. We therefore hypothesize that expression of CXCL12 and
CXCR4 within the fusing palatal shelves in mice would regulate palatal shelf growth and
palatal osteogenesis.

Research question 5: Does mechanical stress induce the cytoprotective enzyme HO-1
in the periodontal tissues following orthodontic force application, and in the
regenerative wound area following excisional wound splinting?

Hampered facial growth often observed in CLP patients was associated with scar
formation after surgical cleft palate repair. Surgical cleft palate closure can lead to
impaired regeneration of muscle and skin, fibrosis, and scar formation Resolution of
acute inflammation is mediated and controlled by endogenous antioxidants and anti-
inflammatory regulators and pathways. These protective factors are crucial for
preventing excessive tissue damage. Oxidative stress and inflammation need to be
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controlled to prevent excessive scar formation as the result of chronic inflammation.
Recruited leukocytes into the wounded tissues may differentiate into anti-
inflammatory M2 macrophages to form a regenerative environment. We further
postulate that HO-1 is induced following mechanical stress during the process of
orthodontic tooth movement and wound repair after surgical cleft repair. Upregulation
of cytoprotective pathways must reduce the release of pro-inflammatory chemokines,
cytokines and cell adhesion molecules to promote the proliferation and remodeling
phases of wound repair, leading to less scar formation.

Research question 6: Do umbilical cord blood stem cells and molecular targets in
tissue engineering promote muscle and skin repair following cleft surgery?

Surgical cleft palate closure can lead to impaired regeneration of muscle and skin,
fibrosis, and scar formation resulting in hampered facial growth. Improved skin and
muscle regeneration could possibly be obtained by targeting inflammatory pathways.
Tissue engineering techniques using these cord blood stem cells and molecular
targeting of inflammation and fibrosis during surgery may promote tissue regeneration.

4.2 Outline of the thesis

In PART I, we investigated the effect of diminished cytoprotective mechanisms on
embryogenesis.

Using HO-2 deficient mice:

-In order to better understand the relation between embryonic development, MES
disintegration at E15, and the absence of HO-2 expression. (Chapter 2),

-In order to better understand the process of MES disintegration at E15 in relation to
CXCL11-CXCR3 signaling (Chapter 2),

-in order to better understand the process of palatal osteogenesis at E15 and E16 in
relation to CXCL12-CXCR4 signaling (Chapter 3).

By pharmcological inhibition of HO-activity from E11:

-In order to understand the relation between palatal fusion at E16, and HO-activity
(Chapter 3).

In PART I, we studied the effect of dose-dependent exposure to oxidative and
inflammatory stress during embryogenesis in relation to diminished cytoprotective
mechanisms:

-by inhibiting activity of both isozymes HO-1 and HO-2 from E11, and administration of
heme at E12, an endogenous “alarmin” and the substrate of HO, in increasing
concentrations, to better understand the process of embryonic development, placental
development and palatal fusion at E16 (Chapter 4).
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In PART Ill, we investigated the induction of cytoprotective mechanisms in relation to
mechanical stress:

-within the cells of the PDL and osteoclasts, created by application of a constant
orthodontic force, such as experienced in patients with CLP (Chapter 5).

-during excisional wound repair, such as experienced in growing patients with CLP after
surgery, using a splinted excisional wound model; the natural physiological role of HO-
1 during this process will be evaluated (Chapter 6).

In PART IV, we reviewed the role of molecular targets and umbilical cord blood stem
cells in tissue engineering to improve hampered muscle and skin regeneration, as

experienced in growing patients following surgical CLP repair (Chapter 7).

In PART V, we discuss our main findings and future perspectives are proposed (Chapter
8). This part concludes with summaries in English (Chapter 9) and Dutch (Chapter 10).
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Abstract

Disintegration of the midline epithelial seam (MES) is crucial for palatal fusion, and
failure results in cleft palate. Palatal fusion and wound repair share many common
signaling pathways related to epithelial-mesenchymal cross-talk. We postulate that
chemokine CXCL11, its receptor CXCR3, and the cytoprotective enzyme heme
oxygenase (HO), which are crucial during wound repair, also play a decisive role in MES
disintegration. Fetal growth restriction and craniofacial abnormalities were present in
HO-2 knockout (KO) mice without effects on palatal fusion. CXCL11 and CXCR3 were
highly expressed in the disintegrating MES in both wild-type (wt) and HO-2 KO animals.
Multiple apoptotic DNA fragments were present within the disintegrating MES and
phagocytized by recruited CXCR3-positive wt and HO-2 KO macrophages. Macrophages
located near the MES were HO-1-positive, and more HO-1-positive cells were present
in HO-2 KO mice compared to wild-type. This study of embryonic and palatal
development provided evidence that supports the hypothesis that the MES itself plays
a prominent role in palatal fusion by orchestrating epithelial apoptosis and macrophage
recruitment via CXCL11-CXCR3 signaling.

Keywords: Embryology, cleft palate, chemokine, macrophage, heme oxygenase,
apoptosis.

80



Chemokine signaling during midline epithelial seam disintegration facilitates palatal fusion.

Abbreviations

ABC Avidin-biotin peroxidase complex
ANOVA Analysis of variance

AP Alkaline phosphatase

BCIP 5-bromo-4-chloro-3'-indolyphosphate
CLP Cleft lip and palate

CPO Cleft palate only

co Carbon monoxide

CXCL11 Chemokine (C-X-C) ligand 11

CXCR3 Chemokine (C-X-C) receptor 3

DAB Diaminobenzidine-peroxidase

EO Embryonic day 0

EMT Epithelial-to-mesenchymal transformation
FragEL Fragment End Labeling

F4/80 EGF-like module-containing mucin-like hormone receptor-like 1
HE Haematoxylin and eosin

HO Heme oxygenase

KO Knockout

KS-test Kolmogorov-Smirnov test

MEE Midline epithelial edge

MES Midline epithelial seam

NBT Nitro-blue tetrazolium

PBSG Phosphate-buffered saline with glycine
ROS Reactive oxygen species

TdT Terminal deoxynucleotidyl Transferase
Wt Wild-type
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Introduction

Formation of the secondary palate requires adhesion by the midline epithelial edge
(MEE) of both palatal shelves, formation of the transient midline epithelial seam (MES),
disintegration of the MES, and fusion of the palatal shelves!. Only after disintegration
of the MES the mesenchyme of the palatal shelves can fuse to form the secondary
palate. Failure of epithelial adhesion between both palatal shelves? or a lack of MES
disintegration®* will result in cleft palate with (CLP) or without cleft lip (CPO). Multiple
mechanisms have been proposed to explain the disappearance of the MES. The main
hypotheses underlying MES disintegration involve epithelial cell migration to the oral
or nasal epithelium®, epithelial-to-mesenchymal transformation (EMT)®, epithelial cell

710 or a combination of these events?.

apoptosis

CLP is the most common congenital facial malformation in humans and occurs
in approximately 1/700 live births't. However, CPO is the rarest form of oral clefting,
with an incidence ranging from 1.3 to 25.3/10,000 live births'2. Although the exact
biological mechanisms underlying orofacial clefting are not completely understood?3, a
combination of genetic and environmental factors is thought to play a role.
Approximately 50% of children born with CPO have a genetic syndrome!?, compared to
30% with CLP*. Notably, maternal smoking, diabetes, and infections have been shown
to strongly increase the risk for babies with orofacial clefts!*1¢, suggesting that control
of oxidative and inflammatory stress is important.

Accumulating data suggest that the heme-degrading antioxidative enzyme
heme oxygenase (HO) is a key regulator during embryological development!’1°. HO
facilitates placentation, fetal growth, and -development by restricting excessive free
heme levels. Heme promotes oxidative and inflammatory stress?>?! and may lead to
intrauterine fetal growth restriction and fetal loss’. HO protects against this
inflammatory stress by degrading heme and generating free iron/ferritin, carbon
monoxide (CO), and biliverdin/bilirubin?2. These HO effector molecules regulate
vasodilation and anti-apoptotic signaling, inhibit platelet aggregation, reduce leukocyte
adhesion, and reduce pro-inflammatory cytokines??23, Two functional isoforms of HO
have been described, HO-1 and HO-2. HO-1 has low basal levels but is strongly
inducible, whereas HO-2 is largely constitutively expressed. HO-2 is highly expressed in
the brain, testes, and blood vessels?. Interestingly, the cytoprotective HO-1 and HO-2
enzymes are both strongly expressed in the placenta during embryonic development
and in neural crest cells that form the craniofacial tissues in mice and humans!®2>,
Elevated inflammatory, oxidative, and angiogenic factors have been demonstrated in
the endothelial cells of HO-2 knockout (KO) mice?®. During pregnhancy, down-regulation
of both HO-1%” and HO-2'® in the placenta is associated with preghancy failure.
Spontaneous abortion, pre-eclampsia, or fetal growth retardation are associated with
lower HO-2 protein levels compared to healthy pregnant controls®®.
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Palatal fusion and wound repair are regenerative processes that share
common signaling pathways and gene regulatory networks?®. Epithelial-mesenchymal
cross-talk is essential in both processes. Decreased signaling between the versatile
CXCL11 and its receptor CXCR3 on epithelial cells leads to delayed re-epithelialization
and impaired epidermis maturation during wound repair?°. Moreover, CXCR3 KO mice
present excessive scar formation following injury®°. Macrophages are important in
regenerative and embryonic developmental processes®34, and blocking the CXCL11-
CXCR3 axis suppresses macrophage infiltration3*>3¢, Recently, slower wound closure and
delayed CXCL11 expression in wounds was observed in HO-2 KO mice®. Interestingly,
HO-2 deficiency was shown to result in impaired macrophage function®. Although
CXCL11-CXCR3 signaling regulates diverse cellular functions, including influx of immune
cells during inflammation3°4° and wound repair?®, little is known about its role during
palatal fusion.

We postulate that palatal fusion is hampered in HO-2 KO mice by disruption of
epithelial cell and macrophage cross-talk in the MES due to hampered CXCL11-CXCR3
signaling. In the present study, MES disintegration is investigated in relation to
chemokine signaling and the effects of HO-2 deficiency on embryonic development and
palatal fusion.

Materials and Methods

Animals used for the study

To obtain fetuses for this study, 8-week-old female wild-type (wt) (n=7) and HO-2 KO
(n=8) mice were mated with respectively wt and HO-2 KO male mice. Homozygote HO-
2 KO mice generated by targeted disruption of the HO-2 gene?®*?, and wt mice, both of
a mixed 129Sv x C57BL/6 background, were bred and maintained in our animal facility.
The animals were housed under normal laboratory conditions with 12 h light/dark cycle
and ad libitum access to water and powdered rodent chow (Sniff, Soest, The
Netherlands) and were allowed to acclimatize for at least 1 week before the start of the
experiment. Ethical permission for the study was obtained according to the guidelines
of the Board for Animal Experiments of the Radboud University Nijmegen (RU-DEC
2012-166).

Hormone administration before mating

Preliminary experiments (RU-DEC 2009-160) demonstrated that young animals (8-10
weeks old), that were mated for the first time, often did not carry fetuses. This was
demonstrated for both wt mice and HO-2 KO mice. The chance of pregnancy was
therefore enhanced using the hormones Folligonan (Genadotropin serum, Intervet
Nederland B.V., Boxmeer, The Netherlands) and Pregnyl (Human chorionic
gonadotropin, N.V. Organon, Oss, The Netherlands). Because there is a lag time of

83




CHAPTER 2

approximately 13 days between hormone application and palatal formation, we
expected minor influence on the experimental outcome. At day -3 at 16.00 h Folligonan
(6E in 30 ul) and at day -1 at 16.00 h Pregnyl (6E in 30 ul) was administered by
intraperitoneal injection.

Plugging day and obtaining wt and HO-2 KO fetuses

The presence of a vaginal copulation plug, indicating that mating has occurred, was
taken as day 0 of pregnancy (embryonic day 0; E0)*. 1 wt mouse and 2 HO-2 KO mice
demonstrated no plugged status. These animals were mated again 4 weeks later, and
all demonstrated then a plugged status.

Since the palatal shelves fuse between embryonic day E14.5 and E15.5 in wt
mice* we presumed that fetuses of E15 were suitable for our study. At embryonic day
E15, 7 wt and 7 HO-2 KO animals were killed by CO2/0Ozinhalation for 10 minutes. Only
3 out of 7 plugged wt mice, and 4 out of 7 plugged HO-2 KO mice carried fetuses. In
total, 16 wt fetuses of E15 and 11 HO-2 KO fetuses of E15 were obtained.

In order to monitor the growth restriction found in HO-2 KO fetuses in more
detail, we also analyzed the body size of E16 HO-2 KO fetuses. Therefore, 1 pregnant
HO-2 KO mouse was killed at embryonic day 16, resulting in 12 HO-2 KO fetuses of E16.

Implantation rate

The uterus and fetuses were photographed (Figure 1). For the fetus carrying mice the
mean implantation rate was analyzed by calculating the percentage of fetuses to the
total number of embryonic implantations (fetuses+non-viable or hemorrhagic
embryonic implantations).

The wt and HO-2 KO fetuses compared for weight, length, and body surface

The weight and size of wt fetuses (E15) and HO-2 KO fetuses (E15/E16) was measured.
Severely malformed fetuses (n=2) were excluded for weight and size analysis. The body
length, body surface and head surface of the fetuses were measured from photographs
using Image) (1.48v) software (National institutes of health, Bethesda, MD, USA) and
used for statistical analysis, for details see Figure 1.

Assessment of mRNA expression of HO-2, CXCL11, CXCR3 and HO-1 in fetus head
samples by quantitative real-time PCR

To screen for differences in gene expression between HO-2 KO and wt fetuses, cDNAs
were synthesized from samples from heads of wt (E15; n=5) and HO-2 KO (E15; n=4)
fetuses. Fetuses were decapitated and total RNA was extracted using Trizol (Invitrogen,
Carlsbad, CA, USA) and a RNeasy Mini kit (Qiagen, Hilden, Germany), and cDNA was
produced using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). cDNAs were
analyzed for gene expression of HO-1, HO-2, CXCL11 and CXCR3, using custom-designed
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primers (Table 1) and iQ SYBR Green Supermix (Invitrogen, Carlsbad, CA, USA) in a
CFX96 real-time PCR system (Bio-Rad, Hercules, CA, USA). Relative gene expression
values were evaluated with the 2222 method using GAPDH as housekeeping gene®.

Figure 1: (A) Isolation of the fetuses and measurement of body length, body surface, head surface. Plugged
mouse (e.g., HO-2 KO at E15) was sacrificed by CO2/0z inhalation for 10 minutes, the uterus and organs were
removed. Fetuses were isolated from the uterus. Location of the 6 fetuses in the uterus before they were
removed (green arrows). Location of the 5 non-viable/hemorrhagic embryonic implantations (red arrows).
(B) A square scale bar was drawn at the ruler in each photograph of 10 x 10 mm (1 cm?) and the total number
of pixels within the square was determined (e.g., 13225 pixels). (C) A line in the length of the body of the
fetus was drawn and the number of pixels was recorded (e.g., 158 pixels). The length was calculated (e.g.,
158/v13225 = 13,7 mm). (D) The outline of the total body surface of the fetus was drawn and the number of
pixels was recorded (e.g., 11733 pixels). The total body surface was calculated (e.g., 11733/13225 = 0,89 cm?).
(E) The outline of the head surface was drawn, and the number of pixels was recorded (e.g., 4761 pixels). The
head surface was calculated ( e.g. 4761/13225 = 0,36 cm?).

Table 1: Custom-designed mouse primers used for assessment of mMRNA expression of GAPDH, HO-1, HO-2,
CXCL11 and CXCR3 in fetus head samples by quantitative real-time PCR.

Marker Gene name Forward primer (5’-3’) Reverse primer (5’-3’)
Reference gene Gapdh GGCAAATTCAACGGCACA GTTAGTGGGGTCTCGCTCCTG
Cytoprotection Hmox1 CAACATTGAGCTGTTTGAGG TGGTCTTTGTGTTCCTCTGTC
Cytoprotection Hmox2 AAGGAAGGGACCAAGGAAG AGTGGTGGCCAGCTTAAATAG
Chemokine Cxcl11 CACGCTGCTCAAGGCTTCCTTATG TGTCGCAGCCGTTACTCGGGT
Chemokine receptor Cxcr3 CAGCCTGAACTTTGACAGAACCT GCAGCCCCAGCAAGAAGA
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Haematoxylin-Eosin staining of transversal sections through the secondary palate
Mouse tissue samples were fixed for 24h in 4% paraformaldehyde and further
processed for routine paraffin embedding. Paraffin sections were deparaffinized using
Xylol, rehydrated wusing an alcohol range (100%-70%), and used for
immunohistochemistry and FragEL™ analysis. Serial transversal sections through the
secondary palate region of 5 um thickness mounted on Superfrost Plus slides (Menzel-
Glaser, Braunschweig, Germany) were routinely stained with Haematoxylin and Eosin
(HE) for general tissue survey. The exact location of the fusing palatal shelves was
determined per individual fetus. The HE stainings were subdivided into the four stages
of palatogenesis based on the anatomy of the palatal shelves: elevation, horizontal,
midline adhesion and fusion, according to Dudas et al.** and screened for anatomical
abnormalities. These series were used as reference to obtain transversal sections
containing palatal shelves in midline adhesion and fusion for immunohistochemical
staining (Figure 2).

Figure 2: Palatal fusion observed in both wt and HO-2 KO fetuses at E15. HE stainings demonstrated
horizontal orientation of the palatal shelves, midline adhesion and fusion within the same fetus. (A) Wt fetus
at E15 (magnification: x100). Palatal shelves in a later stage of the palatal fusion increased in size. The MES
changed from a multi-cell-layer into a continuous one-single-cell-layer, to a disintegrating MES, during which
islands of epithelium in the midline were observed. (B) HO-2 KO fetus at E15 (magnification: x100). Palatal
shelves in a later stage of the palatal fusion increased to some extend in size. Several islands of epithelium in
the midline were observed.
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Immunohistochemistry

Selected paraffin embedded sections were deparaffinized using Xylol and rehydrated
using an alcohol range (100-70%). Endogenous peroxidase activity was quenched with
3% H202 in methanol for 20 min, and immunohistochemical stainings for HO-1, CXCL11,
CXCR3 and macrophage marker F4/80 were performed as previously described®. In
brief, tissue sections were incubated for 60 min with a biotin-labeled secondary
antibody (Tables 2, 3). Next, the sections washed with PBSG (phosphate-buffered saline
with glycine) and treated with avidin-biotin peroxidase complex (ABC) for 45 min in the
dark. After extensive washing with PBSG, diaminobenzidine-peroxidase (DAB) staining
was performed for 10 min for the HO-1, CXCL11 and CXCR3 stainings.

Table 2: Antibodies and antigen retrievals used for immunohistochemical stainings for HO-1, CXCL11, CXCR3,
and F4/80.

Antibody Specificity  Dilution  Antigen retrieval Source
Combi:
SPA-895 HO-1 1:600 Citrate buffer 70°C for 10 min Stressgen
Trypsin digestion in PBS 0,015% 37°C for 5 min
Santa Cruz
Sc-34785 CXCL11 1:200 Citrate buffer 70°C for 2 hrs Biotechnology,

Santa Cruz, CA, USA

NB100- . Citrate buffer 70°C for 2 hrs Novus Biologicals,

56404 CXCR3 1:50 Littleton, USA
Combi:

BM8 F4/80 1:400 Citrate buffer 70°C for 10 min eBioscience

Trypsin digestion in PBS 0,015% for 5 min

Analysis of apoptosis and recruited F4/80 positive macrophages in the palate

For studying apoptosis in the MES, transversal sections containing palatal shelves in
midline contact and fusion stage of wt and HO-2 KO fetuses were selected. During
apoptosis, cellular endonucleases cleave nuclear DNA between nucleosomes,
producing specific DNA fragments with free 3’-OH groups at the end. These 3’ OH group
can be labeled using Fragment End Labeling (FragEL™, Calbiochem, San Diego, CA, USA)
allowing detection of apoptotic DNA fragments at the individual cell level as previously
described?. The procedure was performed according to the protocol of the
manufacturer (Calbiochem, San Diego, CA, USA). In brief, rehydrated paraffin sections
were subjected to proteinase K digestion (0,5 pg/ml) for 10 min. Endogenous
peroxidase activity was quenched with 3% H20:2 in methanol for 20 min. TdT (Terminal
deoxynucleotidyl Transferase) added biotin labeled deoxynucleotides to the end of
these DNA fragments. After addition of ABC, DAB was added and incubated at room
temperature for 10 min. For the F4/80 staining + AP (alkaline phosphatase) + NBT (nitro-
blue tetrazolium) + BCIP (5-bromo-4-chloro-3'-indolyphosphate) was used. For used
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antibodies and antigen retrievals, see Tables 2, 3. Photographs were taken using a Carl
Zeiss Imager Z.1 system (Carl Zeiss Microimaging Gmbh, Jena, Germany) with AxioVision
(4.8v) software (Zeiss, Gottingen, Germany).

Table 3: Secondary antibodies used for HO-1, CXCL11, CXCR3, apoptotic DNA fragments
immunohistochemical staining, and F4/80 with apoptotic DNA fragments/CXCR3/HO-1 double stainings.

Secondary e T

el Specificity Dilution Color Source

A11008 goat anti-rabbit 1:500 Green Invitrogen Thermofisher scientific
AlexaFluor-488 ' &

145.712-065-153  donkeyantiat g4,

. L Biotin - Jackson Immunoresearch Europe LTD

in combination

with $-11226 Streptavidin 1:500 Red Invitrogen Thermofisher scientific
donkey anti-
rabit Biotin 1:500 Brown Jackson Immunoresearch Europe LTD
+ABC+DAB : P

715-065-151
donkey anti-rat . . )
Biotin+ABC+AP+ 1:500 Blue Calbiochem, San Diego, CA, USA
nbt/bcip

Antigen retrieval used for double stainings: Combi = Citrate buffer 70°C for 10 min + Trypsin digestion in PBS
0,075% 37°C for 5 min.

Quantification of CXCL11, CXCR3 and HO-1 immunoreactivity within the epithelium
of the palatal shelves

Transversal sections through the secondary palate of wt and HO-2 KO fetuses were
screened. For quantification sections were selected following the inclusion criteria:
transversal sections containing palatal shelves in midline adhesion and fusion with at
least the presence of a part of the MES.

The immunostained sections were first categorized into two categories based
on their palatal morphology (palatal morphology classification): fusing palatal shelves,
and fusing palatal shelves with adhesion to the nasal septum, see Figure 3.

Within each section the epithelium of the palatal shelves was then subdivided
into three separate regions (Figure 3) according to morphological characteristics
(Epithelium region classification): epithelium of the palatal shelves from the edge,
including the MES, to the half of the width of the shelves (in RED), epithelium of the
lateral half of the palatal shelves (in BLUE), epithelium of the lateral wall of the nasal
cavity, this region is positioned outside the palatal shelves and served as a control
region (in YELLOW), see Figure 3.

CXCL11, CXCR3 and HO-1 immunoreactivity was evaluated by two observers,
by blindly scoring, independently of each other. The epithelial regions per single section
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were semi-quantitatively scored according to the immunoreactivity scoring scale in
three categories (HIGH, MODERATE and LOW). For each individual fetus the modus of
the scoring per epithelial region was used for further statistical analysis. For details see
Figure 3. To determine the inter-examiner reliability, 10 sections were measured by the

two observers and acceptable coefficient of determination (R?) scores > 0.80 were
obtained for immunoreactivity scoring.
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Figure 3: Palatal morphology classification: The CXCL11, CXCR3 and HO-1 immunostained sections were
categorized in two stages according to their morphological characteristics: fusing palatal shelves, and fusing
palatal shelves with adhesion to the nasal septum. Epithelium region classification: For each section
epithelial layers were subdivided in 3 regions of interest according to morphological characteristics:
epithelium of the palatal shelves from the edge, including the MES, to half of the width of the shelves (in
RED), epithelium of the lateral half of the palatal shelves (in BLUE), epithelium of the lateral wall of the nasal
cavity, this region is positioned outside the palatal shelves and served as a control region (in YELLOW).
Immunoreactivity scoring scale: Semi-quantitative scoring of CXCL11, CXCR3 and HO-1 immunoreactivity in
epithelium of the palatal shelves. Each epithelial region was semi-quantitatively scored according to the
following scale: HIGH) Immunoreactivity present in the entire epithelial region; MODERATE)
Immunoreactivity present only partially in the epithelial region; LOW) Almost no immunoreactivity present
in the epithelial region. Lower panel: Immunoreactivity scored for the 3 epithelial locations in a CXCL11
immunostained section (e.g., wt fetus, E15, section with adhesion of the palatal shelves and adhesion to the
nasal septum). RED region was scored as HIGH, BLUE region was scored as MODERATE, YELLOW region was
scored as LOW for CXCL11 immunoreactivity.

Quantification of CXCL11, CXCR3 and HO-1 positive cells in the mesenchyme of the
palatal shelves

The immunostained sections, wt and HO-2 KO, were first categorized based on their
morphology (Palatal morphology classification, Figure 3). Since a significant variance in
the size of the palatal shelves was present, expression was adjusted to surface area.
The individual surface of each pair of shelves was measured using Image) (1.48v)
software (Zeiss, Gottingen, Germany). Then, the number of CXCL11, CXCR3 and HO-1
positive cells within the outline of the mesenchyme of the palatal shelves was counted.
For details see Figure 4. For each section the number of positive mesenchymal
cells/mm?was calculated. Cell counting was performed twice, by two blinded observers
independently of each other, and the mean value of positive cells/mm? per fetus was
calculated and used for statistical analysis. To determine the inter-examiner reliability,
10 sections were measured by the two observers and acceptable coefficient of
determination (R?) scores > 0.80 were obtained for cell counting.
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Figure 4: Palatal shelf surface measurement for determining the number of CXCL11, CXCR3 and HO-1
positive immunostained cells/mm? within the mesenchyme of the palatal shelves. A square scale bar was
drawn in the microscopic picture (magnification: x100) of the section of 1000pum x 1000um (1 mm?) and the
total number of pixels within the square was determined (e.g., 1 mm?2 = 3442880 pixels). The contour of the
mesenchyme of the shelves was drawn (yellow line). The number of pixels for this area was determined by
the Image) (1.48v) software (323768 pixels). The number of positive immunostained cells within this
mesenchymal area of the palatal shelves were counted by direct observation using the Zeiss microscope (e.g.,
52 CXCL11 positive cells). The number of cells/mm?was calculated (3442880/323768) x 52 = 553 cells/mm?).

Apoptotic DNA fragments in macrophages

Transversal sections containing palatal shelves in midline adhesion and fusion of wt and
HO-2 KO fetuses were selected for the F4/80-immuno staining - FragEL™ DNA
fragmentation kit combination. The F4/80 surface receptor is considered as one of the
best markers for mature macrophages*. The proximity of macrophages to apoptotic
DNA fragments within the MES and the presence of apoptotic DNA fragments within
the F4/80 positive macrophages were studied. For used antibodies and antigen
retrievals, see Tables 2, 3.

CXCR3 and HO-1 expression in macrophages studied by immunofluorescence
microscopy

Double staining for F4/80 with CXCR3/HO-1 were performed on paraffin sections of wt
and HO-2 KO fetuses. Tissue samples were fixed for 24h in 4% paraformaldehyde and
further processed for routine paraffin embedding. Sections were deparaffinized using
Histosafe and rehydrated using an alcohol range (100%-70%). Fluorescent
immunohistochemical double stainings for F4/80 with CXCR3, and F4/80 with HO-1
were performed. Nuclear staining was performed with DAPI. For antibodies used, see
Tables 2, 3.
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Statistical analysis

The data for the implantation rate, fetus weight, fetus length, fetus surface, fetus head
surface and the PCR data for the mRNA expression of HO-1, HO-2, CXCL11, and CXCR3
showed a normal distribution as evaluated by the Kolmogorov-Smirnov test (KS-test).

To compare differences in implantation rate between the wt group and HO-2
KO group the Independent-Samples T-test was performed.

To analyze the fetus weight, fetus length, fetus surface, fetus head surface for
the wt E15 group, the HO-2 KO E15 group and the HO-2 KO E16 group the ANOVA and
Tukey’s multiple comparison post hoc test were used.

The HO-1, CXCL11 and CXCR3 immunoreactivity in the epithelium regions was
semi-quantitatively scored and analyzed using the non-parametric Kruskal-Wallis
ANOVA on ranks test and Dunn’s Multiple Comparison post hoc test to compare
differences between the wt group and HO-2 KO group.

The data from quantification of the number of HO-1 positive cells in the
mesenchyme showed a non-normal distribution as measured by the KS-test and the
non-parametric Mann-Whitney test was used to compare differences between the wt
group and HO-2 KO group.

Quantification data of the number of CXCL11 and CXCR3 positive cells in the
mesenchyme showed a normal distribution as measured by the KS-test. Independent-
Samples T-test was performed to compare differences between the wt group and HO-
2 KO group.

To determine the inter- examiner reliability, the coefficient of determination
(R?) was calculated by the square of the Pearson correlation coefficient for the
guantitative data, and calculated by the square of the Spearman correlation coefficient
for the semi-quantitative data.

Differences were considered significant if p<0.05. All statistical analyses were
performed using Graphpad Prism 5.03 software (GraphPad Software, San Diego, CA,
USA).

Results

Fetal growth restriction and malformations occur in the absence of HO-2 expression

Quantitative real-time PCR confirmed the genotypes of mice by showing that HO-2
mRNA was only present in samples from wild-type (wt) fetuses, and not in HO-2 KO
fetuses (p<0.001, Figure 5A). Hemorrhagic embryonic implantations were found in both
wt and HO-2 KO animals (Figure 1A). No significant difference in the mean implantation
rate was found between pregnant wt and HO-2 KO mice (46% versus 52%, p=0.79). At
E15, HO-2 KO fetuses weighed significantly less (p<0.05, Figure 5B) with a significantly
smaller body surface than wt fetuses (p<0.01, Figure 5C). The differences fetus length
(p=0.25, Figure 5D) and in head/body surface ratio (p=0.97, Figure 5E) for both
genotypes were not significantly different at E15. To monitor the restriction of fetal
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growth in HO-2 KO fetuses in more detail, we also analyzed the body size of E16 HO-2
fetuses. No significant difference was found between the E15 wt fetuses and E16 HO-2
KO fetuses in regard to weight (Figure 5B) and body surface (Figure 5C). No
malformations or craniofacial anomalies were found in the wt fetuses (Figure 5F).
Among the 15 HO-2 KO fetuses (E15 and E16), 1 E16 fetus had severe malformations
(Figure 5l1), 1 E16 fetus exhibited a craniofacial anomaly (Figure 5J), and 1 E15 fetus
appeared to be the smallest fetus without anomalies (Figure 5K).

A HO-2 in head B *
*
C * % D
*
E
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Figure 5: Fetal growth restriction and malformations occur in the absence of HO-2 expression. (A) HO-2
mRNA was not found in HO-2 KO fetuses. HO-2 mRNA was observed in wt fetuses E15 (n=5), but not in HO-2
KO fetuses E15 (n=4). Wt fetuses (E15; n=15), HO-2 KO fetuses (E15; n=4) and HO-2 KO fetuses (E16; n=11)
were compared for (B) weight, (C) body surface and (D) length (p=0.25), (E) head/body surface ratio (p=0.97).
Data present mean * SD. (*=p<0.05; **=p<0.01), (***=p<0.001). (F) wt fetus at E15 (0,28g; 12,9mm). (G) HO-
2 KO fetus at E15 (0,13g; 12,5mm). (H) HO-2 KO fetus at E16 (0,31g; 12,4mm).(I) HO-2 KO fetus at E16
demonstrating severe malformations (0,065g; 10mm). (J) HO-2 KO fetus at E16 demonstrating a craniofacial
anomaly (0,20g, 12,2mm). (K) HO-2 KO fetus at E15 appeared to be the smallest fetus without anomalies
(0,10g, 10,3mm).

Palatal fusion observed in both wt and HO-2 KO fetuses at E15

Though the HO-2 KO fetuses were smaller in size, no difference in the adhesion and
fusion of the palatal shelves was observed between the sections from wt and HO-2 KO
fetuses at E15. In 2 wt fetuses and 2 HO-2 KO fetuses at E15, the palatal shelves were
not yet elevated. In both genotypes, different phases of palatogenesis were observed
in histological sections from the same fetus. The MES changes from a multi-cell layer
into a continuous single-cell layer, to a disintegrating MES, during which islands of
epithelium are observed. For more details, see Figure 2.

CXCL11 expression in the MES and mesenchyme

Because CXCL11 plays an important role in wound repair, we investigated the mRNA
expression of chemokine CXCL11 in fetal head samples. CXCL11 mRNA was observed in
samples from both wt and HO-2 KO fetuses without reaching a significant difference
between the two genotypes (p=0.88, Figure 6).
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Figure 6: CXCL11 expression in the MES and mesenchyme in both wt and HO-2 KO fetuses. (A) CXCL11 mRNA
expression was both present in wt (n=5) and in HO-2 KO E15 fetuses (n=4)(p=0.88). Data presented as mean
+ SD. CXCL11 overexpression in the MES in wt and HO-2 KO fetuses. Scoring was performed according to
figure 3.3. (B) Significant higher CXCL11 expression was observed in the MES (in RED)(***=p<0.001) compared
to the other epithelial regions in the fusing palatal shelves (in BLUE) and the nasal cavity (in YELLOW) in the
wt group and HO-2 KO group. (C) Significant higher CXCL11 expression was observed in the MES (in
RED)(***=p<0.001) compared to the BLUE region and YELLOW region in the HO-2 KO sections with fusing
palatal shelves with adhesion to the nasal septum. (D) No significant difference in the number of CXCL11
positive cells/mm? in the mesenchyme of the fusing palatal shelves was found between the wt and HO-2 KO
fetuses)(p=0.97). Data presented as mean + SD. (E) No significant difference in the number of CXCL11 positive
cells/mm? was found in the mesenchyme between the wt and HO-2 KO group in the sections with fusing
palatal shelves with adhesion to the nasal septum (p=0,97). Data presented as mean * SD. (F) Representative
CXCL11 immunostaining in fusing palatal shelves without adhesion to the nasal septum of a wt fetus (E15)
(magnification: x100). The MES (in RED) was highly CXCL11 positive compared to the other epithelial regions;
epithelium of the lateral half of the palatal shelves (in BLUE) and epithelium of the lateral wall of the nasal
cavity (in YELLOW). (G) Several CXCL11 positive cells in the mesenchyme were observed (e.g., black arrow
indicates a CXCL11 positive cell in the mesenchyme) (magnification: x400). This was found in both wt and HO-
2 KO fetuses. (H) Moderate CXCL11 expression in the epithelium of the lateral half of the palatal shelve (in
BLUE), and in the epithelium of the lateral wall of the nasal cavity (in YELLOW) (magnification: x400).
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Next, we investigated the cellular expression of CXCL11 during palatal fusion.
CXCL11 protein was significantly higher expressed in the epithelium of the MES
compared to the other epithelial layers of the fusing palatal shelves and the epithelium
of the nasal cavity in both wt (p<0.001) and HO-2 KO fetuses (p<0.001)(Figure 6B, C, F-
H). No significant difference was found between the genotypes. High CXCL11 protein
expression was also found within the epithelium of the tips of the palatal shelves lacking
midline adhesion, in sections of both genotypes (data not shown). CXCL11-positive cells
were also observed in the mesenchyme of the palatal shelves, but no significant
difference in the number of CXCL11-positive cells/mm? was found between the wt and
HO-2 KO groups (p=0.97, Figure 6D) or in the samples with fusing palatal shelves with
adhesion to the nasal septum (p=0.47, Figure 6E).

CXCR3 expression in the MES and mesenchyme

Next, we investigated the expression of CXCL11 receptor CXCR3 at the mRNA level. In
samples from heads of wt and HO-2 KO fetuses, CXCR3 mRNA expression was observed
but with no significant difference between the groups (p=0.16, Figure 7).

CXCR3 protein expression was significantly higher in the epithelium of the MES
than the other epithelial layers of the palatal shelves and the epithelium of the nasal
cavity in the fusing palatal shelves of the wt fetuses (p<0.05, Figure 7B, F-H). Higher
CXCR3 protein expression in the epithelium of the MES was also observed in the fusing
palatal shelves with adhesion to the nasal septum from the HO-2 KO fetuses (p<0.001,
Figure 7C).

Interestingly, CXCR3-positive cells were also observed in the mesenchyme of
the palatal shelves. No significant difference in the number of CXCR3-positive cells/mm?
was found between the wt and HO-2 KO groups in the fusing palatal shelves (p=0.96,
Figure 7D) or the fusing palatal shelves with adhesion to the nasal septum (p=0.20,
Figure 7E).
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Figure 7: CXCR3 expression in the MES and mesenchyme in both wt and HO-2 KO fetuses. (A) CXCR3 mRNA
expression was found in wt fetuses E15 (n=5) and in HO-2 KO fetuses E15 (n=4)(p=0.16). Data presented as
mean * SD. (B) Statistically significant higher CXCR3 expression was observed in the wt group in the MES (in
RED)(*=p<0.05) compared to the YELLOW region. (C) Significant higher CXCR3 expression was observed in
the MES (in RED) (***=p<0.001) compared to the BLUE region and YELLOW region in the HO-2 KO sections
with adhesion of the palatal shelves and adhesion to the nasal septum. (D) No significant difference in the
number of CXCR3 positive cells/mm? in the mesenchyme of the fusing palatal shelves was found between the
wt and HO-2 KO fetuses)(p=0.96). Data presented as mean + SD. (E) No significant difference in the number
of CXCR3 positive cells/mm? in the mesenchyme was found between the wt and HO-2 KO group of the
sections with adhesion of the palatal shelves and adhesion to the nasal septum (p=0.47). Data presented as
mean * SD. (F) Representative CXCR3 immunostaining of fusing palatal shelves without adhesion to the nasal
septum of a wt fetus (E15) (magnification: x100). The MES (in RED) had higher CXCR3 expression compared
to the other epithelial regions (in BLUE) and (in YELLOW). (G) Some CXCR3 positive cells in the mesenchyme
were observed. This was found for the wt sections and HO-2 KO sections (black arrow indicates a CXCR3
positive cell in the mesenchyme) (magnification: x400). (H) Moderate CXCR3 expression in the epithelium of
the lateral half of the palatal shelve (in BLUE), and in the epithelium of the lateral wall of the nasal cavity (in
YELLOW) (magnification: x400).

CXCR3-positive macrophages were located near the MES and phagocytized apoptotic
cell fragments of the MES

CXCR3-positive cells are suspected of being macrophages based on morphology and
because macrophages have been shown to be positive for CXCR3353¢, Therefore, we
investigated whether CXCR3-positive macrophages are present within the fusing palate
using immunofluorescence microscopy. F4/80-CXCR3 double-positive macrophages
were observed in the fusing palatal shelves, with some located near the disintegrating
MES, in both wt and HO-2 KO fetuses (Figure 8).
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Figure 8: CXCR3-positive macrophages were located near the MES. (A) Representative immunofluorescent
histochemical double staining for F4/80 (red) with CXCR3 (green) in HO-2 KO section (E16). Nuclear staining
with DAPI (Blue). The mesenchyme demonstrates the presence of a F4/80-positive HO-2 KO macrophages,
which also express CXCR3 (white arrows) (magnification: x200). One CXCR3 F4/80-positive HO-2 KO
macrophage was located near the disintegrating MES (white arrow within the white square). (B)
Magnification of a F4/80-positive HO-2 KO macrophage located near the MES (area between the dotted white
lines) (magnification: x400). (C) Magnification of a F4/80-positive HO-2 KO macrophage located in the
mesenchyme of the palate shelf (magnification: x400). (D) Magnification of a F4/80-positive HO-2 KO
macrophage located outside the palatal shelf (magnification: x400).
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In both wt and HO-2 KO fetuses, multiple apoptotic DNA fragments were
present in the epithelial cells of the disintegrating MES. No apoptotic cell fragments
were observed in the other epithelial regions. To assess whether the recruited
macrophages phagocytose these apoptotic cell fragments, we stained for both
apoptotic fragments and macrophages (FragEL™ DNA fragmentation assay in
combination with F4/80). Macrophages located near the MES did phagocytose
apoptotic DNA fragments (Figure 9A-C). Other macrophages were observed in the
mesenchyme closely localized near the apoptotic DNA fragments within the
disintegrating MES (Figure 9B).
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Figure 9: Macrophages located near the MES phagocytose apoptotic cell fragments. (A) Representative
FragEL™ DNA fragmentation assay (brown) in combination with F4/80 (dark blue) macrophage staining.
Fusing palatal shelves in a HO-2 KO fetus (E16) (magnification: x100). Multiple macrophages were observed
in the mesenchyme of the palatal shelves. (B) Magnification of the disintegrating MES (magnification: x400,
black square). Multiple apoptotic DNA fragments are observed within the MES (Red arrows). The only
apoptotic DNA fragments in the palatum outside the MES are in macrophages that had taken up epithelial
cells. Two macrophages were located near the MES (green arrows), one macrophage was in close contact
with the MES (red circle). (C) Magnification of the macrophage in close contact with the MES (black square).
In this macrophage (red circle), two apoptotic cell fragments within its cell body are present (purple arrows).
Apoptotic DNA fragments near the macrophage were observed (red arrows). These findings were
representative for both wt and HO-2 KO sections.

More HO-1-positive cells are found in palatal shelves from HO-2 KO fetuses

As macrophages can express the cytoprotective enzyme HO-1 during the digestion of
cellular debris*>*°, we studied whether HO-1-positive macrophages are present within
the fusing palate.

HO-1 mRNA was observed in samples from the heads of both wt and HO-2 KO
fetuses without reaching a significant difference between the two genotypes (p=0.35,
Figure 10A). Double immunostaining for macrophage marker F4/80 and HO-1 showed
that many F4/80-positive macrophages were positive for HO-1. F4/80 and HO-1-
positive cells were observed in the fusing palatal shelves and near the disintegrating
MES in both wt and HO-2 KO fetuses (Figure 10B, C).
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Figure 10: More HO-1-positive cells are found in palatal shelves from HO-2 KO fetuses. (A) HO-1 mRNA
expression was similar in wt fetuses E15 (n=5) and in HO-2 KO fetuses E15 (n=4) (p=0.35). Data presented as
mean + SD. (B) Representative fluorescentimmunohistochemical double staining for F4/80 and HO-1 of fusing
palatal shelves with adhesion to the nasal septum of a wt fetus (E15) (magnification: x400). A part of the
mesenchyme around the MES, showing a F4/80-positive macrophage (red) expressing HO-1 (green) located
near the MES (white arrow). Nuclear staining with DAPI (Blue). (C) Representative fluorescent
immunohistochemical double staining for F4/80 with HO-1 of fusing palatal shelves with adhesion to the nasal
septum of a HO-2 KO fetus (E16) (magnification: x400). A F4/80-positive HO-2 KO macrophage (red)
expressing HO-1 (green) located near the MES (white arrow). Nuclear staining with DAPI (Blue). (D)
Representative HO-1 immunostaining of palatal shelves of a wt fetus (E15) (magnification: x400). This part of
the mesenchyme demonstrates the presence of one HO-1 positive cell (black arrow). (E) Representative HO-
1 immunostaining of fusing palatal shelves of a HO-2 KO fetus (E16) (magnification: x400). This part of the
mesenchyme demonstrates the presence of seven HO-1-positive cells (black arrows). (F) Significant higher
numbers of HO-1-positive cells/mm? were observed in the HO-2 KO fetuses compared to the wt fetuses in
the fusing palatal shelves)(p=0.02). Data presented as mean + SD. (G) Numbers of HO-1-positive cells/mm?in
the mesenchyme of wt and HO-2 KO fetuses in the fusing palatal shelves with adhesion to the nasal septum
(p=0.60). Data presented as mean * SD.

The number of HO-1-positive cells in the mesenchyme of the fusing palatal
shelves was significantly higher in the HO-2 KO group than in the wt group (p=0.02,
Figure 10D-G). AlImost no HO-1 expression was observed in the epithelium of the palatal
shelves in the wt and HO-2 KO groups.

Discussion

Although deletion of HO-2 expression in mice leads to fetal growth restriction, severe
malformations, and craniofacial anomalies, we found no evidence of disruption of
palatal fusion in HO-2 KO fetuses. We showed that multiple apoptotic DNA fragments
were exclusively present in the MES of both genotypes, supporting earlier findings that
apoptosis of epithelial cells drives MES disintegration®. We demonstrated that both
CXCR3 and its ligand, the chemokine CXCL11, were highly expressed by epithelial cells
in the MES, suggesting that chemokine signaling acts via an autocrine loop to initiate
processes involved in its own disintegration. Although, probably also other downstream
mechanisms play a role in this process, such as enzymes, like caspases, and apoptotic
DNA fragments. We demonstrated that apoptotic DNA fragments from the MES were
phagocytized by both wt and HO-2 KO macrophages. It is likely that CXCR3-positive
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macrophages were recruited via CXCL11 expression by the MES (Figure 11). However,
we cannot exclude that additionally, other mechanisms can in a later phase facilitate
macrophage recruitment. For example, apoptotic nucleotide fragments derived from
the MES have been demonstrated to promote macrophage contributed to this
recruitment®!. Macrophages near the disintegrating MES were positive for HO-1 in both
wt and HO-2 KO fetuses, but more HO-1-positive cells were found in the palatal
mesenchyme from HO-2 KO fetuses. Although HO-2 KO macrophages have been shown
to be dysfunctional in a mouse corneal epithelial debridement model3®, HO-2 KO
macrophages phagocytosis of apoptotic DNA fragments still function, possibly with help
of HO-1 overexpression.

Figure 11: MES mediated chemokine signaling facilitates MES disintegration and palatal fusion.
Conceptual model: Autocrine and paracrine MES signaling facilitates palatal fusion. CXCL11/CXCR3 autocrine
signaling controls migration and/or apoptosis of epithelial cells during disintegration of the MES. CXCL11-
CXCR3 paracrine signaling recruits macrophages to clean up the MESs. HO-2 KO macrophages are still able to
phagocytize apoptotic DNA fragments from the MES due to induction of HO-1.

Adult HO-2-deficient mice are morphologically indistinguishable from wt
mice*?, but only full-grown mice have been studied thus far. To the best of our
knowledge, this is the first study of HO-2 KO embryonic development. Down-regulation
of HO-2 is associated with spontaneous abortion in humans®®. We did not find that the
absence of HO-2 expression resulted in an increased fetal loss rate or decreased
implantation rate in mice. However, non-viable and hemorrhagic embryonic
implantations were frequently observed in both genotypes. Homozygote HO-2 KO mice
were recently demonstrated to be viable®’, though they demonstrated delayed wound
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repair3’°?

and an exaggerated inflammatory response after corneal epithelial
wounding®3. Fetal growth retardation is associated with down-regulation of HO-2 in
human pathologic pregnancies®®, which is in line with our findings that HO-2 deletion
leads to a developmental growth delay at E15 of approximately 1 day. Among the HO-
2 KO fetuses, one was severely malformed and another presented a head anomaly, but
no anomalies or malformations were found in wt fetuses.

Environmental factors, such as maternal diabetes, oxidative stress, and
infections can have a disturbing influence on palatal fusion and lead to clefting of the
lip and palate?®. HO-2 is essential for regulating physiological levels of reactive oxygen
species (ROS)>#*°. Although we found growth restriction and morphological anomalies
in HO-2 KO fetuses, proper fusion of the palatal shelves was observed. In the absence
of additional stresses, HO-2 KO fetuses can thus develop into mice with a normal palate,
possibly due to compensation by elevated HO-1 expression. Next, we studied
palatogenesis in HO-2 KO mice in more detail.

We demonstrated increased expression of chemokine CXCL11 and its receptor
CXCR3 within the disintegrating MES in both genotypes. CXCR3-CXCL11 signaling serves
as a coordinator in wound repair°®>” and is involved in the process of re-epithelialization
and epidermis maturation®’. In keratinocytes, CXCR3 signaling activated p-calpain to
loosen the adhesions for migration?®. Scars in CXCR3 KO mice exhibited hyperkeratosis
and hypercellularity®®, features that are also observed in hypertrophic scar formation
in humans®®. CXCR3 plays a key role in coordinating the switch from regeneration of the
epithelial compartment towards maturation®® and modulates cell proliferation and
apoptosis®®®. In the disintegrating MES CXCL11-CXCR3 signaling is therefore likely
involved in controlling processes, such as migration and apoptosis of epithelial cells.

We found many apoptotic DNA fragments throughout the disintegrating MES,
supporting apoptosis as a driving mechanism in MES disintegration’'°. No apoptotic
DNA fragments were found in the other epithelial regions of the palatal shelves or the
mesenchyme of the palatal shelves. Blocking cell death with z-VAD, an inhibitor of
caspases, leads to persistence of the MES structure, which interferes with fusion of the
palatal shelves in vitro®!, suggesting that this could lead to cleft palate. However, a role
of epithelial migration in MES disintegration cannot be excluded.

In addition to CXCR3 expression in the epithelial MES layer, we also
demonstrated CXCR3 expression in the mesenchyme of the fusing palatal shelves. We
found CXCR3-positive and phagocytosing macrophages near the disintegrating MES,
suggesting that macrophages are actively recruited by CXCL11. This demonstrates that
the MES actively participates in its disintegration via chemokine signaling. However, we
cannot exclude that also other mechanisms play a role, such as caspases, other enzymes
and enzyme inhibitors. Recruitment of CXCR3-positive macrophages by CXCL11

paracrine signaling was demonstrated previously also in other models3>3®,
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Although HO-2 deletion impaired macrophage function in corneal epithelial
wound repair®®, in our study both wt and HO-2 KO macrophages phagocytosed
apoptotic DNA fragments and, thus, were still functional. Although impairment of
macrophage function by HO-2 deletion was found in a wound repair study in adult
mice®, we studied macrophage function in a non-pathological environment during
embryonic development. However, our findings contradict another wound healing
study, demonstrating that HO-2 deletion was associated with impaired HO-1
induction®?. Significantly more HO-1-positive cells were found in the palatal
mesenchyme of HO-2 KO fetuses compared to wt fetuses, in which HO-1-positive cells
were scarce. We suggest that the higher HO-1 expression during embryonic
development is a compensating mechanism for HO-2 deletion in recruited
macrophages in the fusing palatal shelves. An increased HO-1 induction could explain
in part the discrepancy in function between HO-2 KO macrophages in adult and
embryonic mice.

A limitation of the present study was the relatively small number of fetuses.
However, among the 23 HO-2 KO fetuses, one demonstrated severe malformations and
another viable fetus had a craniofacial anomaly, suggesting that HO-2 supports fetal
growth and development.

In conclusion, we determined that HO-2 deletion leads to fetal growth
restriction and craniofacial anomalies. In contrast to our hypothesis, no disturbance
was observed in palatal fusion in HO-2 KO fetuses. However, CXCL11 and CXCR3 were
highly expressed in the disintegrating MES in both wt and HO-2 KO animals. Both wt
and HO-2 KO CXCR3-positive macrophages were functional since apoptotic cells from
the disintegrating MES were phagocytosed. Increased numbers of HO-1-positive cells
were found within the mesenchyme of the fusing palatal shelves of the HO-2 KO
fetuses. It is tempting to speculate that HO-2 deletion leads to up-regulation of HO-1
expression in macrophages, protecting them from oxidative stress following ingestion
of apoptotic epithelial fragments from the disintegrating MES. Our data supports the
hypothesis that chemokine signaling by the MES orchestrates its disintegrating by
epithelial apoptosis and macrophage recruitment via CXCL11-CXCR3 signaling.
However, also alternative pathways may have contributed to these processes. Further
research is needed to investigate whether hampered palatal fusion can be the result of
disrupted chemokine signaling and whether reduced protection against oxidative and
inflammatory stresses promote craniofacial malformations.
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Abstract

Cranial neural crest cells (CNCCs), identified by expression of transcription factor Sox9,
migrate to the first branchial arch and undergo proliferation and differentiation to form
the cartilage and bone structures of the orofacial region, including the palatal bone.
Sox9 promotes osteogenic differentiation and stimulates CXCL12-CXCR4 chemokine-
receptor signaling, which elevates alkaline phosphatase (ALP)-activity in osteoblasts to
initiate bone mineralization. Disintegration of the midline epithelial seam (MES) is
crucial for palatal fusion. Since we earlier demonstrated chemokine-receptor mediated
signaling by the MES, we hypothesized that chemokine CXCL12 is expressed by the
disintegrating MES to promote the formation of an osteogenic center by CXCR4-positive
osteoblasts. Disturbed migration of CNCCs by excess oxidative and inflammatory stress
is associated with increased risk of cleft lip and palate (CLP). The cytoprotective heme
oxygenase (HO) enzymes are powerful guardians harnessing injurious oxidative and
inflammatory stressors and enhances osteogenic ALP-activity. By contrast, abrogation
of HO-1 or HO-2 expression promotes pregnancy pathologies. We postulate that Sox9,
CXCR4, and HO-1 are expressed in the ALP-activity positive osteogenic regions within
the CNCCs-derived palatal mesenchyme. To investigate these hypotheses, we studied
expression of Sox9, CXCL12, CXCR4, and HO-1 in relation to palatal osteogenesis
between E15 and E16 using (immuno)histochemical staining of coronal palatal sections
in wild-type (wt) mice. In addition, the effects of abrogated HO-2 expression in HO-2 KO
mice and inhibited HO-1 and HO-2 activity by administrating HO-enzyme activity
inhibitor SNnMP at E11 in wt mice were investigated at E15 or E16 following palatal
fusion. Overexpression of Sox9, CXCL12, CXCR4, and HO-1 was detected in the ALP-
activity positive osteogenic regions within the palatal mesenchyme. Overexpression of
Sox9 and CXCL12 by the disintegrating MES was detected. Neither palatal fusion nor
MES disintegration seemed affected by either HO-2 abrogation or inhibition of HO-
activity. Sox9 progenitors seem important to maintain the CXCR4-positive osteoblast
pool to drive osteogenesis. Sox9 expression may facilitate MES disintegration and
palatal fusion by promoting epithelial-to-mesenchymal transformation (EMT). CXCL12
expression by the MES and the palatal mesenchyme may promote osteogenic
differentiation to create osteogenic centers. This study provides novel evidence that
CXCL12-CXCR4 interplay facilitates palatal osteogenesis and palatal fusion in mice.

Keywords: embryology, cranial neural crest cells, Sox9, osteogenesis, palatogenesis,
CXCL12-CXCR4, pathological pregnancy, heme oxygenase.
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Introduction

In the process of craniofacial development, cranial neural crest cells (CNCCs) migrate
from the lateral ridges of the neural plate to the first branchial arch to form the orofacial
region, including the maxilla, mandible, zygoma, trigeminal nerve, and muscles of
mastication3. CNCCs have to migrate and undergo proliferation and differentiation to
form the dentin and pulp of the teeth, connective tissues, cartilage, and bone of the
head*®. In animal studies, CNCCs populating the pharyngeal arches are characterized
by expression of transcription factor Sox9%7%, In addition, Sox9 acts as a key

11-14 and

transcription factor that is required for both early and late stages of osteogenic
chondrogenic differentiation'*?°. To initiate bone formation, CNCCs were found to form
aggregated cell masses in the orofacial mesenchyme?. In mice fetuses, Sox9 expression
has been observed in the osteogenic cell compartments in the craniofacial bones
between E12-E16'. CXCL12-CXCR4 chemokine-receptor signaling drives both
osteogenic and chondrogenic differentiation?!. CXCL12-CXCR4 signaling mediates both
immature and mature murine osteoblast development?%23, Moreover, CXCL12-CXCR4
signaling promotes Sox9-mediated chondrogenesis in synovium derived stem cells?*,
whilst blocking CXCL12-CXCR4 signaling inhibits chondrogenic differentiation in vitro'®.
However, Sox9 knockout (KO) mice show reduced CXCR4 expression in the kidney?>.

CXCL12-CXCR4 signaling regulates osteoblast formation by promoting alkaline
phosphatase (ALP)-activity in human?®?’, and murine osteoblasts?® in vitro. ALP-activity
is often used as a marker of osteoblastic development?®, and ALP KO mice demonstrate
defects in bone mineralization®*. Mesenchymal stem cells exposed to osteogenic
medium with CXCL12 demonstrated higher ALP-activity, supporting a role for CXCL12
in osteogenic differentiation in vitro®..

Since Sox9 expression was observed in the palatal shelves in mice fetuses at
E12.5, E13.5%, E14.53%33, and E153%, migrating CNCCs are thought to contribute to the
embryonic formation of the palate, named palatogenesis3>34. Palatogenesis is an
important event during craniofacial development of higher vertebrates®. Our basic
understanding of palatal morphogenesis comes principally from research conducted in
mice. Palatogenesis occurs during the intrauterine weeks 8-12 in humans and during
embryonic days E12—E15.5 in mice3®. Palatogenesis involves the vertically downward
outgrowth of the paired palatal shelves from the maxillary region, elevation above the
tongue (E14.5-E15), horizontal growth and adherence, formation of the midline
epithelial seam (MES), and eventually disintegration of the MES, allowing complete
palatal fusion (E15.5)3¢-38 Cranial neural crest-derived mesenchymal cells have to
undergo osteogenic differentiation to form the hard palate®. In mice, CNCCs form
aggregated cell masses to initiate palatal bone formation in the palatal mesenchyme in
mice between E14.5 and E16.5%%, In cultured mouse palatal shelves, inhibition of
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osteoblast differentiation by treatment with 10 mM lithium chloride prevented palatal
fusion®?,

Since CXCL12-CXCR4 expression was found to promote bone formation?>%3 and
ALP-activity®!, we postulate that both CXCL12 and CXCR4 are expressed within the
palatal mesenchyme to facilitate palatal osteogenesis. Transcription factor Sox9 may
promote CXCL12-CXCR4 signaling to initiate ALP-activity, facilitating osteoblast and
chondrocyte formation within the CNCCs derived mesenchyme, starting osteogenesis
in the developing orofacial region.

MES disintegration is crucial for palatal fusion*’. The main hypotheses
underlying MES disintegration during palatal fusion involve epithelial cell migration to
the oral®“* or nasal epithelium*° epithelial-to-mesenchymal transformation (EMT)*¢
48 epithelial cell apoptosis*>*°, or a combination of these events*’. We previously
demonstrated that the MES highly expresses chemokine CXCL11, suggesting its
involvement in recruiting CXCR3-positive macrophages to facilitate phagocytosis of
apoptotic cells of the disintegrating MES during palatal fusion®C. Notably, palatal bone
formation in mice starts at E14.5%%, simultaneously with MES disintegration3®38,
Therefore, we postulate that the MES might also express other chemokines involved in
other pathways, such as CXCL12, to promote maturation of immature CXCR4-positive
osteoblasts and ALP-activity to start palatal osteogenesis.

Disturbed migration of CNCCs to the orofacial region can lead to craniofacial
abnormalities®?. Exposure to reactive oxygen species (ROS), generated by diabetes,
infections, or social poisons, including maternal smoking, alcohol consumption, and
exposure to teratogens, was found to harm fetal growth and development and could
even lead to craniofacial anomalies in rats®?, zebrafish®>** and humans>>®°. ROS can
contribute to the etiology of congenital malformations by disrupting migration of
CNCCs to the orofacial region®L. In chick embryo, ROS production generated by caffeine
exposure was found to disturb CNCC migration, leading to asymmetrical
microphthalmia and abnormal orbital bone development®?,

During palatogenesis, failure of elevation, horizontal growth, adherence of the
palatal shelves, or disruption of MES formation and MES disintegration results in cleft
palate*®. Palatal clefting can be caused by disturbed migration of CNCCs to the orofacial
region®’. In humans, disruption of CNCC migration to the oral region can lead to cleft lip
and palate (CLP)! and Pierre Robin sequence, a congenital craniofacial anomaly
characterized by mandibular micrognathia, glossoptosis, and cleft palate®%4,

A combination of genetic and environmental factors is thought to play a role
in the etiology of orofacial clefting®®’. Mice lacking transcription factor Activating
Protein 2a (AP-2a) show hampered CNCC migration resulting in congenital anomalies,
including cleft palate®®. Repression of CNCC proliferation by inhibiting the transcription
factor family Zeb prevents fusion between cultured mice palatal shelves in vitro®.
Failure of palatal bone formation between E14.5 and E16.5 in mice is associated with
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cleft palate®®. Maternal smoking’®, alcohol consumption’?, and diabetes’?, associated
with oxidative and inflammatory stress’>7>, were found to increase the risk at babies
with CLP. Gestational treatment with nicotine inhibited palatal fusion by persistence of
the MES in mice fetuses’®’”. In pregnant CL/Fr mice, having an incidence of
spontaneous CLP of 35-40% in the offspring, exposure to hypoxia at E11 doubled the
incidence of CLP at E18, indicating that a combination of genetic susceptibility and
oxidative stress can result in CLP?8,

The heme oxygenase (HO) enzyme system protects against oxidative and
inflammatory stress by degrading the prooxidant heme, thereby generating free
iron/ferritin, carbon monoxide (CO), and the antioxidants biliverdin/bilirubin’®%%. These
HO-effector molecules regulate vasodilation, inhibit platelet aggregation, suppress
leukocyte adhesion, and reduce pro-inflammatory cytokine release®. The HO-system
consists of two functional isoforms; HO-1 has low basal levels but is strongly inducible,
whereas HO-2 is constitutively expressed®2. Downregulation of HO-1% and HO-2% in
human placenta is associated with spontaneous abortion, pre-eclampsia, and fetal
growth retardation. HO-2 KO mice demonstrated fetal growth restriction, severe
malformations, craniofacial anomalies®, and elevated endothelial inflammatory and
angiogenic factors®®>. HO-1 KO mice demonstrated a high prenatal mortality, with
survivors showing growth retardation, organ fibrosis, and inflammatory tissue
damage®. Others found that HO-1 KO mice are highly susceptible to ischemia,
reperfusion injury, and right ventricular infarction®”8, Induction of HO-1 decreased ROS
levels in obese diabetic mice®. Interestingly, HO-1 expression promoted ALP-activity in
the process of differentiation of osteoblast stem cells of human®°°3, mouse®, and rat
into osteoblasts®®. In human periodontal ligament cells, induction of HO-1 leads to
upregulation of osteogenic differentiation in vitro®®. However, blocking of HO-activity
has therapeutically been used in preterm infants since administration of SnMP, a
competitive inhibitor of HO-1 and HO-2, attenuates the development of
hyperbilirubinemia®’.

We postulate that Sox9, CXCR4, and HO-1 are expressed in the ALP-activity
positive osteogenic regions within the CNCCs derived mesenchyme during palatal
fusion in mice. Furthermore, we hypothesize that chemokine CXCL12 is expressed by
the disintegrating MES to promote the formation of an osteogenic center by CXCR4-
positive osteoblasts. In addition, we expect that increased levels of oxidative and
inflammatory stress in HO-2 KO mice, and further increase of these stress levels,
obtained by administration of HO-1 and HO-2 activity inhibitor SnMP at E11 in wt mice
disrupts the migration of CNCCs to the orofacial region, increasing the risk of cleft
palate.

In the present study, expression of Sox9, CXCL12, CXCR4, and HO-1 was studied
in relation to MES disintegration at E15 and palatal osteogenesis between E15 and E16
marked by ALP-activity, in wild-type (wt) mice using (immuno)histochemical staining of
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coronal palatal sections. Additionally, the effects of absence of HO-2 in HO-2 KO mice,
or inhibition of HO-1 and HO-2 activity using SnMP from E11 in wt mice on palatal bone
formation at E15 and E16, was investigated.

Materials and Methods

Mice selection and mating

Because HO-1 KO mice demonstrated severe pregnancy complications with a fetal loss
rate of more than 85%°¢, and HO-2 mice demonstrated to be viable®®, the HO-2 mouse
model was considered more suitable to collect fetuses for this study. Homozygote HO-
2 KO mice were generated by targeted disruption of the HO-2 gene with mixed 129Sv x
C57BL/6 background®1%, By quantitative realtime PCR, we previously confirmed the
genotypes of mice by showing that HO-2 mRNA was only present in samples from wt
fetuses, and not in HO-2 KO fetuses®. The wt mice strain with mixed 129Sv x C57BL/6
background were used to obtain fetuses for the control group. Both the wt (n = 7) and
HO-2 KO mice (n = 7) of 8 weeks old were bred and maintained in our animal facility.
Female wt mice were mated with wt males, and female HO-2 KO mice were mated with
HO-2 KO males. The next morning the mice were checked for the presence of a vaginal
copulation plug, taken as day O of pregnancy (gestational/embryonic day 0; E0)°%,
Preliminary experiments (Ethical permission # RU-DEC 2009-160) demonstrated that
both wt and HO-2 KO animals with mixed 129Sv x C57BL/6 background often did not
carry fetuses. The hormones Folligonan (Gonadotropin serum, Intervet Nederland BV,
Boxmeer, Netherlands) and Pregnyl (Human chorionic gonadotropin, NV Organon, Oss,
Netherlands) were used to enhance the chance of pregnancy. At day —3 at 16.00 h
Folligonan (6E in 30 ml) and at day —1 at 16.00 h Pregnyl (6E in 30 ml) was administered
by intraperitoneal (i.p.) injection. At first, 1 wt mouse and two HO-2 KO mice
demonstrated no plugged status. These animals were mated again 4 weeks later, and
all demonstrated a plugged status the next morning.

Female CD1 mice of 12—17 weeks old (n = 11) were mated with male mice from
the same strain at the animal facility of the animal suppliers Envigo (Venray,
Netherlands). The plugged CD1 mice were transported to our animal facility and could
acclimatize for at least 1 week before the start of the experiment. Absence of HO
expression (both isoforms HO-1 and HO-2) was found to severely affect embryonic
implantation®®. SNMP can bind to the enzymes HO-1 and HO-2, but cannot be broken
down by both isotypes, acting as a competitive inhibitor of the HO system'%?, Instead of
heme (iron protoporphyrin IX dichloride), SnMP (Sn mesoporphyrin IX dichloride)
consists of a protoporphyrin IX ring with tin in its center'®, SnMP was purchased from
Frontier Scientific (Carnforth, United Kingdom). SnMP was freshly dissolved with Trizma
base. The pH was adjusted to pH 7.6-8.0 with HCI, and further diluted till 10 mL with
H20. The SnMP solution was filter sterilized before administration. To study palatal
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fusion in the absence of HO-1 and HO-2 activity (later referred to as HO-activity),
pharmacological blocking of HO-activity in CD1 wt mice was obtained by administration
of SnMP at the start of palatogenesis at E11.

Sample size, housing, ethical permission

To detect an effect size of 0.40 (generalized estimation of the reduction in fetal body
weight following HO-2 abrogation/HO-activity inhibition) with power of 0.80 and a
significance level of 0.05 for the four groups (wt E15, HO-2 KO E15, wt CD1 E16, and wt
CD1 SnMP E16) a total sample size of n = 76 fetuses for this study was calculated by the
one-way ANOVA power analysis a priori (G*Power 3.1 software)®*. This indicated that
the mean sample size per group should comprise approximately 19 fetuses. We
estimated that the litter size could range from 8 to 18 fetuses, suggesting that each
group should contain three pregnant mice. The chance of conception was assumed to
be around 70%, indicating that for each group at least five mice should be mated.

The animals of both models were housed under specific pathogen-free housing
conditions with 12 h light/dark cycle and ad libitum access to water and powdered
rodent chow.

Ethical permission for the study was obtained according to the guidelines of
the Board for Animal Experiments of the Radboud University Nijmegen (Ethical
permission # RU-DEC 2012-166).

Studying chemokine expression by the MES in the presence or absence of HO-activity
To be able to study chemokine expression by the MES, fetuses should be studied before
the palatal shelves are completely fused. In wt mice the palatal shelves fuse between
E14.5 and E15.5. In this period, the MES disintegrates, allowing the formation of
mesenchymal confluence®®. Therefore, fetuses of E15 were suitable to study chemokine
expression by the disintegrating MES. In the absence of HO-2 expression chemokine
expression by the MES was examined in HO-2 KO fetuses of E15 (later referred to as
HO-2 KO E15). The E15 wt fetuses served as controls (later referred to as wt E15).

Stydying palatal fusion in the presence or absence of HO-activity

To investigate palatal clefting, fetuses should be studied beyond the time point of
palatal fusion. Since the epithelium of the palatal shelves loses its capacity to fuse at
E16, the absence of palatal fusion at E16 is diagnosed as palatal clefting3®. Therefore,
fetuses of E16 were suitable to study palatal fusion. In the absence of HO-activity,
obtained by SnMP administration, palatal fusion was examined in wt CD1 fetuses of E16
(later referred to as wt CD1 SNnMP E16). In the control group, no SnMP was administered
(later referred to as wt CD1 E16). All CD1 mice were randomly assigned to the wt CD1
E16 or wt CD1 SnMP E16 group.
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Isolation of mice fetuses

The plugged animals of both models were sacrificed by CO2/0: inhalation for 10 min,
and the uteri and fetuses were isolated and photographed (see Figure 1). The wt and
HO-2 KO mice were sacrificed at E15. Only three out of seven plugged wt mice, and four
out of seven plugged HO-2 KO mice carried fetuses. In total, 16 wt E15 fetuses and 11
HO-2 KO E15 fetuses were obtained. The CD1 wt mice, the controls, and SnMP
administered mice, were sacrificed at E16. In total of six out of six plugged wt mice of
the control group, and four out of five plugged wt mice of the SnMP group carried
fetuses. In total, 91 wt CD1 E16 fetuses and 56 wt CD1 SnMP E16 fetuses were obtained.

Fetal loss rate calculation

For the fetus-carrying mice of both models, the fetal loss rate, the percentage of non-
viable and hemorrhagic embryonic implantations to the total number of embryonic
implantations (non-viable or hemorrhagic embryonic implantations+fetuses) was
calculated.

Fetal body weight

To study the effects of the absence of HO-2 expression on fetal growth wt E15 fetuses
(n = 15) and HO-2 KO E15 fetuses (n = 4) were weighed. Unfortunately, when the
isolation of the uterus was performed for the first time, we weighed the fetuses in their
amniotic sacs together with their placentas. During preparation we noticed that in some
cases the amniotic fluid was partially leaked away caused by a perforation of the
amniotic membrane, making this method unreliable. Subsequently, it was decided to
perform the weighing of the fetuses separately from their amniotic sacs and placentas.
Therefore, the weight of 1 wt E15 and 7 HO-2 KO E15 fetuses was not collected. To
study the effects of HO-activity inhibition on fetal growth the wt CD1 E16 fetuses (n =
91) and wt CD1 SnMP E16 fetuses (n = 56) were weighed.

Paraffin embedding and section cutting of head samples

Fetuses were decapitated and the head samples were fixed for 24 h in 4%
paraformaldehyde and further processed for routine paraffin embedding. Serial coronal
sections through the secondary palate region of 5-um thickness were mounted on
Superfrost Plus slides (Menzel-Glaser, Braunschweig, Germany). The paraffin sections
were deparaffinized using Histosafe (Adamas Instrumenten B.V., Rhenen, Netherlands)
and rehydrated using an alcohol range (100%—90%—80%—-70%—35%—0%) for further
(immuno)histochemistry.
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Figure 1: Isolation of the uteri and mice fetuses. After sacrifice of the plugged mice the uteri were isolated:
(A) wt E15 mouse. (B) wt E15 mouse, (C) wt CD1 SnMP E16 mouse, (D,E) HO-2 KO E15 mouse. (F) Isolation of
the fetuses from the uterus of a HO-2 KO E15 mouse. Uterus containing 6 fetuses (green asterisks) in total.
Lower left panel: After removal of the fetuses five resorptions (red asterisks) were found (centimeter ruler).
Lower right panel: Overview of the six isolated fetuses with placenta (green asterisks).
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Palatogenesis classification of HE-stained palatal sections

Serial coronal palatal sections from the wt E15, HO-2 KO E15, wt CD1 E16 and wt CD1
SnMP E16 fetuses were routinely stained with hematoxylin and eosin (HE). Because the
palate is not fused in once, the four stages according to Dudas et al. (2007)3¢ and Suttorp
et al. (2017)*° can all be present on the same embryonic day. Therefore, the sections
were classified into the four stages of palatogenesis based on the anatomy of the
secondary palatal shelves: elevation, horizontal growth, midline adhesion, and fusion.
Per individual fetus palatogenesis was studied on multiple sections. A minimum of five
sections from five to seven head samples per group were essayed. Microscopic
photographs were taken using a Carl Zeiss Imager Z.1 system (Carl ZeissMicroimaging
Gmbh, Jena, Germany) with AxioVision (4.8 v) software (Zeiss, Gottingen, Germany). HE
series from the wt E15 and HO-2 KO fetuses were used as reference to obtain coronal
palatal sections containing the MES for (immuno)histochemical staining. HE series from
the wt CD1 E16 and wt CD1 SnMP E16 fetuses were used as reference to obtain coronal
palatal sections containing the middle region of the fusing palatal shelves for
(immuno)histochemistry.

Palatal osteogenesis identification by ALP-activity

ALP-activity is often used as a marker of osteoblastic development?®. In the coronal
palatal sections, increased expression of ALP-activity was found to indicate enhanced
differentiation of mesenchymal stem cells into osteoblasts!®1%  Therefore, in this
study ALP-positive stained regions were judged sites of initiated osteogenic
differentiation. Paraffin embedded sections were selected from the wt E15, HO-2 KO
E15, wt CD1 E16, and wt CD1 SnMP E16 fetuses. The sections were rinsed in
demineralized water. Then, the sections were incubated for 60 min with TRIS buffer at
37°C, followed by incubation with Medium Alkaline Phosphatase at 37°C for half an
hour. After rinsing with demineralized water, the sections were counterstained by Na-
acetate buffer 0.1M pH 5.1, continued with 0.1% Methyl green in Na-acetate buffer
with pH 5.1. The sections were briefly rinsed before mounting in Kaiser’s gelatin.
Microscopic photographs of the ALP-stained palatal sections were taken.

Immunofluorescence staining for Sox9, CXCR4, and HO-1 expression in the palate

For the Sox9 immunofluorescence staining, paraffin-embedded coronal palatal sections
from the wt E15 and HO-2 KO E15 fetuses containing a complete or partial MES were
selected. For the CXCR4 and HO-1, and the double-staining Sox9-CXCR4 and Sox9-HO-1
paraffin embedded sections from the wt E15, HO-2 KO E15, wt CD1 E16, and wt CD1
SnMP E16 fetuses were selected. Antigens were retrieved with citrate buffer at 70°C for
10 min, following by incubation in 0.015% trypsin in PBS at 35°C for 5 min. Next, the
sections were pre-incubated with 10% normal donkey serum (NDS) in phosphate-
buffered saline with glycine (PBSG). First, antibodies were applied overnight, see Table
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1, after rinsing, followed by the secondary antibodies, see Table 1, for 1 h. For the
double-staining, the second first antibodies were also applied overnight. Nuclear
staining was performed with DAPI. The sections were mounted with a glycerol based
mounting medium containing 1, 4-Diazobicyclo-(2,2,2-octane (DABCO). Microscopic
photographs of the immunofluorescence-stained sections were taken.

Table 1. First and secondary antibodies used for CXCL12, Sox9, CXCR4, and HO-1
immunohistochemical staining.

First Specificit Concentration Source
Antibody P y (ug/mL)
14-7992-81 CXCL12 10 Affymetrix eBioscience, San Diego, CA,
United States
Santa Cruz via Bio-Connect, Santa Cruz,
Sc 17340 Sox9 033 CA, United States
PA3-305 CXCRA4 333 Thermo Fisher Scientific, Waltham, MA,
United States
SPA 895 HO-1 2 Enzo Life Sciences BVBA, Bruxelles,
Belgium
Secondary Specificit Concentration
Antibody P y (ug/mL) color Source
Donkev anti Jackson Immunoresearch
101909 Key an 3,4 - Europe LTD, Ely,
Rabbit Biotine . .
United Kingdom
. Invitrogen Thermo Fisher
714270 %gtgy;‘u”;'r(ggjt 20 Red Scientific, Waltham, MA,
United States
. . Invitrogen Thermo Fisher
All00g ~ Goatanti Rabbit 4 Green Scientific, Waltham, MA,

Alexa Fluor 488 United States

Goat anti Rabbit Invitrogen Thermo Fisher

1777945 4 Red Scientific, Waltham, MA,
Alexa Fluor 594 United States

Immunohistochemical staining of palatal CXCL12 expression

Paraffin-embedded coronal palatal sections from the wt E15 and HO-2 KO E15 fetuses,
containing a full or partial MES, were selected. Endogenous peroxidase activity was
quenched with 3% H202 in methanol for 20 min. No antigen retrieval was used. Next,
the sections were pre-incubated with 10% NDS in PBSG. First antibody for CXCL12, see
Table 1, was diluted in 2% NDS in PBSG and incubated overnight at 4°C. After washing
with PBSG, sections were incubated for 60 min with a biotin-labeled second antibody
against host species, see Table 1, as previously described'”’. Next, the sections were
washed with PBSG and treated with avidin-biotin peroxidase complex (ABC) for 45 min
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in the dark. After extensive washing with PBSG, diaminobenzidine-peroxidase (DAB)
staining was performed for 10 min for the CXCL12 staining. Finally, the nuclei were
stained with Hematoxylin for 10 s and sections were rinsed for 10 min in water,
dehydrated, and embedded in distyrene plasticizer xylene (DPX). Microscopic
photographs of the CXCL12 stained sections were taken.

Quantification of CXCL12 immunoreactivity in the palatal epithelium

The CXCL12 immunostained coronal palatal sections from the wt E15 and HO-2 KO E15
fetuses were examined. Within each section the epithelium of the palatal shelves was
subdivided into three separate regions of interest (Inside, Outside, and Lateral nasal
wall) according to morphological characteristics (epithelium region classification) as
previously described®. The epithelial regions per single section were semi-
guantitatively scored according to the immunoreactivity scoring scale in three
categories: HIGH, MODERATE and LOW, for details see Figure 2. CXCL12
immunoreactivity was evaluated by two observers, independently and blinded for the
groups. The inter- and intra-examiner reliability was determined. For each individual
fetus the modus of the scoring per epithelial region was calculated.

A
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3

Figure 2: Palatal epithelium classification. (A) Coronal palatal section, e.g., HO-2 KO E15. (B) For each section
the palatal epithelial layers were subdivided into three regions of interest according to morphological
characteristics: (Inside) epithelium of the palatal shelves from the edge, including the MES, to half of the
width of the shelves (in red); (Outside) epithelium of the lateral half of the palatal shelves (in blue); (Lateral
nasal wall) epithelium of the lateral wall of the nasal cavity, this region is positioned outside the palatal
shelves and served as a control region (in yellow). Immunoreactivity scoring scale: Semi-quantitative scoring
of CXCL12 immunoreactivity within the epithelial regions according to the following scale: HIGH,
immunoreactivity present in almost the entire epithelial region; MODERATE, immunoreactivity present only
partially in the epithelial region; LOW, almost no immunoreactivity present in the epithelial region.
Immunoreactivity scored for the three regions of interest in a CXCL12 immunostained section. (C) Inside
region was scored as HIGH, in red. (D) Outside region was scored as MODERATE, in blue. Lateral nasal wall
region was scored as LOW, in yellow.

Quantification of CXCL12-positive cells in the palatal mesenchyme

Because the coronal palatal sections showed a significant variance in size of the palatal
shelves, CXCL12 staining was adjusted to the surface area. The individual cross-sectional
surface of the inner and outer half of each pair of shelves was measured using Fiji Image
J 1.51n software (Zeiss, Gottingen, Germany).
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Then, the number of CXCL12-positive cells within the outline of the inner and
outer half of the mesenchyme of the palatal shelves was counted, for details see Figure
3.

The number of mesenchymal CXCL12-positive cells/mm? per inner and outer
half of the palatal mesenchyme per section was calculated. Cell counting was
performed by two observers, independently and blinded for the groups. The inter- and
intra-examiner reliability was determined. For each individual fetus the mean number
of mesenchymal CXCL12-positive cells/mm? per inner and outer half of the
mesenchyme of the palatal shelves was calculated.

Figure 3: Palatal shelf cross-sectional surface measurement determining the number of CXCL12-positive
immunostained cells/mm? within the mesenchyme. (A) The individual cross-sectional surface of the inner
half (in green) and outer half (in orange) of each palatal shelf was measured. (B) A square scale bar was drawn
in the microscopic picture of 1,000 x 1,000 mm (mm?) and the total number of pixels was determined (e.g.,
HO-2 KO E15: 1 mm? = 635,000 pixels), data not shown. The contour of the mesenchyme was drawn (yellow
line). The number of pixels for this area was determines by the Fiji Image J 1.51n software (10,424 pixels).
The number of CXCL12-positive stained cells within this mesenchymal area of the palatal shelves was counted
(e.g., inner half contains 31 CXCL12-positive cells. The number of cells/mm? was calculated (635,000/10,424
x 31 = 1888 cells/mm?).

Statistical analysis

The fetal loss rate of the wt E15 and HO-2 KO E15 fetuses, and the wt CD1 E16 and wt
CD1 SnMP E16 fetuses, showed a non-normal distribution as evaluated by the
Kolmogorov- Smirnov test (KS-test). The differences in fetal loss rate between those
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groups were compared using the non-parametric Kruskal- Wallis ANOVA on ranks test
and Dunn’s Multiple Comparison post hoc test.

The fetal body weight of the wt E15 and HO-2 KO E15 fetuses showed a normal
distribution as evaluated by the KS-test. To compare differences between those groups
the Independent-Samples T-test was performed. The fetal body weight of the wt CD1
E16 and wt CD1 SnMP E16 fetuses showed a non-normal distribution as evaluated by
the KS-test. The nonparametric Mann-Whitney test was used to compare differences
between both groups.

The CXCL12 immunoreactivity in the three regions of interest of the palatal
epithelium of the wt E15 and HO-2 KO E15 fetuses was semi-quantitatively scored and
analyzed using the nonparametric Kruskal-Wallis ANOVA on ranks test and Dunn’s
Multiple Comparison post hoc test to compare differences between both groups.

The number of CXCL12-positive cells/mm? within the outline of the inner and
outer half of the palatal mesenchyme of the wt E15 and HO-2 KO E15 fetuses was
guantitatively scored and showed a normal distribution as evaluated by the KS-test. The
data was analyzed using the ANOVA and Tukey’s multiple comparison post hoc test to
compare differences between the inner and outer half of the palatal mesenchyme of
both groups.

To determine the inter- and intra-examiner reliability for the semi-quantitative
data of the CXCL12 immunoreactivity in the epithelium, the Cohen’s kappa coefficient
was calculated. Acceptable scores >0.80 were obtained for the semi-quantitatively
scoring.

To determine the inter- and intra-examiner reliability, the coefficient of
determination (R?) was calculated by the square of the Pearson correlation coefficient
for the quantitative data of the CXCL12-positive cells/mm? in the palatal mesenchyme.
Acceptable scores > 0.80 were obtained for the counting.

Differences were considered significant if p < 0.05. All statistical analyses
were performed using Graphpad Prism 5.03 software (GraphPad Software, San Diego,
CA, United States).

Results

MES disintegration despite HO-2 abrogation and palatal fusion despite HO-activity
inhibition from E11

In the HE-stained coronal palatal sections of the wt E15 and HO-2 KO E15 fetuses, the
tips of the palatal shelves were attached and disintegration of the MES was found. In
the HE-stained sections from the wt CD1 E16 and wt CD1 SnMP E16 fetuses, the palatal
shelves were fused. Representative palatal section per group was shown in Figure 4.
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wt E15 HO-2 KO E15
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wt CD1 E16 wt CD1 SnMP E16

Figure 4: MES disintegration despite HO-2 abrogation and palatal fusion despite HO-activity inhibition from
E11. In the HE-stained coronal palatal sections of the wt E15 and HO-2 KO E15 fetuses, the palatal shelves
were attached and disintegration of the MES was found. In the HE-stained coronal palatal sections from wt
CD1 E16 and wt CD1 SnMP E16 fetuses, the palatal shelves were fused. Representative palatal section per
group was shown.
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Palatal osteogenesis during MES disintegration is normal despite HO-activity
inhibition
In the coronal palatal sections of the wt E15 and HO-2 KO E15 fetuses, clusters of ALP-
positive-stained mesenchymal cells including small bone matrix depositions were found
in the regions lateral of the fusing palatal shelves and lateral near the nasal septum. No
disruption of ALP expression due to HO-2 abrogation was found. In the coronal palatal
sections of the wt CD1 E16 and wt CD1 SnMP E16 fetuses, clusters of ALP-positive-
stained mesenchymal cells surrounding large areas of bone depositions were found in
both the center and lateral regions of the palatal shelves, and lateral near the nasal
septum. Because of their ALP-activity, and their location around bone depositions,
these ALP-positive clustered cells were regarded as osteoblast progenitors and
osteoblasts.

No disruption of ALP-activity due to HO-activity inhibition was found.
Representative sections per group are shown in Figure 5.

The clusters of ALP-positive-stained mesenchymal cells of the fusing palate
were considered as palatal osteogenic centers and determined as region of interest for
studying CXCL12, CXCR4, and Sox9 expression.

A
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Figure 5: Palatal osteogenesis during MES disintegration: (A) Upper panel: Histochemical stained coronal
palatal section for ALP-activity, representative for the wt E15 and HO-2 KO E15 fetuses. Middle panel:
Magnification of the central part of the fusing palate including the MES. The palatal mesenchymal cells
demonstrated positive staining for ALP-activity. Green panel: Magnification of the nasal septum. A cluster of
ALP-activity positive-stained mesenchymal cells was found in the region lateral from the nasal septum
including some small bone matrix depositions (red arrow). Red panel: Magnification of the lateral part of the
palatal shelve. A cluster of ALP-positive stained mesenchymal cells was found including small bone matrix
depositions (red arrow). (B) Upper panel: Histochemical stained sections through the maxilla for ALP-activity,
representative for the wt CD1 E16 and wt CD1 SnMP E16 fetuses. Middle panel: Magnification of the central
part of the fusing palate. A cluster of ALP-positive stained mesenchymal cells including bone matrix
depositions was found at the former location of the MES and was regarded as an osteogenic center. Green
panel: Magnification of the nasal septum. A cluster of ALP-positive-stained mesenchymal cells surrounding a
large area of bone matrix deposition (red arrow) was found. Red panel: Magnification of the lateral part of
the palatal shelve. A cluster of ALP-positive-stained mesenchymal cells in the lateral part of the fusing palate
surrounding a large area of bone matrix deposition (red arrow) was found.

Sox9 expressing cells present in the MES and palatal osteogenic centers

In both wt E15 and HO-2 KO E15 fetuses, Sox9 high expressing cells were found in the
disintegrating MES. Moreover, clusters of Sox9-positive mesenchymal cells were found
in the osteogenic centers in the lateral parts of the fusing palate and at the oral side of
the forming nasal septum. Regarding their clustered arrangement in the osteogenic
centers, it was assumed that these Sox9-positive cells are predominantly osteoblast
progenitors. Furthermore, Sox9 expressing mesenchymal cells were present in the
cartilage of the nasal septum, and are likely chondroblasts because of their specific
position, see Figure 6. The non-specific autofluorescence is shown in Figure 7A.
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Figure 6: Sox9 expressing cells in the MES and the palatal osteogenic centers. Upper panels: Fluorescent
immunohistochemical-stained coronal palatal sections for Sox9-activity (red), representative for the wt E15
fetuses and HO-2 KO E15 fetuses. Middle panels: Strong Sox9 expressing cells (red) were found in the
remnants of the MES. Green panels: Sox9 expressing mesenchymal cells were present in the osteogenic
centers at the oral side of the forming nasal septum, and in the cartilage of the nasal septum. Red panels:
The osteogenic centers in the lateral parts of the fusing palate demonstrated clusters of strong Sox9
expressing cells.

(4]
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Figure 7: Immunofluorescence background staining for Sox9 (A) and CXCR4 (B). (A) This coronal palatal
section of the HO-2 E15 fetus is not incubated with the first antibody for Sox9, but just 2% NDS in PBSG. Little
nonspecific red staining is shown. (B) This coronal palatal section of the HO-2 KO E15 fetus is not incubated
with the first antibody for CXCR4 but just 2% NDS in PBSG. Little nonspecific green staining is shown,
predominantly erythrocytes demonstrated nonspecific staining.

Figure 8: CXCR4 expressing cells in the palatal osteogenic centers. (A) Upper panel: Fluorescent
immunohistochemical-stained coronal palatal section for CXCR4 expression (green), representative for the
wt E15 and HO-2 KO E15, e.g., HO-2 KO. Middle panel: Within the disintegrating MES almost no CXCR4
expressing cells were found. Green panel: Near the forming nasal septum clusters of strong CXCR4 expressing
cells were found. Also within the cartilage of the forming nasal septum CXCR4 expressing cells were present.
Red panel: The osteogenic centers in the lateral parts of the fusing palate demonstrated clusters of strong
CXCR4 expressing cells. (B) Upper panel: Fluorescent immunohistochemical stained coronal palatal section
for CXCR4 expression (green), representative for the wt CD1 E16 and wt CD1 SnMP E16 fetuses, e.g., wt CD1
SnMP E16. Middle panel: in the osteogenic centers in the central part of the fusing palate clusters of CXCR4-
positive-stained mesenchymal cells were found. Green panel: Near the forming nasal septum clusters of
strong CXCR4 expressing cells were found. Also within the cartilage of the forming nasal septum CXCR4
expressing cells were present. Red panel: The osteogenic centers in the lateral parts of the fusing palate
demonstrated clusters of strong CXCR4 expressing cells.
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CXCR4 expressing cells in the palatal osteogenic centers

In both wt E15 and HO-2 KO E15 fetuses, clusters of CXCR4-positive mesenchymal cells
were found in the osteogenic centers in the lateral parts of the fusing palate. No CXCR4
expression was found within the disintegrating MES. In the wt CD1 E16 and wt CD1
SnMP E16 fetuses, CXCR4- positive stained cells in the osteogenic centers in both the
central and lateral parts of the forming palate were found.

Furthermore, at the oral side of the forming nasal septum CXCR4 expressing
cells were found at E15 and E16, see Figure 8. Regarding their clustered arrangement
in the osteogenic centers, these CXCR4-positive mesenchymal cells were supposed to
be primarily osteoblasts.

In the cartilage of the nasal septum, the observed CXCR4-positive cells were
considered generally chondroblasts. The non-specific staining of the second antibody
for CXCR4 is shown in Figure 7B.

Most CXCR4-positive cells in the palatal osteogenic centers are not positive for Sox9
In both wt and HO-2 KO E15 fetuses, clusters of Sox9 expressing cells surrounding
CXCR4-positive cells in the osteogenic centers in the lateral parts of the forming palate

were found, see Figure 9.

A
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Figure 9: Most CXCR4-positive cells in the palatal osteogenic centers are not positive for Sox9. (A) Upper
panel: Fluorescent immunohistochemical double-stained coronal palatal section for Sox9 (red) with CXCR4
(green), representative for the wt E15 and HO-2 KO E15 fetuses. Middle panel: Near the disintegrating MES
only a few Sox9-CXCR4 double-positive stained cells (white arrow) were found. Green panel: In the
osteogenic centers near the forming nasal septum clusters of Sox9 expressing cells together with CXCR4
expressing cells. Red panel: The osteogenic centers in the lateral parts of the fusing palate demonstrated
clusters of Sox9 expressing cells near CXCR4 expressing cells. (B) Upper panel: Fluorescent histochemical
double-stained coronal palatal section for Sox9 (red) with CXCR4 (green), representative for the wt CD1 E16
and wt CD1 SnMP E16 fetuses. Middle panel: In the osteogenic centers in the central part of the fusing palate,
almost no Sox9-CXCR4 double-positive stained cells were found. Green panel: Near the forming nasal septum
clusters of Sox9 expressing cells were found near CXCR4 positive cells. Also in the cartilage of the nasal septum
CXCR4 positive cells were found close to Sox9 positive cells. Red panel: The osteogenic centers in the lateral
parts of the fusing palate demonstrated clusters of Sox9 expressing cells near CXCR4 expressing cells.

Only a few Sox9-CXCR4 double-positive stained cells were found near the
remnants of the MES. In the wt CD1 E16 and wt CD1 SnMP E16 fetuses, almost no Sox9-
CXCR4 double-positive stained cells were found in the osteogenic centers in the central
part of the forming palate. In general, less Sox9 expressing cells were found in the
palatal mesenchyme in the wt CD1 E16 and wt CD1 SnMP E16 fetuses compared to the
wt E15 and HO-2 KO E15 fetuses. In the osteogenic centers, Sox9 expressing cells were
surrounding CXCR4-positive cells. At the oral side of the forming nasal septum CXCR4
expressing cells near Sox9 expressing cells were found at E15 and E16. The observation
that Sox9-positive cells were located close to CXCR4-positive cells surrounding the
osteogenic centers supports the suggestion that these Sox9-positive cells could be
osteoblast progenitors to maintain the osteoblast pool to drive osteogenesis.
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Figure 10: HO-1 expressing cells in the palatal osteogenic centers. (A) Upper panel: Fluorescent
histochemical stained coronal palatal section for HO-1 expression (green), representative for the wt E15 and
HO-2 KO E15 fetuses. Middle panel: In the mesenchyme near the disintegrating MES some HO-1 expressing
cells (white arrow) were found. Green panel: Near the forming nasal septum clusters of strong HO-1
expressing cells were found. Red panel: The osteogenic centers in the lateral parts of the fusing palate
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demonstrated clusters of strong HO-1 expressing cells. (B) Upper panel: Fluorescent histochemical-stained
coronal palatal section for HO-1 expression (green), representative for the wt CD1 E16 and wt CD1 SnMP E16
fetuses. Middle panel: In the central part of the fusing palate some HO-1 expressing cells were found. Green
panel: Near the forming nasal septum clusters of strong HO-1 expressing cells were found. Red panel: The
osteogenic centers in the lateral parts of the fusing palate demonstrated clusters of strong HO-1 expressing
cells.

HO-1 expressing cells in the palatal osteogenic centers

In both wt E15 and HO-2 KO E15 fetuses, HO-1-positive-stained cells were found in the
osteogenic centers in the central part but mainly in the osteogenic centers in the lateral
parts of the forming palate. In the wt CD1 E16 and wt CD1 SnMP E16 fetuses, a few HO-
1-positive stained cells were found in the osteogenic centers in the central part, but
clusters of HO-1-positive stained cells were dominantly found in the osteogenic centers
in the lateral parts of the forming palate. At the oral side of the forming nasal septum,
HO-1 expressing cells were found at E15 and E16, see Figure 10. Since many HO-1-
positive cells were found in the osteogenic centers, they were considered
predominantly osteoblasts.

Most HO-1-positive cells in the palatal osteogenic centers are not positive for Sox9
In both wt and HO-2 KO E15 fetuses, only a few Sox9-HO-1 double-positive stained cells

were found near the remnants of the MES, see Figure 11.

A
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Figure 11: Most HO-1 positive cells in the palatal osteogenic centers are not positive for Sox9. (A) Upper
panel: Fluorescent histochemical double-stained coronal palatal section for Sox9 (red) with HO-1 (green),
representative for the wt E15 and HO-2 KO E15 fetuses. Middle panel: Near the disintegrating MES Sox9-HO-
1 double-positive-stained cells (white arrow) were sporadically found. Green panel: In the osteogenic centers
near the forming nasal septum clusters some HO-1 expressing cells were found. Furthermore, some solitary
HO-1 expressing cells (yellow arrow) were found. In the cartilage of the nasal septum, multiple Sox9
expressing cells were found. Red panel: The osteogenic centers in the lateral parts of the fusing palate
demonstrated clusters of HO-1 expressing cells, and solitary strong HO-1 expressing cells (yellow arrows) in
the mesenchyme. (B) Upper panel: Fluorescent histochemical double-stained coronal palatal section for Sox9
(red) with HO-1 (green), representative for the wt CD1 E16 and wt CD1 SnMP E16 fetuses. Middle panel: In
the fusing palate clusters of HO-1, expressing cells were found within the palatal osteogenic centers. Green
panel: Near the forming nasal septum clusters of HO-1 expressing cells were found. In the cartilage of the
nasal septum multiple Sox9 expressing cells were found. Red panel: The osteogenic centers in the lateral
parts of the fusing palate demonstrated clusters of HO-1 expressing cells.

In the wt CD1 E16 and wt CD1 SnMP E16 fetuses, HO-1 expressing cells were
found in the osteogenic centers in the central part of the forming palate, but almost no
Sox9-HO-1 double-positive stained cells were found. At the oral side of the forming
nasal septum, clusters of HO-1 expressing cells were present.

The examination that Sox9-positive cells surrounded the osteogenic centers
containing multiple HO-1- positive cells possibly means that osteoblast progenitors are
not HO-1 positive.
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CXCL12 expression present in the MES and palatal osteogenic centers

Chemokine CXCL12 was significantly higher expressed in the inside epithelial region
including the MES (Inside) of the wt E15 and HO-2 KO E15 fetuses compared to the
other epithelial layers of the fusing palatal shelves (Outside), and the lateral epithelium
of the nasal cavity (Lateral nasal wall) (p < 0.001), see Figures 12A,B.

CXCL12 expressing cells were also observed in the mesenchyme of the palatal
shelves, but the number of CXCL12-positive cells/mm? in palatal section showed no
significant difference between the wt E15 and HO-2 KO E15 fetuses, and between the
inner half and outer half (p = 0.85), see Figure 12C. Based on their uniformly
distribution, most of these CXCL12-positive cells in the palatal mesenchymal were
considered to be fibroblasts.

Furthermore, the osteogenic centers in the lateral parts of the fusing palate
demonstrated clusters of strong CXCL12 expressing cells. Considering their clustered
arrangement in the osteogenic centers, these CXCL12-positive cells were thought to be
osteoblast progenitors or osteoblasts.

Also within the cartilage of the forming nasal septum CXCL12 expressing cells
were present, and these cells were regarded as chondroblast because of their specific
location, see Figure 12A.

A
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@®
(@]

CXCL12 epithelial scoring scale

Figure 12: CXCL12 expression in the MES and palatal osteogenic centers. (A) Upper panel: Coronal palatal
section stained for CXCL12 expression, representative for the wt and HO-2 KO fetuses. Middle panel:
Magnification of the central part of the fusing palate including the MES. The MES demonstrated strong
CXCL12 expression. CXCL12-positive cells were also found in the palatal mesenchyme. Green panel: The
osteogenic centers at the lateral/oral side of the nasal septum demonstrated clusters of strong CXCL12
expressing cells. Also in the cartilage of the forming nasal septum CXCL12 expressing cells were present. Red
panel: The osteogenic centers in the lateral parts of the fusing palate demonstrated clusters of strong CXCL12
expressing cells. (B) Box-and-whisker plot with 10-90 percentiles of semi-quantitative assessment of the
CXCL12 expression in the palatal epithelial layers (scoring scale in three categories: 1 = HIGH, 2 = MODERATE
and 3 = LOW) compared for the different regions in sections from wt E15 (n = 7) and HO-2 KO E15 fetuses (n
=10), *** = p <0.001. (C) Bar chart of the number of mesenchymal CXCL12-positive cells cells/mm? compared
for the wt E15 (n = 7) and HO-2 KO E15 fetuses (n = 10) between the outline of the inner and outer half of the
mesenchyme. Data are shown as mean + SD. No statistically significant differences in CXCL12 expression were
found (p = 0.85).

Fetal resorption independent of HO-2 expression and HO-activity

Approximately half of the wt E15 and HO-2 KO E15 fetuses were resorbed. Contrarily,
in the wt CD1 E16 and wt CD1 SnMP E16 fetuses, the number of fetal resorptions was
low (less than 7%).
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Figure 13: Fetal resorption independent of HO-2 KO expression and HO-activity. (A) Box-and-whisker plot
with 10-90 percentiles of quantitative assessment of the fetal loss ratio in the wt (n = 3) and HO-2 KO
pregnant mice (n =4) at E15, and wt CD1 mice (n = 6) and wt CD1 SnMP mice (n = 4) at E16, *p < 0.05. (B) The
uteri were photographed, the green asterisk indicated a fetus, the red asterisk indicated a fetal resorption.
Representative uterus per group was shown. (C) Isolated fetus with placenta and isolated fetal resorption
from the uterus.

142



CXCL12-CXCR4 interplay facilitates palatal osteogenesis in mice.

Higher fetal loss rate was found in the HO-2 KO E15 group compared to both
the wt CD1 E16 and wt CD1 SnMP groups (p < 0.05), see Figure 13. Disruption of HO-2
expression and HO-activity inhibition both did not result in increased fetal loss (p >
0.05).

Fetal body weight is decreased by absence of HO-2 expression but increased by HO-
activity inhibition from E11

The HO-2 KO E15 fetuses demonstrated a reduced fetal body weight compared to the
wt E15 fetuses (p = 0.0416), see Figures 14A,B. On the other hand, in CD1 fetuses of
E16, inhibition of the HO-activity by SnMP from E11 increased the fetal body weight (p

< 0.0001), see Figures 14C,D. A representative fetus per group is shown in Figures
148B,D.

A

B wt E15 HO-2 E15
0,22¢g 0,15g
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D wt CD1 E16 wt CD1 SnMP E16
0,73 g 0,85g

Figure 14: Fetal body weight decreases by disruption of HO-2, but increases by HO-activity inhibition from
E11. (A) Bar chart of the fetal body weight of the wt E15 fetuses (n = 15) and HO-2 KO E15 fetuses (n = 4),
*p < 0.05. Data are shown as mean + SD. (B) Representative fetus per group was shown (centimeter ruler).
(C) Box-and-whisker plot with 10-90 percentiles of quantitative assessment of the body weight of the wt
CD1 E16 fetuses (n = 91) and wt CD1 SnMP E16 fetuses (n = 56), ***p < 0.001. (D) Representative fetus per
group was shown (centimeter ruler).

Discussion

We found clusters of Sox9 expressing cells surrounding CXCR4-positive cells in the ALP-
positive osteogenic centers of the palatal shelves at E15 and E16 in wt mice. However,
most Sox9 positive cells in the palate were not positive for CXCR4 expression.
Furthermore, we showed that chemokine CXCL12, the ligand of receptor CXCR4, was
overexpressed within these palatal osteogenic centers. Sox9, CXCR4, and CXCL12
expressing cells were also observed within the cartilage of developing nasal septum,
suggesting their involvement in chondrogenesis. Several in vitro and in vivo studies on
the role of CXCL12-CXCR4 signaling in relation to bone formation have been
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performed!®, CXCL12 expression in non-differentiated mesenchymal stem cells in bone
was demonstrated, but toward the end of osteogenic differentiation CXCL12 was
downregulated??. Deletion of CXCL12 in osteoprogenitor cells resulted in decreased
bone mass in the femur bone in mice'®. CXCL12 antibody administration inhibited new
bone formation during the repair of femoral bone graft in mice!'°. CXCR4 KO fetuses of
E18.5 were smaller and showed deficient bone marrow development compared to the
controls!!, CXCR4-deficient bone marrow-derived mesenchymal stromal stem cells
from mice exhibited impaired osteogenic differentiation in response to BMP2
stimulation in vitro*. Primary cultures for osteoblastic cells derived from CXCR4 KO
mice showed decreased proliferation and impaired osteoblast differentiation in
response to BMP2 or BMP6 stimulation in vitro??. Additionally, disruption of CXCR4
receptor in mouse hematopoietic stem cells led to increased endogenous ROS
production!!3. Since our results showed that Sox9 and CXCR4 do not have overlapping
expression, we suggest that Sox9-positive cells are osteoblast progenitors. maintaining
the osteoblast pool to drive osteogenesis, and that both CXCL12 and CXCR4 are later
expressed by the mature osteoblasts. Furthermore, we propose that Sox9 expression
and CXCL12-CXCR4 signaling in the cartilage of the nasal septum develop chondroblast
formation. Since CXCL12-CXCR4 signaling promotes osteoblast formation, it is
suggesting that CXCL12 expression by the disintegrating MES is a major initiator of
palatal osteogenesis.

Studies on CXCL12-CXCR4 signaling in the developing palate are scarce. We
provided novel evidence that chemokine CXCL12, the ligand of receptor CXCR4, was
overexpressed by the epithelial cells of the MES, possibly to activate osteoblasts
progenitors to facilitate palatal bone formation. In human palatal sections, CXCR4
expression was observed within the MES!'4. On the contrary, in our study we did not
observe CXCR4 overexpression within the disintegrating MES. We could not find other
studies that demonstrated CXCR4 expression in the MES. It is suggesting that CXCL12
expression by the disintegrating MES is a major initiator of palatal osteogenesis. Besides
chemokine CXCL12, the disintegrating MES demonstrated strong expression of Sox9.
Although Sox9 expression is demonstrated in the developing palatal shelves in mice
fetuses®34, to our knowledge we are the first who demonstrated Sox9 expression
specifically in the disintegrating MES. Sox9 signaling showed to be essential in the EMT
mechanism in non-small-cell lung carcinoma cells**>*®, mouse embryonic mammary

117 mouse gastric cancer cells!'®, human colorectal cancer cells*®, human

121 122

cells
hepatocellular carcinoma cells'?°, thyroid cancer cells'?!, and avian neural crest cells
in vitro. Therefore, it's tempting to speculate that Sox9 expression near the MES is
involved in EMT processes, turning the basal epithelial layer of the MES into
mesenchyme during palatal fusion.

Our novel hypothetical model (Figure 15) proposes that CXCL12-CXCR4

signaling facilitates osteogenesis during palatal fusion in mice. Expression of Sox9 in
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osteoblast progenitors was thought to initiate osteogenic differentiation by promoting
CXCL12-CXCR4 signaling. CXCL12 expression by the MES and osteogenic centers in the
fusing palatal shelves could promote maturation of immature CXCR4-positive
osteoblasts. Sox9 progenitors thus seem important to maintain the CXCR4-positive
osteoblast pool to drive osteogenesis. Furthermore, Sox9 expression found in the MES
may in addition regulate MES disintegration by the process of EMT.

MES

Palatal shelf I Palatal shelf

Palatal osteogenesis EMT Palatal osteogenesis

Sox9 @ CXCL12 =
CXCR4 €

ALP activity

Figure 15: Hypothetical model: CXCL12-CXCR4 interplay facilitates palatal osteogenesis. We propose that
the CXCL12-CXCR4 interplay facilitates osteogenesis during palatal fusion in mice. Expression of transcription
factor Sox9 in osteoblast progenitors was thought to initiate differentiation into osteoblasts by promoting
CXCL12-CXCR4 signaling. CXCL12 expression in the midline epithelial seam (MES) could promote maturation
of immature CXCR4-positive osteoblast. Sox9 progenitors maintain the CXCR4-positive osteoblast pool to
drive osteogenesis. Furthermore, Sox9 expression found in the MES, possibly regulates MES disintegration by
the process of epithelial-to-mesenchymal transformation (EMT).

Only a few Sox9-positive cells in the palatal mesenchyme were also positive for
HO-1. Studies on the role of HO-activity on embryonic craniofacial development in mice
are limited®°. As far as we know, this is the first study on the effects of inhibition of HO-
1 and HO-2 by SnMP administration during palatogenesis. Adult HO-1 KO mice
demonstrate growth retardation!?3, but HO-2 KO mice were found to be
morphologically indistinguishable from wt mice!®. In rat, HO-1 inhibition by zinc
deuteroporphyrin IX 2,4 bis glycol resulted in a significant decrease in pup size'?*. This
study showed that neither adhesion of the palatal shelves nor Sox9 and CXCL12
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expression by the MES was affected by HO-2 KO disruption. We found that
pharmacologically blocking of HO-activity by SnMP did not disturb palatal fusion or
expression of Sox9, CXCR4, HO-1, and ALP-activity in the osteogenic regions.

Besides the absence of HO-activity, we did not further disturb the pregnancy
by additional oxidative and inflammatory stress. Interestingly, HO-1 expression, but not
HO-2, was found to rescue mesenchymal stem cells from H20:-induced cell death in
vitro?®. It is likely that the role of HO is underestimated when its function is studied
only during normal physiological conditions. For future experiments we consider
combining HO-activity inhibition with heme administration in different dose to study
the effects of higher oxidative and inflammatory stress levels at palatal fusion. More
research is needed to elucidate the relation between HO-activity and palatogenesis
during stress-induced pathological pregnancy.

In our study, HO-2 abrogation demonstrated no increased fetal loss since both
the HO-2 KO mice and wt mice showed a high fetal loss rate. Others found that HO-2
KO mice were fertile®>1%, although, no information was provided about the litter size.
In another study, an increased abortion rate in mice was experimentally generated by
lipopolysaccharide (LPS) injection at E18 in a dose-dependent fashion?6, A limitation of
the present study was the relatively small number of wt E15 and HO-2 KO E15 fetuses.
Although we tried to enhance the fertility by administration of the hormones Folligonan
and Pregnyl before mating, only three out of seven plugged wt mice, and four out of
seven plugged HO-2 KO mice carried fetuses. It is suggested that the low fertility and
high fetal loss rate in our mice with mixed 129Sv x C57BL/6 background possibly have
dominated the effects of HO-2 abrogation in this study. However, our data could not
provide evidence for this statement. The low fertility could possibly be explained by the
excessive inbreeding within the colony. For future studies this problem could be solved
by breeding homozygous HO-2 knockouts with hybrid 129Sv x C57BL/6 wt mice. By
breeding the resulting heterozygotes, wt and homozygous HO-2 KO mice would then
be obtained. HO-activity inhibition from E11 was not found to increase the fetal loss
rate compared to the controls. HO-activity inhibition by administration of zinc
mesoporphyrin early in pregnancy in mice between E0-E6 was also found to increase
the abortion rate®*'?’, We demonstrated that HO-2 KO fetuses showed a reduced fetal
body weight, but, interestingly, pharmacological blocking of HO-activity by SnMP
administration at E11 resulted into a higher fetal body weight. This suggests that during
implantation HO-activity promotes fetal growth, whereas HO-activity at later moments
(E11-E16) inhibits embryonal growth. In fact, others showed that adult HO-2 KO mice
were obese, induced by disrupted metabolic homeostasis, caused by insulin resistance
and elevated blood pressure®?®. It would then be interesting to investigate whether
induction of HO-1 could indeed counteract this obesity. However, no difference in

129

phenotype was found between HO-2 KO and wt mice by others'*>. We hypothesize that
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HO-activity is especially essential during implantation and early embryonic
development, but stress-level-dependent in the later stages of fetal development.

In conclusion, our results support the hypothesis that CXCL12-CXCR4 interplay
facilitates palatal osteogenesis during palatal fusion in mice. To the best of our
knowledge, this is the first study demonstrating Sox9 and CXCL12 expression in the
disintegrating MES and other palatal osteogenic centers. Neither CXCL12 expression
during the MES disintegration nor palatal fusion was affected by HO-2 abrogation or
inhibition of HO-activity. Further research is needed to unravel the role of
cytoprotective HO-activity in the presence of additional oxidative and inflammatory
stresses in relation to the development of craniofacial malformations, including palatal
clefting.
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Abstract

Both infectious as non-infectious inflammation can cause placental dysfunction and
pregnancy complications. During the first trimester of human gestation, when
palatogenesis takes place, intrauterine hematoma and hemorrhage are common
phenomena, causing the release of large amounts of heme, a well-known alarmin. We
postulated that exposure of pregnant mice to heme during palatogenesis would initiate
oxidative and inflammatory stress, leading to pathological pregnancy, increasing the
incidence of palatal clefting and abortion. Both heme oxygenase isoforms (HO-1 and
HO-2) break down heme, thereby generating anti-oxidative and -inflammatory
products. HO may thus counteract these heme-induced injurious stresses. To test this
hypothesis, we administered heme to pregnant CD1 outbred mice at Day E12 by
intraperitoneal injection in increasing doses: 30, 75 or 150 umol/kg body weight (30H,
75H or 150H) in the presence or absence of HO-activity inhibitor SnMP from Day E11.
Exposure to heme resulted in a dose-dependent increase in abortion. At 75H half of the
fetuses where resorbed, while at 150H all fetuses were aborted. HO-activity protected
against heme-induced abortion since inhibition of HO-activity aggravated heme-
induced detrimental effects. The fetuses surviving heme administration demonstrated
normal palatal fusion. Immunostainings at Day E16 demonstrated higher numbers of
ICAM-1 positive blood vessels, macrophages and HO-1 positive cells in placenta after
administration of 75H or SnMP + 30H. Summarizing, heme acts as an endogenous
“alarmin” during pregnancy in a dose-dependent fashion, while HO-activity protects
against heme-induced placental vascular inflammation and abortion.

Keywords: embryology, cleft palate, abortion, placenta, vascular inflammation, heme,
heme oxygenase, oxidative stress, inflammatory stress, ICAM-1, macrophage.
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Abbreviations

ABC Avidin-biotin peroxidase complex
ANOVA Analysis of variance

BCRP Breast Cancer Resistance Protein

CLP Cleft lip and palate

co Carbon monoxide

DAB Diaminobenzidine-peroxidase

DPX Distyrene plasticizer xylene

EO Gestational/Embryonic day 0

F4/80 EGF-like module-containing mucin-like hormone receptor-like 1
HCI Hydrochloric acid

HE Haematoxylin and eosin

HO Heme oxygenase

Hp Haptoglobin

Hpx Hemopexin

ICAM-1 Intercellular adhesion molecule-1
IL-1B Interleukine-1 beta

KO Knockout

KS-test Kolmogorov-Smirnov test

LPS Lipopolysaccharide

LRP1 Low density lipoprotein receptor-related protein 1
MAP Morbidly Adherent Placenta

MES Midline epithelial seam

NDS Normal donkey serum

NF-kB Nuclear factor kappa B

Nrf2 Nuclear factor (erythroid-derived 2)-like 2
PBSG Phosphate-buffered saline with glycine
PGE: Prostaglandin E2

PIF Pre-Implantation Factor

SD Standard deviation

SnMP Tin mesoporphyrin

TLR-4 Toll-like receptor-4

TNFa Tumor necrosis factor-alfa

Wt Wild-type
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Introduction

Cleft lip and palate (CLP) is a serious orofacial birth defect affecting approximately
1/750 newborns worldwide with ethnic and geographical variation®. CLP is associated
with various problems related to facial growth, feeding, speech, hearing and
psychosocial status®. Palatogenesis is a dynamic and complex process and requires
elevation, growth and adhesion of both palatal shelves, formation of the midline
epithelial seam (MES), disintegration of this MES and arrangement of mesenchymal
confluence. Failure of one of these events results in palatal clefting®. Both genetic and
environmental factors play a role in the etiology of CLP®. Environmental factors such as
infections, maternal smoking and alcohol use may increase the risk of congenital
abnormalities, including CLP%’. Both infectious and non-infectious placental
inflammation can cause pregnancy complications and poor perinatal outcome2,

During the first trimester of human gestation, intrauterine hematoma is
commonly present®!?, causing the release of large amounts of the alarmin heme**2,
We and others previously demonstrated that this free heme is responsible for a wide
variety of inflammatory pathologies, including adverse effects in sickle cell disease,
malaria, sepsis and kidney failure!*'’. Heme was revealed to have the potential of
threatening vascular endothelial cells¥, and oxidation of hemoglobin to
methemoglobin was shown to lead to the liberation of heme moieties??, triggering a
pro-oxidant and cytotoxic environment in the vasculature?®?!. Oxidation of heme to
ferryl state also provokes inflammatory response???3, Free heme administration was
found to generate vascular oxidative and inflammatory stress following TLR4 activation,
resulting in hampered wound repair, intrauterine fetal growth restriction and fetal
abortion'%?*?7_ Intrauterine hematoma/hemorrhage is associated with an increased
risk of early and late pregnancy loss?®, although its volume, location, gestational age,
duration and the presence of vaginal bleeding determine the pregnancy outcome®?%3,

To protect against the adverse effects of free heme diverse defense systems
are present. Free hemoglobin and heme molecules are first scavenged by haptoglobin
(Hp) and hemopexin (Hpx), respectively®3?, whereas the Breast Cancer Resistance
Protein (BCRP) may further protect against heme-induced toxicity by exporting heme
molecules across the plasma membrane?’. The injurious effects of free heme molecules
may also be counteracted by the antioxidant enzyme system heme oxygenase (HO)3.
HO is a key regulator during embryonic development including placentation, spiral
artery remodeling and blood pressure control?>343>, Reduced HO-activity in the human
placenta is associated with placental inflammation, including expression of adhesion
molecules, influx of inflammatory cells, pre-eclampsia, fetal growth retardation and
even abortion3436-3 HO-1 is the highly inducible isoform, while HO-2 is constitutively
expressed®. We previously demonstrated that abrogation of HO-2 expression in mice
led to fetal growth restriction and craniofacial anomalies?.
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By degrading heme, the HO system generates the products free iron/ferritin,
carbon monoxide (CO), and biliverdin/bilirubin3?3*, These HO effector molecules
upregulate vasodilation and anti-apoptotic signaling, inhibit platelet aggregation and
reduce leukocyte adhesion and pro-inflammatory cytokine expression3. Heme release
following kidney surgery in mice was found to activate the inflammasome in
macrophages by inducing the cytokine IL-1B*, while HO-1 inhibited the induction of IL-
1B in acute inflammatory arthritis in mice*?.

We postulate that exposure of pregnant mice to heme during palatogenesis
initiates oxidative and inflammatory stress, leading to pathological pregnancy,
increasing the incidence of palatal clefting and abortion. We expect that HO-activity
protects against heme-induced pregnancy pathology, while HO-activity inhibitors
exacerbate heme-induced inflammatory insults.

Materials and Methods

Mice selection, mating, housing, ethical permission

To obtain fetuses for this study, plugged CD1 outbred mice, 12-17 weeks of age, were
purchased from Envigo, Venray, The Netherlands (n = 31), and from Charles River,
Sulzfeld, Germany (n = 7). At the facility of the animal supplier, the female mice were
mated with CD1 outbred male mice for 1 day and checked for the presence of a vaginal
copulation plug on the next morning, taken as Day 0 of pregnancy
(Gestational/Embryonic Day 0, EQ)*. The plugged animals were transported to our
animal facility and housed under specific pathogen-free housing conditions with 12 h
light/dark cycle and ad libitum access to water and powdered rodent chow (Sniff, Soest,
The Netherlands). The animals could acclimatize for at least 1 week before the start of
the experiment. All mice were randomly assigned to the control or experimental groups
by drawing lots. Ethical permission for the study was obtained according to the
guidelines of the Board for Animal Experiments of the Radboud University Nijmegen
(Ethical permission # RU-DEC 2012-166; date: 20 August 2012).

Heme and/or SnMP administration, sample size, animal welfare monitoring

To investigate palatal clefting, fetuses should be studied beyond the time point palatal
fusion takes place. In wt mice the palatal shelves fuse between embryonic Day E14.5
and E15.5, and the capacity to fuse is lost after Day E16**. Fetuses of Day E16 were
therefore considered suitable for studying palatal clefting.

Plugged CD1 females were subdivided for the heme administration in different
doses: 30, 75 or 150 umol/kg body weight (referred to as heme 30H, 75H and 150H,
respectively). Heme was administered via intraperitoneal (i.p.) injection at Day E12, see
Figure 1.
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Figure 1. Administration of heme and/or SnMP in plugged mice via intraperitoneal injection. Plugged mice
received SnMP (30 umol/kg body weight) at Day E11 and/or heme in different dose (30, 75 and 150 umol/kg
body weight) at Day E12 by intraperitoneal (i.p.) injection. All plugged mice were killed by CO,/0; inhalation
for 10 min at Day E16; the uteri were removed; and the fetuses and placentas were isolated. The first animals
that received administration of SnMP + 75H (n = 4) or 150H (n = 3) demonstrated resorption of all fetuses.
Since no fetuses could be obtained, the remaining animals of both groups (n = 4) were reassigned to the SnMP
+ 30H group and 75H group. The plugged animals were eventually divided into 7 groups as follows: control n
=6,SnMPn=5,30Hn=6,SnMP +30Hn=7,75Hn=7,SnMP + 75H n =4, 150H n = 3. In total, 38 uteri were
removed. In 1 mouse from the SnMP group, 2 mice from the 30H group and 2 mice from the SnMP + 30H
group, no non-viable/hemorrhagic embryonic implantations or fetuses were found in the uterus, and those
animals were regarded as not pregnant. Furthermore, in 2 mice of the 75H group, total abortion had occurred.
Finally, from 24 mice (control n=6, SnMP n=4,30H n =4, SnMP + 30H n =5, 75H n = 5) in total, 294 fetuses
and placentas were obtained (control n =91, SnMP n =56, 30H n = 43, SnMP + 30H n = 58, 75H n = 46).

Tin mesoporphyrin (SNMP) can bind strongly to the HO-1 and HO-2 enzyme,
but cannot be broken down by both isotypes, therefore acting as a competitive inhibitor
of HO-activity*>*®. To abrogate the HO system prior to heme administration half of the
animals of the 30H and 75H groups received SnMP 30 pumol/kg body weight (later
referred to as SNMP) via i.p. injection at E11.

In addition, the control group received neither heme nor SAMP, while another
group received SNnMP only. Heme and SnMP were purchased from Frontier Scientific,
Carnforth, UK.

Heme and SnMP were freshly dissolved with Trizma base. The pH was adjusted
to pH 7.6-8.0 with HCl. The heme and SnMP solution were filter sterilized before
administration.
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To detect an effect size of 0.25 (generalized estimation of the reduction in fetal
and placental weight in the experimental groups) and a significance level of 0.05 for the
7 groups with power of 0.80, a total sample size of n = 231 fetuses for this study was
calculated by the one-way ANOVA power analysis a priori (G*Power 3.1 software)?’.
This indicated that the mean sample size per group should comprise approximately 33
fetuses.

We estimated that the litter size could range from 14 to 18 pups, suggesting
that each group should contain at least 3 pregnant mice. The chance of conception was
assumed to be around 70%, indicating that for each group at least 5 mice should be
mated.

Animal welfare was monitored daily during the stay at our animal facility, and
the degree of discomfort after administration was scored according to the guidelines of
the Board for Animal Experiments of the Radboud University Nijmegen.

Adult mouse body weight comparison

At embryonic Days E12 and E15, the plugged mice were weighed. The body weight
comparison, the percentage of the weight change between Days E12 and E15, of the
pregnant mice, not pregnant mice and the mice that demonstrated total abortion was
calculated. The status pregnant, not pregnant or total abortion was confirmed by
examination of the uterus.

Fetal loss rate and fetal number calculation

At Day E16, the animals were killed by CO2/02 inhalation for 10 min. All fetuses were
isolated from the uterus, see Figure 2A. The fetuses were separated from the placentas.
For the fetus-carrying mice, the fetal loss rate, the percentage of non-viable and
hemorrhagic embryonic implantations to the total number of embryonic implantations
(non-viable or hemorrhagic embryonic implantations + fetuses), and the fetal number
were calculated.

Placental weight and fetal body weight and length

All fetuses and placentas were weighed. The body length of the fetuses was measured
on photographs using Fiji Image J 1.51n software (National Institutes of Health,
Bethesda,MD, USA), see Figure 2B.

Paraffin embedding and selection cutting of head and placenta samples

The fetuses were decapitated, the head samples and placentas were fixed for 24 h in
4% paraformaldehyde and further processed for routine paraffin embedding. Serial
coronal sections of 5-um thickness, through the secondary palate in head samples and
through the middle part of the placenta, were mounted on Superfrost Plus slides
(Menzel-Glaser, Braunschweig, Germany).
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Figure 2. Isolation of fetuses and placentas and measurement of fetal body length and placental section
surface area. (A) After sacrifice of the plugged mice at Day E16, the uteri were isolated (centimeter ruler). (B)
The fetuses were separated from the placentas, photographed and a scale bar was drawn at the centimeter
ruler of 10 mm, and the total number of pixels of the bar was determined (e.g., 30H; 100 pixels). A line
depicting the length of the body of the fetus was drawn and the number of pixels was recorded (e.g., 205
pixels). The body length was calculated (e.g., 205/100 = 2.05 cm). (C) Placental sections surface area
measurement. Coronal sections through the middle of the placenta (e.g., Sh(MP and ICAM-1 immunostaining).
A scale bar was drawn at the ruler in each photograph of 1000 um and the total number of pixels of the bar
was determined (e.g., 201 pixels). The surface of 1000 pm x 1000 um (1mm?) included the total number of
40,401 (201 x 201) pixels. The outline of the total placenta was drawn, and the number of pixels was recorded
(e.g., 530,523 pixels). Next, the total section surface was calculated (e.g., 530,523/40,401 = 13.1 mm?).

Hematoxylin-Eosin staining of palatal sections and immunohistochemical stainings of
placental sections

Selected paraffin embedded palatal and placental sections were deparaffinized using
Histosafe (Adamas Instruments B.V., Rhenen, The Netherlands) and rehydrated using
ethanol (100-96%). Then, the endogenous peroxidase quenching step with 3%
hydrogen peroxide in methanol was performed, followed by further rehydration by
ethanol 96% till PBS. The palatal sections were routinely stained with Hematoxylin and
Eosin (HE). Antigens were retrieved with citrate buffer at 70°C for 10 min, followed by
incubation in 0.015% trypsin in PBS at 35 °C for 5 min. Next, the placental sections were
pre-incubated with 10% normal donkey serum (NDS) in phosphate-buffered saline with
glycine (PBSG). Primary antibodies (Table 1) for cytokine IL-1B, vascular adhesion
molecule-1 (ICAM-1), macrophage marker F4/80% and HO-1 were diluted in 2% NDS in
PBSG and incubated overnight at 4°C. After washing with PBSG, sections were
incubated for 60 min with a biotin-labeled secondary antibody (Table 2), as previously
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described®. Next, the sections were washed with PBSG and treated with avidin-biotin
peroxidase complex (ABC) for 45 min in the dark. After extensive washing with PBSG,
diaminobenzidine (DAB)-peroxidase staining was performed for 10 min. Finally, the
nuclei were counterstained with Hematoxylin for 10 s and sections were rinsed for 10
min in water, dehydrated and embedded in distyrene plasticizer xylene (DPX).

Microscopic photographs of the HE and immunohistochemical stained sections
were taken using a Carl Zeiss Imager Z.1 system (Carl Zeiss Microimaging GmbH, Jena,
Germany) with AxioVision 4.8 v software (Zeiss, Gottingen, Germany).

The palatal sections were classified into 4 stages of palatogenesis based on the
anatomy of the palatal shelves, as previously described by Dudas et al.**. Per individual
fetus, the presence of palatal fusion was studied on multiple transversal sections.

Table 1. Primary antibodies used for immunohistochemical staining for IL-18, ICAM-1, F4/80 and HO-1.
Source and used concentrations of the antibodies are described.

First Antibody Specificity Concentration (ug/mL) Source
sc-1252 IL-1B 0.2 2aAr,nSSC/-{UZ Biotechnology, Santa Cruz,
cD54 ICAM-1 0.34 ’lf‘recitr]eei:fﬁgsvia Sanbio, Uden, The
A3-1 (ab6640) F4/80 10 ét;f;ig:i(%aerngrli(dge Biomedical Campus,
SPA 895 HO-1 1.0 Stressgen, Victoria, BC, USA

Table 2. Secondary antibodies used for immunohistochemical staining for IL-18, ICAM-1, F4/80 and HO-1.
Source and used concentrations of the antibodies are described.

ieclondary Specificity Concentration SEE

ntibody (ug/mL)
705-065-147  Donkey anti-goat Biotin 2.8 éﬁg‘\‘;‘?%“fﬂg&oreseamh West
711-065-147  Donkey anti-rabbit Biotin 2.0 éﬁg’f{i‘)’g:‘ﬂg’:"eseamh West
712-065-153 Donkey anti-rat Biotin 4.6 é&:gtse?r;x?ﬁggoresearch West
711-065-147  Donkey anti-rabbit Biotin 2.0 Jackson Immunoresearch West

Grove, PA, USA

Quantification of IL-1B, ICAM-1, F4/80 and HO-1 immunoreactivity in placental
sections

Because the transversal sections through the middle of the placenta showed a
significant variance in size, immunoreactivity was adjusted to surface area. The specific
surface area per placental section was measured using Fiji Image J 1.51n software, see
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Figure 2C. The number of IL-1B and ICAM-1 positive blood vessels and the number of
F4/80 (macrophages) and HO-1 positive cells within the outline of the placental sections
were counted, and the mean number per mm? per group was calculated.

The counting was performed twice, by two observers (C.M.S. and
F.A.D.T.G.W.), independently and blinded for the groups. The inter- and intra-examiner
reliability was determined

Statistical analysis

The data for fetal loss rate, adult mouse body weight comparison, the number of ICAM-
1 positive blood vessels/mm? and macrophages/mm? in placental sections were
guantitatively scored and showed a normal distribution as evaluated by the
Kolmogorov—Smirnov test (KS-test). The data were analyzed using ANOVA and Tukey’s
multiple comparison post hoc test to compare the differences between the groups.

The data for fetal number, placenta weight, fetal body weight, fetal body
length, the number of IL-1B positive blood vessels/mm? and HO-1 positive cells/mm?in
placental sections were quantitatively scored and showed a non-normal distribution as
evaluated by the KS-test. The data were analyzed using the non-parametric Kruskal—
Wallis ANOVA on ranks test and Dunn’s Multiple Comparison post hoc test to compare
differences between the groups.

To determine the inter- and intra-examiner reliability, the coefficient of
determination (R?) was calculated by the square of the Pearson correlation coefficient,
and acceptable scores > 0.80 were obtained for the counting.

Differences were considered significant if p < 0.05. All statistical analyses of the
data were performed using GraphPad Prism 5.03 software (GraphPad Software Inc.©,
San Diego, CA, USA).

Results

HO-activity protects against heme-induced abortion
We studied the consequences of HO-activity inhibition and the dose-dependent effects
of heme administration on fetal development in mice. Higher fetal loss rate was found
in the 75H group (p < 0.01) compared to the control group where just one fetal
resorption in total was found, see Figure 3.

In both the 150H group (p < 0.001) and SnMP + 75H group (p < 0.001), only
abortions were observed, which was significantly more compared to the 75H group. In
mice receiving SnMP, no abortions were found.
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mice determined at E16, compared for the different heme and/or SnMP administrations (control n = 6; SnMP
n=4;30Hn=4;SnMP +30H n=5; 75H n=7; SnMP + 75H n = 4; 150H n = 3). Data are shown as mean * SD.
*p<0.05, ** p<0.01, *** p<0.001. (B) The isolated uteri were photographed, the green asterisk indicated
a fetus, the red asterisk indicated a fetal resorption. A representative uterus per group is shown. (C-G)
Isolated fetal resorptions from different groups (centimeter ruler). Fetal resorption showing an amniotic sac
that contained an abnormal yellow-brownish pigmentation of the amniotic fluid (E,F), characteristic for the
presence of free heme molecules. (H) Part of the uterus containing an amorphic mass because of total
abortion (centimeter ruler).

The observed total abortions corresponded with the body weight of the
plugged mice between Days E12 and E15, see Figure 4. As expected, compared to the
non-pregnant mice, the pregnant mice showed an increase in body weight (p < 0.001),
whereas mice that demonstrated total abortion showed body weight reduction (p <
0.01).
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Figure 4. Adult mouse body weight comparison, fetal number, fetal body weight and placental weight
affected by HO-activity inhibition and heme administration. (A) Bar chart for the adult mouse body weight
comparison, the percentage (%) of the weight change between Days E12 and E15. Unfortunately, the weight
at Day E15 was unintentionally not collected from two pregnant mice (75H group) and two mice that
demonstrated abortion (SnMP + 75H and 75H groups). Eventually, the body weight comparison of the
pregnant mice (n = 22; controln =6, SnMP n=4,30H n=4,SnMP + 30H n =5, 75H n = 3), not pregnant mice
(n=5;SNMP n=1,30H n=2, SnMP + 30H n = 2) and mice that demonstrated total abortion (n=7; 75H n =
1,SnMP + 75H n =3, 150H n = 3) was calculated. Data are shown as mean * SD. (B) Box-and-whisker plot with
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10-90 percentiles of quantitative assessment of the fetal number (number of fetuses per pregnant mouse of
the different groups). Number of pregnant mice per group; control n =6, SAMP n =4, 30H n =4, SnMP + 30H
n=15,75H n=7. Number of fetuses per group: control n =91, SnMP n = 56, 30H n = 43, SnMP + 30H n = 58,
75H n = 46. (C) Box-and-whisker plot with 10-90 percentiles of quantitative assessment of the placental
weight of the different groups (control n =91, SAMP n =56, 30H n = 43, SAMP + 30H n = 58, 75H n = 46). Box-
and-whisker plot with 10-90 percentiles of quantitative assessment of the (D) fetal body weight and (E) fetal
body length of the fetuses of the different groups (control n =91, SnMP n =56, 30H n =43, SnMP + 30H n =
58, 75H n = 46) were measured. * p < 0.05, ** p < 0.01, *** p < 0.001.

No adult mice died after heme and/or SnMP administration. The treated
plugged mice demonstrated normal behavior, and the different experimental groups
scored only a low to mild degree of discomfort.

Fewer fetuses per pregnant mouse in the 75H group (p < 0.01) were obtained
compared to the controls, see Figure 4B. In the other experimental groups (30H, ShnMP
and SnMP + 30H), the fetal number was also lower compared to the controls, but this
trend did not reach statistical significance (p > 0.05).

Placental weight increase after HO-activity inhibition

Considering that downregulation of HO-1 and HO-2 expression in humans’ placenta is
associated with placental pathology3*3¢3%, and placentas from HO-1*~ mice were
lighter than those from wt mice®, we studied the effect of heme administration and
the absence or presence of HO-activity at the mouse placental weight. The placentas
were heavier in the SnMP group (p < 0.001) compared to the groups without SnMP
administration, i.e., control, 30H and 75H groups, see Figure 4C. A higher placental
weight was found in the SnMP + 30H group (p < 0.01) compared to the control and 30H
groups.

Fetal body size increase after inhibition of HO-activity and heme administration
Because downregulation of HO-1 expression in human placentas is associated with
preghancy complications and mouse fetuses from HO-1*~ pregnancies were smaller
than those from wt pairings®, the effect of HO-activity inhibition and/or heme
administration on mouse fetal body size was examined. Administration of SnMP
increased the fetal body weight (p < 0.001) and fetal body length (p < 0.05) compared
to the controls, see Figure 4D,E, respectively. Administration of 75H also significantly
increased fetal body weight (p < 0.001) and fetal body length (p < 0.001) compared to
the controls. A representative fetus per group is shown in Figure 5A.

Palatal fusion despite inhibition of HO-activity and heme administration

As activation of pro-inflammatory pathways increased the risk of palatal clefting in
humans®”1, the effects of inhibition of HO-activity and/or heme administration on
palatal fusion was studied in mice. The palatal shelves were fused in the fetuses at Day
E16, and disintegration of the MES was found in palatal sections from fetuses of both
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the control and the different experimental groups: 30H, 75H, SnMP and SnMP + 30H. A
representative HE stained palatal section per group is shown in Figure 5B. In the
surviving fetuses, no effects on palatal fusion were found despite inhibition of HO-
activity and/or exposure to heme.

Figure 5. Palatal fusion despite inhibition of HO-activity and heme administration. (A) A representative fetus
per group is shown: fetus control, 1.96 cm, 659.5 mg; fetus SAMP, 1.94 cm, 846.3 mg; fetus 30H, 1.95 cm,
832.3 mg; fetus SnMP + 30H, 1.69 cm, 654.1 mg; fetus 75H, 2.43 cm, 1125.9 mg (centimeter ruler). (B) The
palatal sections were classified into four stages of palatogenesis based on the anatomy of the palatal shelves:
elevation, horizontal growth, midline adhesion and fusion. Representative HE staining palatal sections
(magnification: x100) of the different groups: control; SnMP; 30H; SnMP + 30H; 75H. Fusion of the shelves of
the secondary palate, together with disintegration of the MES, was observed in all fetuses of the control and
different experimental groups. A minimum of five transversal sections from at least five head samples per
group was assayed.

Inhibition of HO-activity reduces IL-1f expression in placental blood vessels
Others found that IL-1B induction is counteracted by HO-1 activity during acute
inflammatory arthritis in mice®?. Here, the effects of exposure to ShMP and/or different
heme doses, respectively, five and four days after administration, on IL-1B expression
in mouse placenta were studied.

Lower numbers of IL-1§3 positive blood vessels were found after administration
of SnMP (median = 2.91/mm?) compared to the control (median = 11.0/mm?; p < 0.01)
and 30H group (median = 13.1/mm?; p < 0.001), see Figure 6A,B. Lower numbers of IL-
1B positive blood vessels were also found after administration of SnMP + 30H (median
=4.13/mm?) compared to the 30H group (median = 13.1/ mm?; p < 0.01).
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Figure 6. Quantification of IL-1B, ICAM-1, F4/80 and HO-1 immunoreactivity in placenta. (A) Placental
sections stained for immunoreactivity of IL-1B, ICAM-1, F4/80 and HO-1. Representative IL-1B, ICAM-1, F4/80
and HO-1 immunostaining in placenta from the control and experimental groups. Green asterisk indicates IL-
1B positive blood vessel, ICAM-1 positive blood vessel, F4/80 positive macrophage and HO-1 positive cell,
respectively. (B) Box-and-whisker plot with 10-90 percentiles of quantitative assessment of the IL-1pB positive
blood vessels/mm? compared for the different heme and/or SnMP administrations. (C) Bar chart of ICAM-1
positive blood vessels/mm? compared for the different heme and/or SnMP administrations. Data are shown
as mean + SD. (D) Bar chart of number of macrophages/ mm? compared for the different heme and/or SnMP
administrations (control n = 6; SAMP n =7; 30H n = 6; SNnMP + 30H n = 7; 75H n = 5). Data are shown as mean
+ SD. (E) Box-and-whisker plot with 10-90 percentiles of quantitative assessment of the HO-1 positive
cells/mm? compared for the different heme and/or SnMP administrations. Quantification of IL-1B8, ICAM-1,
F4/80 and HO-1 immunoreactivity in placenta (Control n = 6; SAMP n =7; 30H n = 6; SnMP + 30H n = 7; 75H
n=>5). * p<0.05, ** p<0.01, *** p < 0.001. A minimum of five sections from a minimum five placentas per
group was assayed.

Heme-induced ICAM-1 expression in placental blood vessels is counteracted by HO-
activity
Since we and others previously demonstrated that heme can induce adhesion molecule
expression in vascular endothelial cells?®°2°3, we examined whether heme exposure
and/or HO-activity inhibition could alter the expression of ICAM-1 in placenta in mice.
Higher numbers of ICAM-1 positive blood vessels were found after
administration of 75H (mean=6.6/mm?; p < 0.05) compared to the controls, see Figure
6A,C. In addition, more ICAM-1 positive blood vessels were found after administration
of SNMP + 30H (mean = 10.3/mm? p < 0.001) compared to the control (mean =
1.43/mm?), 30H (mean = 2.76/mm?) and SnMP groups (mean = 2.87/mm?).
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Placental macrophage recruitment increases after heme administration and
decreased HO-activity

Since ICAM-1 expression was increased following exposure to 75H and SnMP + 30H, we
assessed whether there was also enhanced influx of macrophages in the activated
endothelium. Downregulation of HO-activity in human placenta is associated with
inflammatory cell influx3*3¢. We therefore studied the effects of HO-activity inhibition
and heme administration at the placental macrophage influx in mice. Higher numbers
of macrophages were found after administration of 75H (mean = 4.6/mm?2) compared
to the control (p < 0.05), 30H (p < 0.001) and SNnMP groups (p < 0.001), see Figure 6A,D.
Increased macrophage influx was also found after administration of SnMP + 30H (mean
= 5.3/mm?, p < 0.001) compared to the control (mean = 1.6/mm?), 30H (mean =
0.8/mm?) and SNMP groups (mean = 0.6/mm3).

Placental HO-1 expression increases after heme administration

Since heme, the substrate of the HO system, was found to induce HO-1
expression3>3*3  we investigated whether heme administration resulted in
upregulation of placental HO-1 expression. Higher numbers of HO-1 positive cells were
found after administration of 75H (median = 10.0/mm?2) compared to the control
(median = 0.7/mm?; p <0.001) and 30H group (median = 1.5/mm?; p < 0.05), see Figure
6A,E. Higher numbers of HO-1 positive cells were also found after administration of
SnMP + 30H (median = 7.4/mm?) compared to the control (p < 0.001) and 30H group (p
< 0.05). Notably, HO-1 positive cells were predominantly found in the perimetrium, the

thin outer epithelial cell layer of the placenta.

Discussion

This study demonstrated that mimicking intrauterine hemorrhage/hematoma by i.p.
administration of the endogenous “alarmin” heme, at Day E12 in pregnant mice, causes
abortion/resorption in a dose-dependent fashion. No effect on the fusion of the palatal
shelves was found in the surviving fetuses. Since we found a fetal loss rate of 50% in
the 75H group, we were only able to study palatogenesis at Day E16 in the limited
number of surviving fetuses.

Harmful effects of heme exposure have also been found in humans since
uterine hematomas are associated with increased risk at intrauterine growth
restriction, preterm delivery, and miscarriage®>’. In our study, HO-activity rescued
fetuses from heme-induced abortion. Administration of 75H led to fetal loss in half of
the fetuses, however, blocking the HO-activity by SnMP prior to 75H administration
resulted in total abortion. Blocking of HO-activity by i.p. injection of zinc mesoporphyrin
in mice earlier during pregnancy at Days EO and E3°%, E4 and E6 was previously found
to increase the abortion rate3%>8, In mice undergoing abortion, downregulation of both
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HO-1 and HO-2 was found in placental tissue compared to normal pregnant mice at Day
E14°°. We previously found fetal growth restriction, severe malformations, and
craniofacial anomalies in HO-2 KO fetuses at Day E15%. By contrast, upregulation of HO-
1 by cobalt-protoporphyrin3®, or exposure to carbon monoxide® a product of heme
break-down, rescued abortion-prone CBA/J x DBA/2)J fetuses from abortion.

Notably, in our study no increased abortion was found after i.p. injection of
SnMP at E11 alone. By contrast, the fetal body size was even increased after HO-activity
inhibition, suggesting that HO-activity might be more crucial during implantation
compared to fetal development at a later stage. Interestingly, others showed that adult
HO-2 KO mice were obese, induced by disrupted metabolic homeostasis, caused by
insulin resistance and elevated blood pressure®l. Furthermore, in HO-2 KO mice
increased brain edema was observed after intracerebral hemorrhage®?. In rats
resuscitated from cardiac arrest, induction of HO-1 by hemin reduced brain edema
improved neurologic outcome®. In contrast, SnMP administration reduced
intracerebral mass in an intracerebral hemorrhage model in pigs by decreasing both
hematoma and edema volumes®*. Although the literature shows conflicting results, we
cannot rule out that edema formation contributed to the fetal body size increase after
HO-activity inhibition. However, we show here that HO-activity is also crucial for
protecting against the injurious actions of heme at later stages during embryonic
development.

Similarly, i.p. injection of another TLR4-ligand, lipopolysaccharide (LPS)
increased abortion in rats and mice in a dose-dependent matter®>. However,
administration of different anti-inflammatory drugs protected against LPS-induced
abortion. In rats, administration of azithromycin®” and, in mice, administration of
vitamin D3%, berberine® , Pre-Implantation Factor (PIF)’°, curcumin’?, sildenafil’? or
heparin’? protected from LPS-induced abortion. For example, HO-1 expression in
mouse placenta demonstrated also a dose- and time-dependent protection following
exposure to LPS”3. Interestingly, almost all of these protecting agents are also potent
HO-1 inducers’#78, suggesting that HO-1 also protects against the injurious effects of
other TLR4-ligands besides heme.

In human placental endothelial cells, exposure to LPS was found to induce IL-
1B expression within 24 h in vitro”®. Increased levels of IL-1B were found in placental
endothelial cells following exposure for 24 h to trophoblast debris from preeclamptic
placentae in vitro®.. In human pregnancies with reduced fetal movement increased
placental expression of IL-1B was observed compared to the controls, although some
controls also demonstrated some IL-1B expression®2.

Expression of the pro-inflammatory cytokine IL-1f was observed in blood
vessels in the placentas of the controls, as well as in placentas exposed to 30H and 75H.
Recent data show that heme exposure triggers the NLRP3 inflammasome pathway,
inducing IL-1B production in human endothelial cells in vitro®. Intrauterine infections
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are able to trigger the expression of IL-1B, which stimulates uterine contractions®, by
elevating PGE; levels and myometrial contractility®. By contrast, HO-1 was found to
inhibit IL-1B induction during acute inflammatory arthritis in mice*?, however, we
observed that HO-1 inhibition by administration of SnMP decreased placental IL-1B
expression in mice. Unfortunately, a limitation of our study was that the effects of ShMP
and heme administration were only evaluated five and four days, respectively, after
administration. This means that we were not able to evaluate the expression of IL-1B
shortly after SnMP and/or heme administration, with the risk that this expression has
been dampened.

Both administration of 75H and SnMP + 30H increased placental vascular
ICAM-1 expression and macrophage influx. However, no increases in ICAM-1 and
macrophage influx were found after administration of heme 30, showing that heme-
induced ICAM-1 expression is dose-dependent and likely related to scavenging by Hpx
or HO-mediated breakdown at lower concentrations. When ICAM-1 expression
together with the number of macrophages in placenta was elevated in sound-stressed
mice, increased abortion was found®. Moreover, decreased abortion was observed
following i.p. injection of monoclonal antibodies to ICAM-1 in mice, indicating that
ICAM-1 facilitates immunologically-mediated abortion®. Increased levels of ICAM-1
were found in placental endothelial cells following exposure to trophoblast debris from
preeclamptic placentae in vitro®!. In women suffering from Morbidly Adherent Placenta
(MAP), an abnormal adherence of the placenta to the myometrium, massive
hemorrhage can occur, resulting in severe morbidity and mortality and increased ICAM-
1 expression®. In addition, in serum®-°2 and placenta®®®® from preeclampsia patients,
increased ICAM-1 expression was found.

Placental inflammation in uncomplicated human gestations was only present
in 4% of the cases®. Intrauterine infection induces pro-inflammatory cytokines,
particularly IL-18 and TNFa, and influx of macrophages in placenta and uterus, and it
may lead to premature birth®. In mice, initiated preterm labor by intrauterine infusion
of LPS provoked a massive influx of neutrophils in the myometrium®®. Macrophage
influx in placenta and myometrium is associated with placental inflammation and
preterm labor in human, mouse, and rat®¢-%,

Our data show that HO-1 expression in placenta increased after administration
of both 75H and SnMP + 30H. HO-1 positive cells were predominantly found in the
perimetrium®, indicating that besides the vasculature free heme molecules were able
to reach the developing fetus through diffusion. In HO-1*/~ mice induction of HO-activity
in placenta by administration of Pravastatin was shown to improve placental function
and fetal survival at E14.5'%. In human pathological pregnancies, low expression of HO-
2 stimulated migration of inflammatory cells to the feto-maternal interface, possibly
caused by enhanced serum levels of free heme3*. We speculate that in our experiment
low levels of free heme were scavenged by Hpx3!, while the heme—Hpx complex binding
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to LRP1 would activate cytoprotective signaling by Nrf2°® and upregulation of
placental HO-1 expression32102,

It is likely that in our experiment the sudden exposure to high doses of free
heme overwhelmed the scavenger Hpx and the HO system?%, allowing binding to toll-
like receptor 4 (TLR4)% and activation of nuclear factor kappa B (NF-kB)'%, driving
expression of pro-inflammatory cytokines, such as IL-1p195-107,

The novel hypothetical model (Figure 7) shows heme-induced endothelial cell
activation®®, as exemplified by the expression of ICAM-11%°, facilitating the recruitment
of macrophages into placental tissuel®! resulting in pathological pregnancy,
increasing the risk of abortion. Furthermore, heme-induced inflammation might cause
craniofacial abnormalities before resorption of the fetuses would occur. However, our
studies could not provide evidence for this statement. Inhibition of HO-activity will
increase the heme-induced inflammatory response, albeit HO-activity will attenuate
heme-induced inflammation, promoting normal fetal development.

Figure 7. Hypothetical model: Heme oxygenase protects against placental vascular inflammation and
abortion by the alarmin heme in mice. This study demonstrated that heme acted as an endogenous
“alarmin” during pregnancy in a dose-dependent fashion, while HO-activity protected against heme-induced
placental vascular inflammation and abortion. We postulate that heme-induced inflammatory response
promoted endothelial cell activation, which upregulated the expression of ICAM-1, facilitating the
recruitment of macrophages into placental tissue, resulting in a pathological pregnancy, increasing the risk of
abortion and possibly craniofacial abnormalities. Inhibition of HO-activity will increase the heme-induced
inflammatory response, albeit HO-activity will attenuate heme-induced inflammation, promoting normal
fetal development.
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CHAPTER 5

Abstract

Orthodontic forces disturb the microenvironment of the periodontal ligament (PDL)
and induce craniofacial bone remodeling which is necessary for tooth movement.
Unfortunately, orthodontic tooth movement is often hampered by ischemic injury and
cell death within the PDL (hyalinization) and root resorption. Large inter-individual
differences in hyalinization and root resorption have been observed, and may be
explained by differential protection against hyalinization. Heme oxygenase-1 (HO-1)
forms an important protective mechanism by breaking down heme into the strong
antioxidants biliverdin/bilirubin and the signaling molecule carbon monoxide. These
versatile HO-1 products protect against ischemic and inflammatory injury. We postulate
that orthodontic forces induce HO-1 expression in the PDL during experimental tooth
movement. Twenty-five 6-week-old male Wistar rats were used in this study. The upper
three molars at one side were moved mesially using a Nickel-Titanium coil spring,
providing a continuous orthodontic force of 10 cN. The contralateral side served as
control. After 6, 12, 72, 96, and 120 h groups of rats were killed. On parasagittal
sections immunohistochemical staining was performed for analysis of HO-1 expression
and quantification of osteoclasts. Orthodonticforceinduced asignificanttime-dependent
HO-1 expression in mononuclear cells within the PDL at both the apposition- and
resorption side. Shortly after placement of the orthodontic appliance HO-1 expression
was highly induced in PDL cells but dropped to control levels within 72 h. Some
osteoclasts were also HO-1 positive but this induction was independent of time- and
mechanical stress. It is tempting to speculate that differential induction of tissue
protecting- and osteoclast activating genes in the PDL determine the level of bone
resorption and hyalinization and, subsequently, “fast” and “slow” tooth movers during
orthodontictreatment.

Keywords: orthodontic tooth movement, alveolar bone remodeling, cytoprotective
enzymes, hyalinization, root resorption.
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CHAPTER 5

Introduction
Although orthodontic tooth movement has been described in multiple studies the exact
biological mechanisms are still not elucidated. Large differences in the rate of
orthodontic tooth movement are found between individuals in identical experimental
settings and are largely independent of the magnitude of the orthodontic force'3.
The periodontal ligament (PDL) contains a variety of cells, blood vessels, nerves
and extracellular matrix (ECM) molecules. Forces applied to a tooth compress the blood
vessels at the resorption side, while dilating them at the apposition side leading to
inflammation and subsequent remodeling of periodontal tissues. At the resorption side,
recruited osteoclasts will degrade the alveolar bone allowing tooth movement*®,
whereas at the apposition side signaling pathways are activated to stimulate precursor
cells in the PDL to differentiate into osteoblasts”?.
Unfortunately, at the resorption side, ischemic injury can result in cell death in
a process called hyalinization. At these hyalinized regions of the PDL no living
osteoclasts are present to facilitate alveolar bone resorption. The necrotic tissue needs
to be removed by macrophages and multinucleated giant cells, and to be replaced by
newly formed connective tissue. However, these multinucleated giant cells and
macrophages can also initiate root resorption, one of the most important challenges in
orthodontics®*°. Orthodontic patients can be classified as “fast” or “slow” tooth
movers, indicating variance in response of the PDL to hyalinization formation®.
Protection against inflammatory, mechanical, and ischemic stresses, as
present during hyalinization, may determine the efficacy of individual orthodontic
tooth movement. Interestingly, it was recently observed that differential levels of the
osteoclast activating cytokine IL-1B also modulate orthodontic tooth movement®12,
“Fast tooth movers” may have decreased levels of hyalinization via higher induction of
cytoprotective genes and/or increased levels of osteoclast activating genes. Heme
oxygenase-1 (HO-1) is one of the most important examples of cytoprotective genes
against ischemia reperfusion injury’®!*. Protection against ischemic injury and cell
death by HO-1 overexpression is demonstrated for example in liver and heart
transplantations>. HO-1 degrades heme into free iron, carbon monoxide (CO) and
biliverdin®®. Biliverdin is then directly converted into bilirubin by biliverdin reductase.
CO is a signaling molecule that regulates inflammation, angiogenesis, and apoptotic
signaling. Biliverdin and bilirubin are both potent antioxidants, while free iron is
scavenged by co-induced ferritin'’. The level of HO-1 induction following a stimulus
varies within the human population because of its highly polymorphic promoter?®,
HO-1 is induced by a wide array of stresses®3. In an in vitro study, HO-1
induction by mechanical stress in PDL cells was previously demonstrated®. In the
present study we aim to translate this in vitro finding of HO-1 induction in the PDL cells
to an in vivo experimental setting in rats using orthodontic forces. We postulate that
HO-1 will be induced by orthodontic forces and subsequently reduces or prevents
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hyalinization formation and root resorption. Protection against those unwanted side
effects may ameliorate orthodontic tooth movement.

Materials and Methods

Experimental animals

Twenty-five 6-week-old male Wistar rats were used in this study. The animals were
housed under normal laboratory conditions with ad libitum access to water and
powdered rodent chow (Sniff, Soest, The Netherlands). The animals were allowed to
acclimatize for at least 1 week before the start of the experiment. Ethical permission
for the study was obtained according to the guidelines of the Board for Animal
Experiments of the Radboud University Nijmegen (Reference number: RU-DEC-2006-
160).

Force application

The rats were at random divided into 5 groups, with 5 animals per group. A split-mouth
design was used to control for individual variances. The three maxillary molars on one
randomly chosen side were moved mesially as one unit by means of a coil spring as
described previously?®?!, The contralateral maxillary molars served as controls. A
Nickel-Titanium (Ni-Ti) 10 cN Santalloy® closing coil spring (GAC, New York, NY, USA)
was attached to the molar block via incisor anchorage to deliver a constant mesially
directed force. An important advantage of this biomechanical design is that a constant
low force per molar was applied preventing tipping of the molars. The effect could be
estimated as a force of 170 cN per human molar which is within the range used in the
clinic. This design has been proven functional and caused tooth movement during an
period of 12 weeks??.

After 6, 12, 72, 96, and 120 h of force application, groups of rats were killed
and perfused with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). The
maxillae were removed, post-fixed for 24 h in 4% PFA, decalcified in 10%
ethylenediaminetetraacetic acid (EDTA), and embedded in paraffin.

Haematoxylin-Eosin staining of maxillary parasagittal sections

Serial parasagittal sections (5 um) mounted on Superfrost Plus slides (Menzel-Glaser,
Braunschweig, Germany) were routinely stained with haematoxylin and eosin (HE) for
general tissue survey. Forimmunohistochemical evaluation, sections containing at least
the radicular pulp of three roots of the maxillary molars were selected.
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Immunohistochemical staining

Immunostaining for HO-1 and protein Cluster of Differentiation 68 (CD68) was done
essentially as previously described?. CD68 is a marker for cells of the macrophage
lineage, including monocytes, giant cells and osteoclasts and is recognized by the anti-
CD68 (ED1)-antibody?*. Cells within the PDL were counted as osteoclasts when they
were ED1-positive, multinuclear, and located at the alveolar bone outline.

In brief, tissue sections were deparaffinized and rehydrated, followed by
guenching of endogenous peroxidase activity using 3% H»0; in methanol. After post-
fixation in 4% paraformaldehyde (PFA), antigen retrieval was performed by heating
sections in 10 mM citrate pH 6 at 70°C for 10 min, followed by incubation in 1% trypsin
(Difco Laboratories, Detroit, Ml) at 37°C for 7 min. Sections were subsequently blocked
in 10% normal donkey serum (NDS; Chemicon, Temecula, CA) before overnight
incubation at 4°C with primary antibody diluted in 2% NDS. The primary antibodies
were polyclonal rabbit anti-HO-1 antibody (1:600; SPA-895, Stressgen, Ann Arbor, Ml)
and monoclonal mouse anti-CD68 ED1 antibody (1:200; MCA341R, Serotec, Breda, The
Netherlands). Then sections were incubated with biotin-conjugated donkey anti-rabbit
or anti-mouse secondary antibodies (1:3000 — 1:5000; Jackson Labs, West Grove, PA)
for 1 h, followed by 45 min incubation with Vectastain ABC-Elite kit (Vector
Laboratories, Burlingame, CA). Immunostaining was visualized by incubating the
sections for 10 min with 3’3’-diaminobenzidine tetrahydrochloride (DAB; Sigma, St.
Louis, MOQ). Staining was intensified with 0.5% CuSO4, and counterstained with
haematoxylin. Photographs were taken on a Carl Zeiss Imager Z.1 system (Carl Zeiss
Microimaging Gmbh, Jena, Germany) under bright field conditions.

Analysis of immunohistochemical data

The PDL region containing the roots of first and second molars was selected
for quantitative measurement of HO-1 positive cells. Roots fulfilling the following
criteria were included in the study: (1) The root structure is present from the
cementoenamel junction to the apex, (2) the radicular pulp is present in the root
structure, (3) no artifacts are present in the PDL structure. Almost all third molars were
excluded because the root structure was not present over the whole length of the root
in most sections. For standardization, root length was measured from apex to the top
of the alveolar crest at the line through the middle of the root by using an ocular
graticule (Figure 1). This allowed us to quantify the number of HO-1 and ED1 positive
cells per mm of root length.

HO-1 positive mononuclear PDL cells and ED1 positive multinuclear osteoclasts
were counted along the mesial and distal areas of the PDL in both experimental and
control sides by blinded observers. Because the three maxillary molars were moved
mesially as one unit, the mesial areas of all roots at the experimental sides were
considered resorption sides, whereas the distal areas were considered apposition sides
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(Figure 2). To determine the inter-examiner reliability, 10 sections were measured by
the two observers and acceptable R? > 0.80 were obtained for cell counting and root
length measurements. For positively stained mononuclear and osteoclast cells, data
was presented as the number of positive cells per mm of root length.

Distal side Mesial side

Line through middle
of the root

Top
alveolar
crest

$

Root length

apex

——)

Figure 1: Root length measurement (yellow line) as used for determining the number of cells/mm root
explained in detail: root length was measured from apex to the top of the alveolar crest at the line through
the middle of the root (HO-1 immunostaining, magnification: x25, experimental group 120 h, black arrow
indicated the direction of the tooth movement).
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Figure 2. Applied orthodontic force results in changes in morphology of the PDL. (A) No orthodontic force
application (HE staining, control molar, picture magnification: x25; distal- and mesial side, picture
maghnification: x400, control group 6 h). At the distal side irregular alveolar bone outline is present due to
resorption by osteoclasts (molar distal drift in rats). At the mesial side a more regular alveolar bone outline is
observed. (B) After 6 h of orthodontic force application (HE staining, orthodontic treatment 6 h picture
maghnification: x25, apposition- and resorption side picture magnification: x400) changes in the width of the
PDL at both the mesial- and distal side were observed (black arrow indicates the direction of the tooth
movement). At the mesial side the width of the PDL was reduced and bloodvessels of the PDL were
compressed (resorption side). At the distal side the width of the PDL was increased and bloodvessels of the
PDL were stretched (apposition side).

Statistical analysis

The data from HO-1 positive mononuclear cells for control samples showed a normal
distribution as measured by the Kolmogorov-Smirnov test (KS-test). No time
dependency throughout the experimental period and no side dependency by one-way
analysis of variance (ANOVA) was found. Therefore, these data were pooled and used
as baseline HO-1 expression in PDL.

The data from both HO-1 positive mononuclear PDL cells for experimental
samples and the control and experimental osteoclasts (HO-1 and ED1) showed a non-
normal distribution and was analyzed using non-parametric Kruskal-Wallis ANOVA on
ranks and Mann-Whitney tests.
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The data for the HO-1 positive osteoclasts at the distal area of the control
samples was normally distributed. Therefore, ANOVA and Tukey’s multiple comparison
post hoc test were used to analyze the time dependency.

Independent-Samples T-test was performed to compare differences between
osteoclasts for each marker (HO-1 and ED1) at the distal areas. Differences were
assumed to be significant if p<0,05.

Results

Effects of orthodontic force on HO-1 expression in PDL cells

Histological evaluation of HE-stained sections demonstrated that application of
mechanical stress significantly reduced the width of the PDL at the resorption side,
whereas the width at the apposition site was increased (Figure 2). This confirms that
the Ni-Ti coil spring appliance produced a mesially-orientated force acting on the PDL
and the molar block. Hyalinized regions in the PDL were only observed at the resorption
side in the experimental group (figure 6), but not in the control group.

First, we investigated the HO-1 expression in parasagittal sections at the
control (no force) side. In these sections, HO-1 positive cells were strongly present in
the bone marrow and only few HO-1 expressing cells were found in the PDL. The large
number of cells expressing high levels of HO-1 in the bone marrow was used as an
internal control for the staining procedure. Hardly any HO-1 positive cells were found
in sections from pulp tissue, whereas interdental papillae were positive for HO-1
expressing cells (Figure 3).

Figure 3: HO-1 expression in bone marrow, pulp tissue and interdental papilla tissue representative
for both control and experimental group (HO-1 immunostaining, magnification: x400, yellow asterisk
indicates a HO-1 overexpressing cell). (A) Large numbers of HO-1 overexpressing cells in bone marrow
(control group 120 h). (B) Negligible numbers of HO-1 positive cells were present in pulp tissue (experimental
group 12 h). (C) Few HO-1 positive cells in interdental papilla tissue (control group 120 h).
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Next, we compared the effect of orthodontic force on HO-1 expression. We
observed no change in the levels of HO-1 staining for the bone marrow, pulp and
interdental papilla following mechanical stress at the measured time points. However,
we detected a strong increase in the number of HO-1 positive mononuclear cells in the
PDL after force application (Figure 4B) compared to the contralateral control side
(Figure 4A). This was especially evident in the vicinity of blood vessels.

To quantify HO-1 protein in PDL tissue during orthodontic tooth movement
experimental sections were examined and compared to controls. In general, there were
low numbers of cells strongly expressing HO-1 (<10 cells/mm root) observed in the PDL
at the control side. At the control side no statistically significant differences were
detected between the number of HO-1 positive mononuclear PDL cells at the distal-
and mesial side at any of the investigated time points nor between the different time
points (p = 0,110). These data were therefore pooled, considered as base-line HO-1
expression in PDL (Figure 4C, red horizontal line).

At the experimental side there was a statistically significant time-dependent
increase in the number of HO-1 positive cells per mm of root length and the data was
therefore separated for the different time points and for both the resorption- and
apposition side. Both for the resorption- and apposition side the number of HO-1
positively stained mononuclear PDL cells was significantly increased for the time points
6 and 12 h compared to no force application (p < 0,001, Figure 4C). Although the
number of HO-1 positive stained mononuclear cells was higher at the resorption side
after 12 h compared to the apposition side, this did not reach statistical significance (p
=0.083).

Summarizing, following orthodontic treatment, the PDL tissue showed a strong
increase in the number of HO-1 positive cells at both the apposition- and resorption
side compared to the contralateral control side, but returned within 72 h to baseline
levels.

HO-1 expression in osteoclasts

When no force was applied, osteoclasts were mainly observed in the bone marrow and
in the PDL at the distal side (molar distal drift in rats, Figure 2). However, upon
mechanical stress, the number of osteoclasts within the PDL decreased at the distal side
(apposition side), whereas at the resorption side the osteoclast numbers increased. A
portion of the observed osteoclasts were also positively stained for HO-1 (Figure 5A).
In control sections, HO-1 positively stained osteoclasts were observed in both the PDL
and the bone marrow. The HO-1 expression levels in osteoclasts were, however, less
intense compared to those in the HO-1 positive mononuclear PDL cells and bone
marrow cells (Figures 3-5A).
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In control sections the number of HO-1 and ED1 positive osteoclasts per mm
of root length was significantly higher at the distal side compared to the mesial side
(Figure 5B). The data were therefore separated for both areas.

Control
A
B Apposition side Resorption side

6h K

12h
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Figure 4: Effects of orthodontic force on HO-1 expression in the PDL. (HO-1 immunostaining,
magnification: x400, purple asterisk indicates a HO-1 overexpressing cell, black arrow indicates the
direction of the tooth movement). (A) Only few strong HO-1 positive cells are observed in PDL tissue in control
sections (control group 6 h). (B) Many HO-1 overexpressing cells were present in PDL tissue at both the
apposition- and resorption side in experimental sections of experimental time 6 and 12 h. This was especially
evident in the vicinity of blood vessels. (C) Box-plot of monunuclear PDL cells at the experimental sides compared
to control. The number of HO-1 positive mononuclear PDL cells is significantly higher at 6 and 12 h of force
application compared to the control group (base-line HO-1 expression in PDL, red horizontal line), for both the
apposition- and resorption side (Kruskal-Wallis ANOVA on ranks tests, p < 0.001). *Significantly different from
base-line HO-1 expression in PDL, p < 0.05.

When applying the mesially directed force, changes in the numbers of
osteoclasts were observed at both sides (Figure 5B). After 120 h the numbers of HO-1
positive (p= 0.349) and ED1 positive (p= 0.065) osteoclasts found at the mesial side
(resorption side) were similar to the distal side in control sections, and with a similar
HO-1/ED1 ratio. In conclusion, expression of HO-1 in osteoclasts was demonstrated to
be independent of time- and mechanical stress.
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Control side Resorption side 96 h
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Figure 5A: Effects of orthodontic force on HO-1 and ED1 positive osteoclasts. (A) HO-1 (upper lane) and

ED1 (lower lane) positive osteoclasts are found both before [control group, distal side (left panel)] and after
[experimental group 96 h, resorption side (right panel)] force application as shown by immunohistochemistry.

(magnification: x400, black arrows indicating an HO-1 and ED1 positive osteoclast, cells that were multinuclear
and located at the alveolar bone outline were marked as osteoclasts).
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Figure 5B: Effects of orthodontic force on HO-1 and ED1 positive osteoclasts. When no force is present
osteoclasts are mainly present at the distal site. Upon mechanical stress, ED1 or HO-1 positive osteoclast
numbers decrease at the distal side, what is now called the apposition side (upper panel), whereas the
number of osteoclasts at the resorption side increase (lower panel). HO-1 expression levels in the
osteoclasts and the HO-1/ED1 ratio remain similar following mechanical stress (Independent-Samples T-
tests, p >0.05).
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Figure 6: Orthodontic force can result in hyalinization- or no hyalinization formation in the PDL, resulting
in “slow” or “fast” tooth movers. In this hypothetical model we postulate that differential expression of
tissue protective genes determine, in concert with osteoclast activating genes, the tooth movement. Applied
orthodontic force results in mechanical stress within the PDL. This mechanical stress induces expression of
HO-1 in PDL cells. Reduced HO-1 expression levels may lead to increased levels of ischemic injury and cell
death (hyalinization), resulting in a hampered orthodontic tooth movement rate. Expression of cytoprotective
enzymes, as HO-1, likely reduces ischemic injury and cell death. We hypothesize that differential expression
of osteoclast activating genes (e.g., IL-1B) and tissue protecting genes (e.g., HO-1) determines the remodeling
of the PDL, or alveolar bone and therefore the orthodontic tooth movement rate. Differences in gene
expression levels (e.g., as a result of polymorphisms) levels possibly explain the “slow” and “fast” tooth
movers following orthodontic treatment. “Fast” tooth movers have enhanced osteoclastic activity (e.g., high
IL-1B) and protection against hyalinization (e.g., high HO-1), whereas “slow” tooth movers show hyalinization
hampering osteoclast activity (black arrow indicates the direction of the tooth movement).
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Discussion
We demonstrated here for the first time that applying an orthodontic force strongly
induces expression of the cytoprotective enzyme HO-1 in PDL cells at both the
resorption- and apposition side in rats. Morphological changes within the PDL because
of ischemic stress at the resorption side (compression of blood vessels, hyalinization
areas) and mechanical stress at the apposition side (stretched blood vessels and
increased PDL width) were observed (Figure 2). In general, the control side
demonstrated relatively low numbers of HO-1 positive cells. Only bone marrow cells
showed constitutively high expression levels of HO-1. Orthodontic force strongly
induced HO-1 expression in cells situated closely around blood vessels, suggesting that
these cells may be pericytes or infiltrated leukocytes?>. A major part of the HO-1 positive
PDL cells are fibroblasts, while only a minor part of osteoblasts and cementoblasts are
HO-1 positive. In PDL cells HO-1 induction occurred shortly after placing the orthodontic
appliance but dropped within 72 h to control values. Thus, although the orthodontic
force was applied continuously HO-1 induction within the PDL cells was only temporary.
Induction of HO-1 by mechanical stress was previously demonstrated in several in vivo?®
and in vitro®® experimental settings but not yet during orthodontic tooth movement.

Osteoclasts are bone-specific, indicating the existence of different subsets of
osteoclasts at different bone-sites?”/?%, Induction of HO-1 inhibited osteoclastogenesis
in vitro and in vivo in arthritis models?. It was demonstrated that induction of HO-1 in
osteoclast precursors resulted in reduced osteoclast differentiation and subsequently
decreased bone resorption. It was also shown that the majority of osteoclasts attached
to bone erosions in human joints from patients with rheumatoid arthritis were negative
for HO-1%°. If these findings of osteoclasts in an arthritic setting could be seen in the
oral setting as well, this could have major impact on our understanding of both tooth
movement and root resorption. Effects of orthodontic force on HO-1 expression in
osteoclasts was therefore studied in more detail.

As demonstrated previously, after application of a mesially-directed force with
a Ni-Ti coil spring almost all osteoclasts had disappeared from the distal side within 12
h, while at the mesial side (new resorption side) the number of osteoclasts increased
and after 120 h the numbers were similar to the distal side in the control group?’. There
giant cells are also multinuclear and ED1 positive, we cannot exclude that giant cells
entering the PDL and accidentally located at the alveolar bone outline were marked as
osteoclasts. However, we remain confident that the large majority of the observed
multinuclear, ED1 positive alveolar bone lining cells were osteoclasts.

Both experimental- and control sides demonstrated comparable proportions of
HO-1 positive osteoclasts. The proportions of HO-1/ED1 positive cells had not changed
significantly, indicating that the basal levels of HO-1 expression in osteoclasts was
independent of time and mechanical strain. Thus, mechanical stress did not induce HO-
1 expression in osteoclasts. This was also true for the dental pulp cells, interdental
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papilla tissue, and bone marrow cells. Since large numbers of HO-1 positive osteoclasts
are present in the bone marrow, where normal osteoclast differentiation occurs it is
unlikely that osteoclastogenesis is hampered following force induction. In rheumatoid
arthritis bone resorption is mainly a pathological process'®, whereas alveolar bone
resorption is a normal physiological adaptive process. Functional differences were
indeed described between osteoclasts located at long flat bones (craniofacial region)
and long bones (axial skeleton) with respect to their acid- and protease secretion during
bone degradation?”%8,

Reduction or prevention of hyalinized tissue formation is thought to facilitate
orthodontic tooth movement and to decrease undermining resorption. It is tempting
to speculate that the levels of cytoprotective genes that are activated during
orthodontic tooth movement determine whether tooth movement or hyalinization
take place. HO-1 has been demonstrated to attenuate inflammation and to prevent
tissue injury and apoptosis following ischemic injury3®3l. Expression of this
cytoprotective HO-1 within the PDL likely generates a protecting environment and
subsequently inhibits ischemic injury®.

In humans the levels of HO-1 induction are largely controlled by a promoter
polymorphism, that has been shown to have strong clinically significance'>!®. The
existence of “slow” and “fast” tooth movers!! could thus possibly be explained by
differences in individual expression of HO-1. The HO-1 promoter polymorphism in
humans, determining the levels of HO-1 induction, are not present at the equivalent
positions in the rat and mouse ho-1 genes??. The influence of gene polymorphism of IL-
1B at the tooth movement rate has been demonstrated previously in orthodontic
patients3. Therefore, we hypothesize that remodeling of the PDL and alveolar bone is
determined by the sum of the expression of osteoclast activating- and tissue protecting
genes in the PDL microenvironment. Differences found in tooth movement rate could
be explained by differential expression of these genes (Figure 6). Interestingly, HO-1
induction is attenuated at higher age33, which may further explain the increased levels
of root resorption and hyalinization after orthodontic treatment at older age.

Since HO-1 was only shortly induced during the application of the continuous
orthodontic force, this suggests that accommodation to the mechanical and ischemic
stress takes place. Interestingly, when orthodontic forces are interrupted with inactive
periods strongly reduced root resorption has been observed in rats and dogs3*. The
mechanism of this protection remains unknown. Possibly, renewal of HO-1 induction
occurs during intermittent force application, contributing to decreased root resorption
and hyalinization formation. Further research to tooth displacement and hyalinization
by modulating the HO-1 system is warranted to reveal the exact role of HO-1 during
orthodontic tooth movement.
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Conclusion

Summarizing, the present study showed that orthodontic forces induced HO-1
expression in the PDL in rats in the mononuclear cell population. Although the force
was applied continuously, the HO-1 expression was only temporarily. HO-1 positive
osteoclasts are present but this HO-1 expression was shown to be independent of time-
and mechanical stress. HO-1 induction may be a novel target for reducing unwanted
side effects of orthodontic force application in the future.
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Abstract

Mechanical stress following surgery or injury can promote pathological wound healing
and fibrosis, and lead to functional loss and esthetic problems. Splinted excisional
wounds can be used as model for inducing mechanical stress. The cytoprotective
enzyme heme oxygenase-1 (HO-1) is thought to orchestrate the defense against
inflammatory and oxidative insults that drive fibrosis. Here, we investigated the
activation of the HO-1 system in a splinted and non-splinted full-thickness excisional
wound model using HO-1-/uc transgenic mice. Effects of splinting on wound closure,
HO-1 promoter activity, and markers of inflammation and fibrosis were assessed. After
seven days, splinted wounds were more than three times larger than non-splinted
wounds, demonstrating a delay in wound closure. HO-1 promoter activity rapidly
decreased following removal of the (epi)dermis, but was induced in both splinted and
non-splinted wounds during skin repair. Splinting induced more HO-1 gene expression
in 7-day wounds; however, HO-1 protein expression remained lower in the epidermis,
likely due to lower numbers of keratinocytes in the re-epithelialization tissue. Higher
numbers of F4/80-positive macrophages, aSMA-positive myofibroblasts, and increased
levels of the inflammatory genes IL-13, TNF-a, and COX-2 were present in 7-day splinted
wounds. Surprisingly, mRNA expression of newly-formed collagen (type Ill) was lower
in 7-day wounds after splinting; whereas, VEGF and MMP-9 were increased. In
summary, these data demonstrate that splinting delays cutaneous wound closure and
HO-1 protein induction. The pro-inflammatory environment following splinting, may
facilitate higher myofibroblast numbers and increases the risk of fibrosis and scar
formation. Therefore, inducing HO-1 activity against mechanical stress-induced
inflammation and fibrosis may be an interesting strategy to prevent negative effects of
surgery on growth and function in patients with orofacial clefts or in patients with
burns.

Keywords: cleft palate, burns, mechanical stress, wound healing, heme oxygenase-1,
inflammation, fibrosis.
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Abbreviations

ABC Avidin-biotin-peroxidase complex
ANOVA Analysis of variance

a-SMA Alpha smooth muscle actin

AU Arbitrary units

CL/P Cleft lip with or without cleft palate
co Carbon monoxide

COX-2 Cyclooxygenase-2

CXCL1 Chemokine (C-X-C) ligand 1

DAB Diaminobenzidine-peroxidase

DPX Distyrene plasticizer xylene

ECM Extracellular matrix

F4/80 EGF-like module-containing mucin-like hormone receptor-like 1
HO Heme oxygenase

ICAM-1 Intercellular adhesion molecule-1
IL-1B Interleukin-1 beta

MCP-1 Monocyte chemotactic protein-1
MMP-9 Matrix metalloproteinase-9

NDS Normal donkey serum

PBSG Phosphate buffered saline with glycin
ROI Regions of interest

TNF-a Tumor necrosis factor-alpha

VEGF Vascular endothelial growth factor
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Introduction

Cleft lip with or without cleft palate (CL/P) is a developmental craniofacial disorder that
is characterized by an opening in the upper lip and/ or palate and alveolar bone.
Patients with CL/P need multiple surgeries that inevitably result in scar formation
(Figure 1A)%3. In particular, scars on the palate may disrupt normal midfacial growth
and impair dento-alveolar development*°. Also, patients with severe burns can exhibit
excessive scar formation (Figure 1B)®. Scarring can be exaggerated by mechanical
tension, such as during growth of the child and during wound repair’. Overall,
pathological wound healing following mechanical stress can result in hypertrophic
scars, and subsequently lead to functional, psychosocial, and esthetical problems for
patients®°.

A B

Figure 1. Mechanical stress may promote excessive scar formation following injury. (A) An intra-oral photo
of the maxillary arch of a patient of our clinic with an operated complete bilateral cleft lip and palate is shown.
Mechanical stress-induced scar formation impairs development of the upper jaw and the dentition. (B) Also,
burns can result in excessive scar formation leading to cosmetic and functional problems as exemplified by
scar formation near the wrist.

Mechanical load, together with cytokine expression and the composition of
the extracellular matrix (ECM), promotes the differentiation of fibroblasts into
myofibroblasts'®'?. During wound repair, myofibroblasts play a key role in the
deposition of ECM and in wound contraction, thereby reducing wound size and
preventing invasion by pathogens %2, When a wound closes, myofibroblasts normally
disappear by apoptosis. However, during pathologic wound healing, extended presence
of myofibroblasts may result in excessive wound contracture and ECM deposition,
leading to excessive scar formation and functional problems>!3, Mechanical stress
during wound repair can trigger a continued expression of the myofibroblast marker
alpha smooth muscle actin (a-SMA), and a prolonged survival of myofibroblasts>!4?7,
Prolonged inflammatory and oxidative stress may also increase myofibroblast
survival®®, A better understanding of the effects of mechanical stress during the wound
healing process is warranted to develop novel adjuvant therapies.

Rodents, in contrast to humans, possess a subcutaneous muscle layer (m.
panniculus carnosus), which can cause wound contraction®®. In these animals, the use
of splinting can induce static mechanical stress to healing wounds>**%, interfere with
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this muscle contraction, and thus better simulate human wound healing that is mainly
dependent on granulation and re-epithelialization of tissues®®. The effects of static
mechanical stress on the different phases of wound healing, caused by splinting,
remains to be unraveled. In addition, the involvement of cytoprotective mechanisms
needs further exploration. Activation of the cytoprotective heme oxygenase (HO)
system has shown protective effects in both inflammatory and fibrotic models®*®21,

Heme oxygenase is an enzyme that catabolizes heme, yielding the
gasotransmitter carbon monoxide (CO), free iron, which is scavenged by co-induced
ferritin, and biliverdin that is rapidly converted into the antioxidant bilirubin by
biliverdin reductase 2. The HO system possesses antioxidative, anti-inflammatory, anti-
fibrotic, and anti-apoptotic properties’®?®, and can influence cell proliferation,
differentiation, and migration. When these processes are disrupted, wound repair may
be hampered?*. There are two isoforms of HO, the inducible HO-1 and the constitutively
expressed HO-2. It has been shown that HO-1 is rapidly induced in wounded tissues?>2°,
Decreased HO-1 or HO-2 expression and enzyme activity in mice results in slower
cutaneous wound closure; whereas induction of HO-1 expression or administration of
the HO effector molecule bilirubin attenuates the inflammatory response and
accelerates wound healing in HO-1-deficient mice?”%.

In this study, we investigated the expression of HO-1 during wound repair in
both non-splinted and splinted wounds using transgenic HO-1-luc mice. Because
mechanical stress has been shown to induce HO-1 expression in different experimental

30-32 e therefore postulated that

settings in a time- and force-dependent manner
mechanical stress by splinting would induce HO-1 expression during wound healing. In
addition, we investigated the effects of mechanical stress on markers of inflammation,

ECM remodeling, and fibrosis.

Materials and Methods

Animals
The Committee for Animal Experiments of Radboud University Nijmegen approved all
procedures involving mice (RU-DEC 2010-248). Twelve mice (strain: HO-1-luc FVB/ N-Tg
background), 4 to 5 months of age and weighing 30 + 5 g, were provided with food and
water ad libitum. Mice were maintained on a 12 h light/dark cycle and specific
pathogen-free housing conditions at the Central Animal Facility Nijmegen. More details
on the housing conditions have been previously described33. Mice were originally
derived from Xenogen Corporation (Alameda, CA, USA) and generated as previously
described®.

The mice were euthanized with a standard CO2/0: protocol seven days after
wounding, after which control skin, and wounded skin were isolated. Half of the tissue
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was fixed for 24h in 4% paraformaldehyde and then embedded in paraffin following
regular histosafe procedures and the other half was snap-frozen in liquid nitrogen and
stored at -80°C until isolation of mRNA.

Excisional non-splinted and splinted wound model

Splinted (n = 6) and non-splinted (n = 6) full-thickness excisional wounds 4 mm in
diameter were created on the dorsum of the mice after shaving as previously
described®. In brief, excisional wounds were created using a sterile disposable 4-mm
skin biopsy punch (Kai Medical, Seki City, Japan) on the dorsum to either side of the
midline, and halfway between the shoulders and pelvis. Circular silicone splints of 6-
mm inner- and 12-mm outer-diameter made from silicone sheets (3M, Saint Paul,
Minnesota, USA) were glued to the skin around the wound. Mice receiving splinted
excisional wounds were wrapped with semi-permeable dressing (Petflex; Andover,
Salisbury, MA, USA) around their torso, to cover the wound. One mouse in the splinted
group died due to pulmonary failure as a result of respiratory obstruction by the
bandage during the recovery from anaesthesia.

Photographs of the wounds were taken immediately after wounding and then
1h and 1, 3, 5 and 7 days thereafter with a reference placed perpendicular next to the
wounds for wound size normalization. The area of the wounds was blindly measured in
triplicates using ImageJ (NIH) v1.44p software.

HO-1 promoter activity measurements

Heme oxygenase-1 promoter activity was determined at baseline, immediately after
wounding and 1h and 1, 3, and 7 days thereafter in the HO-1-/uc-Tg mice by in vivo
bioluminescence imaging using the IVIS Lumina system (Caliper Life Sciences,
Hopkinton, MA, USA) as previously described®. Images were quantified using Living
Image 3.0 software (Caliper Life Sciences) by selecting regions of interest (ROI). The
amount of emitted photons per second (total flux) per ROl was measured, and then
calculated as fold change from baseline levels.

Immunohistochemical staining

Immunohistochemical staining for HO-1, macrophages (F4/80), and myofibroblasts (a-
SMA) were performed on paraffin sections of the wounds as previously described®. In
short, paraffin-embedded tissues were cut into 5-um sections, which were then de-
paraffinized, quenched for endogenous peroxidase activity with 3% H202 in methanol
for 20 min, and rehydrated. Sections were post-fixed with 4% formalin, and washed
with PBS containing 0.075 pg/ mL glycine (PBSG). Antigens were retrieved with citrate
buffer (0.01 M, pH 6.0) at 70°C for 10 min, followed by incubation in 0.075 g/mL trypsin
in PBS at 37°C for 7 min. Next, the sections were pre-incubated with 10% normal donkey
serum (NDS) in PBSG. First antibodies (HO-1 from Stressgen #SPA-895 1:600 dilution, a-
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SMA from Sigma-Aldrich #A2547 1:600 dilution, and F4/80 from AbD Serotec
#MCA497R 1:200 dilution) were diluted in 2% NDS in PBSG and incubated overnight at
4°C. After washing with PBSG, sections were incubated for 60 min with a biotin-labeled
secondary antibody against host species (1:5000 dilution). Next, the sections were
washed with PBSG and treated with avidin-biotin-peroxidase complex (ABC) for 45 min
in the dark. After extensive washing with PBSG, diaminobenzidine-peroxidase (DAB)
staining was performed for 10 min. After rinsing with water, staining was intensified
with Cu2S04 in 0.9% NaCl and rinsed with water again. Finally, the nuclei were stained
with hematoxylin for 10 s and sections were rinsed for 10 min in water, dehydrated and
embedded in distyrene plasticizer xylene (DPX).

Immunoreactivity was evaluated by blindly scoring the wounds. For the HO-1
staining, we scored both the epidermal and dermal region of the wounds separately,
since there were two different positively stained populations. A single section per
wound was semi-quantitatively scored, by two assessors independently of each other,
as previously described according to the following scale: 0 (minimal), 1 (mild), 2
(moderate), and 3 (marked)3>.

RNA isolation and quantitative-RT-PCR

Non-wounded control skin and wounds were pulverized in TRIzol (Invritrogen) using a
micro-dismembrator (Sartorius BBI Systems GmbH, Melsungen, Germany) and RNA was
further extracted as previously described®’. Quantitative-RealTime-PCR was performed.
mRNA expression levels were calculated as minus delta delta Ct (-AACt) values,
normalized to the reference gene GAPDH, and corrected for non-wounded control skin.
Fold change were calculated by 2222¢) The sequences of the mouse-specific primers
are shown in Table 1.

Table 1. Mouse primers.

Marker Gene name Forward primer (5’-3’) Reverse primer (5’-3’)
Reference gene GAPDH GGCAAATTCAACGGCACA GTTAGTGGGGTCTCGCTCCTG
Inflammation IL-1B TGCAGCTGGAGAGTGTGG TCCACTTTGCTCTTGACTTCTATC
TNF-a CTCTTCTCATTCCTGCTTGTG GGGAACTTCTCATCCCTTTG
COX-2 CCAGCACTTCACCCATCAGTT ACCCAGGTCCTCGCTTATGA
MCP-1 ACTGAAGCCAGCTCTCTCTTCCTC TTCCTTCTTGGGGTCAGCACAGAC
Cytoprotection HO-1 CAACATTGAGCTGTTTGAGG TGGTCTTTGTGTTCCTCTGTC
HO-2 AAGGAAGGGACCAAGGAAG AGTGGTGGCCAGCTTAAATAG
Angiogenesis VEGF GGAGATCCTTCGAGGAGCACTT GGCGATTTAGCAGCAGATATAAGAA
Fibrosis ao-SMA (acta2) CAGGCATGGATGGCATCAATCAC ACTCTAGCTGTGAAGTCAGTGTCG
MMP-9 TGCCCATTTCGACGACGAC GTGCAGGCCGAATAGGAGC
Collagen 3al ATCCCATTTGGAGAATGTTG AAGCACAGGAGCAGGTGTAG
Keratinocytes Krt-6 GACGACCTACGCAACACC AGGTTGGCACACTGCTTC
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Statistics

Data were analyzed using GraphPad Prism 5.01 software (San Diego, CA, US). No
outliers were detected using the Grubbs’ test. Data was analyzed by a paired t-test for
comparisons of two groups and a one- or two-way analysis of variance (ANOVA) for the
comparison of multiple groups with a post-hoc Bonferroni correction for multiple
comparisons. The non-parametrical one-tailed Mann-Whitney U-test was used to
compare the arbitrary scored immunohistological sections. Results were considered
significant different when p<0.05 (*p<0.05, **p<0.01, ***p<0.001).

Results

Static mechanical stress induced by splinting delays excisional wound closure
Because mechanical stress can lead to excessive scar formation (Figure 1A,B), we used
both splinted and non-splinted excisional wound healing to assess the effects of static
mechanical stress on wound closure. Wound sizes of non-splinted and splinted wounds
were monitored over time and representative photos are shown in Figure 2A. After
guantification of the wound area the wound closure time in relation to t = 0 h was
displayed (Figure 2B). All wounds closed gradually, but there were differences in wound
closure between splinted and non-splinted wounds. After 3 days, significant differences
between the groups were found. Non-splinted wounds were already closed for 45%;
whereas, splinted wounds had only closed by 10%. After 7 days, closure of non-splinted
wounds was 75% of the wound area, while that for splinted wounds was only 23%. This
corresponds to a 3.3 times faster wound closure rate when no mechanical stress was
applied. This demonstrates that splinting effectively delays wound closure.

A
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Figure 2: Splinted and non-splinted excisional wound closure over time. (A) Representative pictures of non-
splinted and splinted wounds immediately following injury, and 1 h, and 1, 3, 5 and 7 days after wounding
(black bars = 4 mm). (B) Quantification of closure of non-splinted (n = 6) and splinted (n = 5) wounds over
time (0-7 days). Each mouse had two wounds. Time point 0 h was used as 100%. Data represent mean + SD.
* is significantly different between non-splinted and splinted wounds (***p<0.001).

The HO system is affected by mechanical stress during excisional wound healing
Heme oxygenase-1 is a critical regulator and expressed in distinct cell types during the
different phases of wound repair. To investigate the role of HO-1 following mechanical
stress (splinting) during excisional wound healing, we used HO-1-/uc mice to monitor
HO-1 promoter activity (Figure 3A). HO-1 promoter activity was already present in the
kidneys in non-injured HO-1-luc mice. In the wound area, HO-1 promoter activity was
evident especially at days 3 and 7 after splinting.

Surprisingly, we found that following wounding, there was an initial significant
decrease in HO-1 promoter activity after 1 h in both splinted as well as non-splinted
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wounds (Figure 3B). This decrease of HO-1 promoter activity returned to basal levels at
day 1 and further increased at days 3-7, independent of splinting. Three days following
wounding, the splinted wounds showed a significant increase of HO-1 promoter activity
compared to basal levels.

To further elucidate the role of splinting on HO-1 expression during wound
repair, we measured both HO-1 mRNA and protein expression in day-7 wounds. Using
RT-PCR, HO-1 mRNA expression was assessed in the wounds and corrected for
expression in non-wounded control skin (Figure 4A). Here, we found significantly higher
(2.6 times) HO-1 mRNA expression in splinted wounds compared to non-splinted
wounds. As expected, the constitutively-expressed HO-2 levels were not significantly
different after induction of mechanical stress.

Immunohistochemical staining demonstrated that HO-1 levels were severely
affected by wounding when compared to non-wounded skin. The number of HO-1-
positive cells 7 days after wounding was increased in the dermal region of the wounds;
also, more HO-1-positive cells were present in the epidermal region when compared to
non-wounded skin.

A
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Figure 3: HO-1 promoter activity in splinted and non-splinted wounds. (A) Representative images of HO-1
promoter activity of non-splinted and splinted wounds over time using the IVIS system to measure in vivo
bioluminescence in HO-1-luc mice. The rainbow colored bar at the right side indicates the amount of
luciferase signal represented in each group with a high signal in red and low signal in blue. The red circles
surround the wounds in the mice and indicate the measured region of interest (ROI). Note: black triangle (
A) with black arrows shows that there is basal HO-1 promoter activity around the kidneys. (B) Quantification
of HO-1 promoter activity during non-splinted (n = 6) and splinted (n = 5) wound healing. Each mouse had
two wounds. Data represent mean + SD. * is significantly different within the non-splinted or splinted group
when compared to the baseline at the start of the experiment (*p<0.05). # is significantly different within the
non-splinted or splinted group when compared to 1 h after wounding (#p<0.05).
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Heme oxygenase-1 protein was particularly evident in the epithelial cells at the
leading edge of the wound in the epidermis and in recruited inflammatory leukocytes
in the dermis (Figure 4B). Since we observed two different populations of HO-1-positive
cells depending on their region, the wounds were scored for the level of HO-1 protein
expression in both the epidermal and dermal regions, which were compared between
the different treatment groups (Figure 4C).

Importantly, non-splinted wounds showed significantly higher HO-1 protein
expression in the epidermal region compared to splinted wounds. In the dermal region,
HO-1 was slightly higher after mechanical stress compared to the non-splinted wounds;
however, this did not reach statistical significance (p=0.21). Variation in HO-1 protein
expression was found between animals, but was independent of the wound model.

A
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Figure 4: HO expression in wounds. (A) HO-1 and HO-2 mRNA expression levels in non-splinted and splinted
wounds were determined in 7-day wounds and compared to control unwounded skin. Data represent mean
+ SD. * is significantly different between non-splinted and splinted wounds (**p<0.01). (B) HO-1 protein
expression in control and non-splinted and splinted wounds after 7 days of healing. Region above the marked
blue line is the epidermis and underneath the line is the dermal layer (bars = 1 mm). Note: black triangle (A)
in the non-wounded control skin shows HO-1-positive keratinocytes at the front of the epithelial layer, and
HO-1 positive hair follicles. Black arrows (=) shows HO-1-positive cells in the epidermis and dermis of non-
splinted and splinted wounds. (C) Quantification of scored HO-1 protein staining in epidermis and dermis of
the wounds after 7 days in arbitrary units (AU). Data represent mean + SD. * is significantly different between
non-splinted and splinted wounds (*p<0.05).

Thus, wounding initially decreased HO-1 promoter activity in the wound, after
which HO-1 levels were restored and further induced by recruitment of inflammatory
cells and keratinocytes. Surprisingly, although splinted wounds delay HO-1 expression,
as shown by an increased HO-1 promoter activity and HO-1 mRNA expression, HO-1
protein expression was, in contrast to in the dermis, lower in the epidermis when
compared to non-splinted wounds.

Interplay between HO-1 and inflammation in non-splinted and splinted wound
healing

Since there was a clear delay in wound closure and HO-1 protein expression in splinted
wounds, we investigated whether this delay correlated with altered levels of
inflammatory gene expression. Because HO-1 has anti-inflammatory and antioxidative
properties, we expected that the delayed HO-activity in the skin would result in
increased levels of inflammation. Therefore, we quantitated the number of F4/80-
positive macrophages using immunohistochemical staining in sections of non-splinted
and splinted wounds (Figure 5A).

We found that there were indeed significantly more macrophages present in
7-day splinted wounds compared to non-splinted wounds (Figure 5B). Next, we
investigated whether mRNA expression of monocyte chemotactic protein (MCP-1), the
main chemokine to attract monocytes/ macrophages, was altered by mechanical stress.
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We observed that MCP-1 was elevated 1.8 fold in splinted wounds compared to non-
splinted wounds, however, this difference did not reach statistical significance (p=0.10).

Finally, when we examined the gene expression of several other inflammatory
markers, we found that mRNA expression levels of the pro-inflammatory cytokines IL-
1B, TNF-a, and COX-2 in splinted wounds were significantly higher when compared to
non-splinted wounds (36.9-, 24.4-, 8.8-fold, respectively) (Figure 5C).

In summary, we showed that delayed wound closure and reduced HO-1
protein expression following mechanical stress was clearly associated with elevated
levels of macrophages and several other inflammatory genes.

A
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Figure 5: Effects of splinting on markers of inflammation. (A) Immunohistological staining of macrophages
(F4/80) in control skin and non-splinted and splinted 7-day wounds (bars = 1 mm). Black arrow (=) shows
F4/80-positive macrophages in non-splinted and splinted wounds. (B) Quantification of scored F4/80 protein
staining of the wounds after 7 days in arbitrary units (AU). Data represent mean + SD. * is significantly
different between non-splinted and splinted wounds (**p<0.01). (C) mRNA expression levels of inflammatory
markers in 7-day non-splinted and splinted wounds normalized to levels in control unwounded skin (MCP-1,
IL-1B, TNF-a, and COX-2). Data represent mean + SD. * is significantly different between non-splinted and
splinted wounds (*p<0.05, **p<0.01).

Effects of mechanical stress on remodeling and fibrotic genes

Because increased levels of inflammation by mechanical stress during wound repair
may also affect markers of fibrosis, we investigated the effects of splinting on markers
of ECM remodeling and fibrosis.

During wound healing, fibroblasts can transform into myofibroblasts. These
myofibroblasts cause wound contraction and produce ECM. Normally, these
myofibroblasts go into apoptosis after wound repair has finished. When these
myofibroblasts fail to become apoptotic, ECM production continues, and pathologic
wound healing with excessive scarring follows. The presence of myofibroblasts is
dependent on the phase of wound healing. To investigate the role of splinting on
myofibroblasts, we stained 7-day wound sections with the myofibroblast marker a-
SMA. In non-wounded skin, a-SMA staining was already evident in the muscles of the
vascular wall and the arrector pili muscles of the hair follicles (Figure 6A). Following
injury, myofibroblasts were present both in non-splinted as well as splinted wounds.
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However, quantification of arbitrarily scored a-SMA-positive myofibroblasts showed
significantly increased levels in splinted wounds when compared to non-splinted
wounds (Figure 6B).

Next, we measured mRNA expression levels of genes involved in remodeling
and fibrosis (Figure 6C). Vascular endothelial growth factor (VEGF) is an important
regulator of angiogenesis, and was 2.9 times higher in splinted wounds compared to
non-splinted wounds. Also matrix metalloproteinase (MMP)-9, an important enzyme
that helps remodel the provisional ECM following wounding, was increased (four-fold).

Surprisingly, collagen type 3 gene expression, which is produced by
(myo)fibroblasts, and forms the major collagen type expressed in granulation tissue,
was almost three times lower in splinted wounds compared to non-splinted wounds
(p=0.0544).

Interestingly, we found significantly more (5.8-fold) gene expression of
keratinocyte marker krt-6 in non-splinted wounds compared to splinted wounds.

Thus, there were more myofibroblasts and higher expression of VEGF and
MMP-9 in day-7 wounds following mechanical stress.

A
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Figure 6: Effects of splinting on markers of fibrosis. (A) Immunohistological staining of a-SMA-positive
myofibroblasts in control skin and non-splinted and splinted 7-day wounds (bars = 1 mm). Note: black triangle
(A) in the non-wounded control skin shows a-SMA-positive muscles in the vascular wall and the arrector pili
muscles of the hair follicles. Black arrow (=) shows a-SMA-positive myofibroblasts. (B) Quantification of
scored a-SMA protein staining of wounds after 7 days in arbitrary units (AU). Data represent mean + SD. * is
significantly different between non-splinted and splinted wounds (**p<0.01). (C) mRNA expression levels of
VEGF, MMP-9, collagen type 3, and krt-6 in 7-day non-splinted and splinted wounds normalized to levels in
control unwounded skin. Data represent mean + SD. * is significantly different between non-splinted and
splinted wounds (*p<0.05).

Discussion

We found that splinting effectively delayed wound closure. Interestingly, HO-1
promoter activity initially decreased upon wounding, but was followed by induction of
HO-1 mRNA and protein. However, HO-1 protein expression was delayed in the splinted
wounds. Since HO activity attenuates inflammatory and oxidative stress and is thought
to reduce fibrosis, we postulated that the splinting-mediated delay in HO-1 protein
expression could result in a reduced defense against inflammatory and fibrotic
processes. Indeed, more F4/80-positive macrophages, a-SMA-positive myofibroblasts,
and pro-inflammatory cytokines were present in splinted wounds at day 7 when
compared to non-splinted wounds. Normally, the wound healing cascade is
characterized by three distinct phases: inflammation, proliferation and remodeling
93839 This suggests that mechanical stress causes delayed wound closure, a
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prolongation of the inflammatory phase, and an altered remodeling phase, and may
promote fibrosis.

Mechanical stress and HO-1

We found that mechanical stress by splinting delays wound closure 3.3 times in
comparison to non-splinted wounds after 7 days. This was likely largely mediated by
inhibiting the contraction of the subcutaneous muscle layer in mice; however, it may
also be caused by interfering with other processes involved in wound healing, such as
inflammation, proliferation or remodeling.

Previously, it was shown that in vitro administration of mechanical stress with
a Flex-cell strain unit induces HO-1 mRNA and protein expression in periodontal
ligament cells in a time- and force-dependent manner®, HO-1 mRNA levels are also
upregulated in vitro after mechanical stress in human aortic endothelial cells*® and
human dental pulp cells*’. Aortic smooth muscle cells also respond to mechanical
stress, and induce HO-1 expression in a time-dependent response to laminar shear
stress®. In an in vivo model with inflammatory, oxidative and mechanical stress, HO-1
mRNA was induced after 6 and 12 h as a result of unilateral urethral obstruction3!. We
therefore postulated that splinting would induce HO-1 as a protective response.

We have shown that within the first hour of wounding, HO-1 promoter activity
at the place of the wound decreases. This may be related to the removal of the HO-1-
positive skin layer. This suggests that there is basal HO-1 promoter activity present in
normal skin, which we previously validated in the epithelium of the skin®. More
precisely, keratinocytes in the hyperproliferative epithelium express high levels of HO-
1 as normal physiology?>?6. After the initial decrease in HO-1 promoter activity in both
groups, HO-1 promoter activity significantly increased within one day, which may be
due to the attraction of HO-1-positive macrophages during the inflammatory phase,
and the influx of HO-1-positive epithelial cells during the re-epithelialization of the
wounds?%2642_ This rapid HO-1 induction is in line with a previous study in mouse
excisional wounds, showing increased HO-1 mRNA and protein at day 1 after
wounding?®. Additionally, the constitutively-expressed HO-2 was also not affected by
wounding in this previous study, which was similar to our current results. We found
that effects on HO-1 promoter activity were independent of the wound model, since
both splinted and non-splinted wounds showed similar activity. However, at day 3,
there was only a significant increase in the splinted model compared to the baseline
level. Increased HO-1 expression was also found for both models in 7-day wounds at
the mRNA level when compared to non-wounded skin. This increase was significantly
higher after mechanical stress.

On the protein level, we saw contradictory results with significantly more HO-
1 protein staining in the epidermis of non-splinted wounds and a slight, non-statistically
significant, increase of HO-1 protein in the dermis in splinted wounds after 7 days. Thus,
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although HO-1 induction was shown in diverse models of mechanical stress, we found
only HO-1 promoter activation and HO-1 mRNA induction. HO-1 protein expression
was, in fact, reduced by the static mechanical stress of the splint in the epidermal
region.

When comparing protein levels in the epidermis, HO-1-positive cells were
clustered in re-epithelialized tissue underneath the wound crust and were likely newly-

formed keratinocytes?>2°

. It is likely that the highly increased keratinocyte gene
expression in non-splinted wounds account for the observed increase in HO-1 protein
expression.

In the dermis, HO-1-positive cells in inflamed tissues were individually spread,
and based on their location and morphology, appeared to be macrophages?>*?. We and
others demonstrated previously that HO-1-positive macrophages can be recruited
during the wound repair process®2>26,

It is, however, striking that splinted wounds exhibited similar levels of HO-1-
positive cells in the dermis when compared to non-splinted wounds, while there were

higher levels of F4/80-positive macrophages in splinted wounds.

Mechanical stress by splinting enhances inflammation; the role of HO-1

Macrophages promote strong inflammatory responses through secretion of cytokines,
such as IL-1B and TNF-a*. It is thought that during the wound repair process, first pro-
inflammatory M1 macrophages enter the wound site to clear cellular debris and destroy
invading pathogens. Besides pro-inflammatory M1 macrophages, there are other
macrophage subsets, including the anti-inflammatory M2 macrophages and the Mhem,

Mox, and M4 macrophages**4

. To enter the proliferation phase, resolution of
inflammation is necessary. Under the right conditions, M1 macrophages may therefore
skew into other anti-inflammatory macrophage subsets*. The presence of large
numbers of macrophages in the splinted wounds and the increased levels of pro-
inflammatory mediators IL-1B, TNF-a and COX-2 suggests that in the splinted wounds
there were mainly M1 macrophages present. Prolonged inflammation and high levels
of oxidative stress may result in excessive deposition of ECM, leading to fibrosis and
excessive/hypertrophic scarring'®*’. Cytokines that mediate inflammation, such as IL-
1B and TNF-q, are involved in mechanical stretch-induced inflammation. For example,
in vitro administration of mechanical stress induces both IL-13 and COX-2 in fibroblast-
like synoviocyte cells*, epithelial cells*®, chondrocytes®®, and cardiac muscle cells®' in a
time- and force-dependent manner. This increased expression of inflammatory markers
corresponded to our findings. Moreover, we found a trend in MCP-1 mRNA induction
(p=0.10) after mechanical stress, matching the enhanced protein staining for
macrophages after mechanical stress.

Heme oxygenase-1-positive macrophages are thought to protect the wound
environment against oxidative stress?>>2. Following injury, the HO substrate heme is
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abundantly released at the edges of the wound site and can stimulate recruitment of
leukocytes®?>>3, In contrast, HO activity inhibits leukocyte recruitment via down-
regulation of vascular adhesion molecules®. Moreover, HO-1 activity inhibits production
of various pro-inflammatory cytokines, including IL-1B and TNF-a>#%°. In 7-day wounds,
the inflammation levels were high in both non-splinted and splinted wounds, but
however were much higher after mechanical stress in the splinted wounds.

The expression of HO-1 may facilitate resolution of inflammatory and oxidative
stress at the wound site. When mechanical stress delays HO-1 protein expression, this
may also delay resolution of inflammation, and lead to fibrogenesis.

Mechanical stress results in more fibrosis by a prolonged survival of myofibroblasts;
the relation between inflammation, remodeling and HO-1

Mechanical stress, which is present in CL/P patients following palatal surgery and in
patients with wounds in the vicinity of joints, increases the risk of excessive scar
formation. In our splinting model, we demonstrated the increased presence of pro-
inflammatory and pro-fibrotic cells and markers, suggesting that mechanical stress
interferes with resolution of inflammation, which may ultimately lead to hampered
wound repair and excessive scar formation. Application of mechanical loading to
healing wounds in mice can cause hypertrophic scarring, through decreased apoptosis
of myofibroblasts®®. It is tempting to speculate that the delayed HO-1 protein
expression in the splinted model contributes to the delay in resolution of inflammation
and allows the pro-inflammatory environment and the myofibroblast survival that we
observed in the wound area at day 7.

When myofibroblasts fail to go into apoptosis, this leads to continuation of
contraction and production of ECM, and ultimately to fibrosis>3'718 We found an
increased presence of myofibroblasts after splinting, suggesting that either more
myofibroblasts are formed upon mechanical stress, less myofibroblasts die, or splinting
causes a delay in the myofibroblast formation when compared to non-splinted wounds.
This corresponds to other reports, which showed that mechanical tension induces
myofibroblast differentiation in wound granulation tissue in 6-day splinted wounds
compared to non-splinted wounds!#?°. These processes may be fine-tuned by HO-1 and
its effector molecules as is shown in vitro by regulating the apoptosis of fibroblasts'®>’.

Pathological cutaneous wound healing resulting in excessive scarring and
fibrosis is the consequence of an imbalance between ECM synthesis by myofibroblasts
and degradation and remodeling by MMPs3, We found that remodeling marker MMP-
9 was increased after mechanical stress, which was also observed by other groups>&°,
VEGF is an important promoter of angiogenesis and therefore microvessel density
might be increased by mechanical tension. Chemokine and cytokine processing by
MMPs affects the progression of inflammatory responses and leukocyte migration®:.
For example, MMP-9 can inactivate/degrade CXCL1, CXCL4, CXCL9, and CXCL10,
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resulting in anti-inflammatory effects®%3

. Increased MMP-9 may be indicative of
inflammation and poor wound healing®. The interplay between VEGF and HO-1 is
complex and it was demonstrated that they can both inhibit or induce each other®>8,
Induction of HO-1 in a rat excisional wound model enhanced wound healing by
increased cellular proliferation and collagen synthesis?®. HO-1 induction also reduced
the inflammatory response by inhibition of pro-inflammatory molecules TNF-a, and
ICAM-1 and an induction of the anti-inflammatory cytokine 1L-10%5,

In summary, mechanical stress leads to delayed wound closure, increased
inflammation, and altered remodeling during the wound healing process. Since more
myofibroblasts are present after splinting, mechanical stress may result in more scar
formation. This was associated with a delayed anti-inflammatory and anti-fibrotic HO-
1 protein expression in splinted wounds compared to non-splinted wounds. Since HO-
1 attacks multiple targets that play an important role during fibrogenesis,
pharmacologic induction of HO-1 may facilitate resolution of inflammation and
attenuate fibrosis.

Conclusion

We demonstrated that splinting significantly delays wound closure and potentiates the
influx of pro-inflammatory leukocytes and myofibroblasts in day-7 wounds, which may
promote fibrosis. The cytoprotective HO-1 gene is increased upon wounding, but HO-1
protein was lower in the epidermis after mechanical stress, probably as a result of the
increased number of HO-1-positive keratinocytes in the re-epithelialization tissue of
non-splinted wounds. Therefore, targeted pharmacologic induction of cytoprotective
mechanisms, including HO-1, as preventive therapy against mechanical stress-induced
inflammation and fibrosis must be considered.
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Abbreviations

CL Cleft lip

CL(P) Cleft lip and/or palate

CLP Cleft lip and palate

CNCCs Cranial neural crest cells

CPM Cranial paraxial mesoderm

ECM Extracellular matrix

FDA Food and Drug Administration

FGF Fibroblast growth factor

bFGF basic Fibroblast growth factor

HGF Hepatocyte growth factor

HO Heme oxygenase

IFNy Interferon-y

IGF-1 Insulin-like growth factor 1

IGF-2 Insulin-like growth factor 2

IL-1B Interleukin-1 beta

IL-6 Interleukin-6

MCP-1 Monocyte chemoattractant protein-1
MIP-2 Macrophage Inflammatory protein 2
MMPs Matrix metalloproteinases

MSC Mesenchymal stem/stromal cells
MyHC Multinucleated myosin heavy chain
MyoD Myoblast determination protein 1
Pax7 Paired box transcription factor

PDGF Platelet-derived growth factor

PIC Polyisocyanopeptide

SCs Satellite cells

a-SMA Alpha smooth muscle actin

TGF-B1 Transforming growth factor beta 1
TIMPS Tissue inhibitors of matrix metalloproteinases
TNF-a Tumor necrosis factor alpha

UCMSC Umbilical cord mesenchymal stem cells
hUCMSC Human umbilical cord blood mesenchymal stem cells
VEGF Vascular endothelial growth factor
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Abstract

Cleft lip with or without cleft palate is a congenital deformity that occurs in about 1 of
700 newborns, affecting the dentition, bone, skin, muscles and mucosa in the orofacial
region. A cleft can give rise to problems with maxillofacial growth, dental development,
speech, and eating, and can also cause hearing impairment. Surgical repair of the lip
may lead to impaired regeneration of muscle and skin, fibrosis, and scar formation. This
may result in hampered facial growth and dental development affecting oral function
and lip and nose esthetics. Therefore, secondary surgery to correct the scar is often
indicated. We will discuss the molecular and cellular pathways involved in facial and lip
myogenesis, muscle anatomy in the normal and cleft lip, and complications following
surgery. The aim of this review is to outline a novel molecular and cellular strategy to
improve musculature and skin regeneration and to reduce scar formation following
cleft repair. Orofacial clefting can be diagnosed in the fetus through prenatal ultrasound
screening and allows planning for the harvesting of umbilical cord blood stem cells upon
birth. Tissue engineering techniques using these cord blood stem cells and molecular
targeting of inflammation and fibrosis during surgery may promote tissue regeneration.
We expect that this novel strategy improves both muscle and skin regeneration,
resulting in better function and esthetics after cleft repair.

Keywords: cleft lip and palate, oral surgery, scarring, tissue engineering, umbilical cord
blood stem cells.
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1. Introduction

Cleft lip with (CLP) or without cleft palate (CL) occurs in about 1 to 700 newborns with
ethnic and geographical variation and is one of the most common facial congenital
anomalies3. A cleft lip only (CL) is present in about 0.6 per 1000 live births*. CL(P) is
either uni- or bilateral (Figure 1) and can occur isolated or as part of a syndrome>.

Figure 1. (A): Unoperated orofacial clefting in mild to severe form, left to right: unilateral subepithelial cleft
lip, unilateral cleft lip and palate, bilateral cleft lip alveolus. (B): Lip closure with an optimal, normal and
suboptimal esthetic outcome. (B) left: unilateral cleft lip with well-aligned vermillion border, normal lip
length, and normal shape of nostrils. (B) middle: unilateral cleft lip and palate with deficient lateral vermillion
and white roll malalignment. (B) right: bilateral cleft lip and palate after surgical closing with vermillion
notching, short upper lip, and high rising nostrils. (C): Left: unoperated cleft lip and palate with cleft in the
alveolar ridge and anterior displacement of the premaxilla. (C) middle: cleft palate with excessive scarring,
and fistula following surgery. (C) right: adult patient in profile with a hypoplastic maxilla due to scarring after
cleft lip and palate closure that resulted to a class Ill skeletal jaw relation.

Since only 30% of children born with CLP have a genetic syndrome, a
combination of genetic and environmental factors is thought to play a role in the
etiology of orofacial clefting®’. These environmental risk factors include smoking®,
alcohol consumption®, phenytoin exposure!®, diabetes!!, and maternal? and paternal
age®. Other factors such as folate supplementation, zinc and daily multivitamin intake,
can reduce the risk of CL(P)*.

There is a large variation in the severity of cleft lip, ranging from mild
subepithelial to complete bilateral clefting (Figure 1). The more severe the cleft lip, the
more the shape and size of the alveolar process are affected. The cleft in the alveolar
process can range from a small dimple in the arch in combination with a minor cleft of
the lip to a total cleft of the alveolar ridge and anterior displacement of the premaxilla®
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(Figure 1), Clefts of the primary or secondary palate differ in embryonic origin and
underlying fusion or differentiation defects. Fusion defects of the primary palate lead
to complete clefting of the lip either or not combined with a complete or incomplete
clefting of the alveolus. Differentiation defects of the primary palate give rise to
incomplete, submucous or hypoplastic cleft lip and/or alveolus. Fusion defects of the
secondary palate lead to complete or incomplete hard palate clefts that may be
combined with a cleft in the soft palate and/or uvula. Differentiation defects of the
secondary palate give rise to a combination of submucous, hypoplastic hard and soft
palate defects?>?,

If the cleft is not surgically corrected, patients are more prone to hearing
problems due to otitis media with effusion®®, and have difficulties with speech, feeding,
and abnormal dental development due to loss of lip pressure. In addition, they may
encounter social isolation. Clefts can cause serious psychological problems including
low self-esteem and acceptance by peers!®2°,

Scarring following surgical correction of the cleft lip can have a major effect on
subsequent anterior-posterior and vertical growth of the maxilla, as well as on the
position of the maxillary incisors??. Excessive pressure of the repaired upper lip leads to
palatal inclination of the upper front teeth and an increased overbite but decreased
overjet?2. When the patient grows older a reversed overjet often develops due to
growth restriction of the maxilla, especially in CLP cases. Several factors contribute to
suboptimal lip muscle repair including the skills and experience of the surgeon?3, type
and extension of the cleft?, genetic factors?®>, muscle fiber type distribution, and
impaired muscle regeneration?®?’. In this review, we therefore present a novel tissue
engineering strategy that aims to prevent scarring and subsequent functional problems
following cleft surgery by promoting muscle and skin regeneration.

2. Facial and lip myogenesis

Orofacial development involves the migration, proliferation, differentiation, and
apoptosis of mesenchymal and epithelial cells?®. From the 4" week of gestation cranial
neural crest cells (CNCCs) migrate from the dorsal part of the neural tube to form the
human face. Next, these CNCCs differentiate into the mesenchymal cells that form
structures such as cartilage and bone. The cranial paraxial mesoderm (CPM) provides
the precursors for the cranial muscles. Both CNCCs and CPM form the templates for the
adult craniofacial structures in the branchial arches?. In the 5" week of gestation, the
CNCCs form the frontonasal prominence, the bilateral maxillary prominences and the
bilateral mandibular prominences. In the 6! and 7*" week the medial nasal prominences
grow and fuse with each other to form an intermaxillary segment. This intermaxillary
segment will later fuse with the maxillary prominences and form the upper lip. Any
disruption in these well-orchestrated processes can lead to a cleft in lip, alveolus and/or
palate?8:30-32
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The muscles of the upper lip are all derived from the mesoderm of the 2"
pharyngeal arch and are partly determine facial expression3*3* (Figure 2). Mesenchymal
condensations that form the individual upper lip muscles emerge sequentially, starting
from the 6™ week of gestation in humans®. During development of the facial muscles,
these mesenchymal condensations differentiate and move to their definitive location
where they mature3*. In summary, the main muscles of the upper lip originate from
mesenchymal condensations in the pharyngeal arches.

Figure 2. Left: Muscle complex involved in the function of the upper lip: seven pairs of facial and lip muscles
connected to the circular orbicularis oris muscle (red: superficial fibers, blue; deep fibers); buccinator (1),
levator labii superioris (2), levator labii superioris alaeque nasi (3), levator anguli oris (4), zygomaticus minor
(5), zygomaticus major (6), and the risorius muscle (7). Middle: unilateral cleft lip with abnormal orientation
and insertion of the orbicularis oris muscle, superficial muscle fibers (red) and deep muscle fibers (blue) are
deficient. Right: bilateral cleft lip with abnormal orientation and insertion of the orbicularis oris muscle.

3. Muscle anatomy in the normal and cleft lip

The upper lip muscles comprise the orbicularis oris and seven pairs of other facial and
lip muscles. The facial muscles are divided into a superficial (extrinsic) layer and a deep
(intrinsic) layer, which work either synergistically or antagonistically in the coordination
of lip movements®. The orbicularis oris muscle is the primary muscle of the lip and
therefore the most important muscle in cleft lip surgery?. Facial expressions and lip
movements during speaking are supported by the superficial part of the orbicularis oris,
while mastication is mediated by the deep layer. The superficial muscle fibers end up in
the philtrum ridge on one side, whereas the deep layers cross the midline to insert on
the opposite side. The philtrum dimple originates from a reduced attachment of mus-
cles to the surface® (Figure 2).

The orbicularis oris muscle together with the deep buccinator muscles
compress the lips and cheeks against the teeth. The buccinator originates at the
mandible to attach to the modiolus of the upper and lower lips. The superficial muscles
of the lip, the levator labii superioris, the levator labii superioris alaeque nasi and the
zygomaticus minor originate in the orbicularis oris and move the upper lip upwards and
sideways. The zygomaticus major muscle flanks the upper lip on both sides and raises
the lip¥’. The levator anguli oris is a deep muscle elevating the corners of the lips. All

241




CHAPTER 7

muscle fibers of these muscles originate and insert into the skin and the mucous
membrane (Figure 2).

The orbicularis oris muscle contains both slow and fast fibers. The slow fibers
are more resistant against fatigue and have a low activation threshold, whereas the fast
fibers are more prone to fatigue and have a high activation threshold3. Both the
superficial and deep orbicularis oris muscle are predominantly composed of fast fibers,
but there is a slight difference in fiber type composition between the superficial (98%
fast) and deep muscle layers pars peripheralis (95% fast) and pars marginalis (91% fast).
This indicates that these muscles should be reconstructed separately during surgery.

In a cleft lip, all facial muscle fibers lack their insertions in the midline and
therefore have an abnormal orientation on one or both sides (uni/bilateral cleft,
respectively) (Figure 2). The orbicularis oris normally functions as a sphincter but, in a
cleft lip, it pulls the two portions of the lip laterally leading to an imbalance between lip
and tongue pressure. When a cleft lip is not surgically corrected at a young age, the
anterior teeth will often become malpositioned™.

The superficial fibers of the orbicularis oris muscle are oriented parallel to the
cleft, medial towards the columella and lateral to the alar base. The fibers at the medial
side are deficient. The superficial fibers are more disorganized with increasing severity
of the cleft. By contrast, the orientation of the deep layer of the orbicularis oris remains
unchanged. This muscle runs perpendicular to the cleft and ends at the edges of the
cleft®®* (Figure 2).

In cleft lip, an increased amount of fast muscle fibers is present*?, which has
also been demonstrated in the musculus levator veli palatini of the cleft soft palate®.
In vitro studies have shown that satellite cells (SCs) from fast muscle fibers proliferate
less than those from slow muscle fibers**. This, together with the reduced capillary
supply and disorganization of the muscle fibers may compromise muscle regeneration
in a cleft lip after surgical repair®.

Summarizing, in CL(P) the orientation, insertion and composition of the
muscles of the lip are abnormal, which hampers muscle regeneration after surgery,
affecting the oral function and dental development.

4. Cleft surgery can result in fibrosis and scar formation.
The two main techniques in unilateral cleft lip surgery are the triangular flap technique
(Tennison-Randall) and the rotation advancement technique (Millard), which have
similar outcomes*®*’. Common bilateral cleft lip techniques include the Millard
technique, the Manchester technique and the Tennisson technique®. Cleft lip is often
accompanied by a cleft palate and cleft alveolus?’, and is treated at different time points
after birth depending on the treatment protocol*® 24,

Surgery of the lip usually takes place in the first year after birth, often in
conjunction with the repair of the nose and the soft palate®®. The hard palate is closed
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as late as possible, taking into account the speech development of the patient and the
potential negative effects on facial growth. There is a large variation in the timing of
surgical treatments between CLP surgical centers®. However, the outcome is often
suboptimal, depending on the severity of the original defect and the displacement of
the cleft maxilla®2. Dehiscence of the lip or the palate shortly after surgery or scar
formation with subsequent hampered growth of the maxilla are found>. Revision
surgery is therefore required in 33% of the CLP patients compared to 12% of the
patients with an intact secondary palate®.

Normally, wound healing of skin and muscle is characterized by four successive
and overlapping phases: hemostasis, inflammation, proliferation and remodeling>>°.
Disruption of blood vessels because of cleft surgery causes bleeding. Next, a blood clot
containing fibrin will form by platelet aggregation. During hemostasis, platelets release
cytokines and growth factors that attract inflammatory cells like granulocytes and
macrophages®’. These inflammatory cells remove apoptotic cells, debris and invading
bacteria. Released cytokines and growth factors then stimulate keratinocyte and
fibroblast proliferation, and angiogenesis to promote tissue regeneration. This
proliferative phase consists of epithelial proliferation, the formation of granulation
tissue and epithelialization. These processes are regulated by fibroblasts and
endothelial cells®. Fibroblasts produce collagen, glycosaminoglycans and
proteoglycans, the major components of the extracellular matrix (ECM)®8. Mechanical
strain, transforming growth factor beta 1 (TGF-B1) and the ECM molecule ED-A
fibronectin induce the differentiation of fibroblasts into myofibroblasts®®.
Myofibroblasts contract the granulation tissue and deposit large amounts of ECM
molecules. Subsequently, matrix metalloproteinases (MMPs) and tissue inhibitors of
matrix metalloproteinases (TIMPS) control the remodeling process®. During
remodeling cross-linking and reorientation of collagen fibers occurs, while the number
of capillaries regresses returning the vascular density to normal. The immature type Il
collagen is modified to mature type | collagen®’. At the end of this phase, the
myofibroblasts die by apoptosis leaving a rather acellular scar. However, multiple
molecular and mechanical factors can affect wound healing after CL(P) surgery and
promote fibrosis and scar formation resulting in major functional and aesthetic
problems®? 4,

In normal skin, ECM deposition and degradation are balanced. An
accumulation of collagen type | and Ill fibers and other ECM proteins after injury results
in a disorganized fiber structure and hypertrophic scar formation®%. Wound tension
or mechanical stress is another causative factor for scar formation®”%8, The skin of the
human face is maximally extensible perpendicular to relaxed skin tension lines, implying
that tension is minimized when surgical incisions are created along these lines®.
Prolonged inflammation and oxidative stress block the remodeling phase and promotes
excessive fibrosis and scarring®7’!. Therefore, stringent control of oxidative and
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inflammatory factors is important for the outcome of wound repair in skin and muscle.
Several factors including the cytokines interleukin-1 beta (IL-1B), interleukin-6 (IL-6),
tumor necrosis factor alpha (TNF-a), TGF-1, monocyte chemoattractant protein-1
(MCP1) and heme can induce fibrosis and scarring. These factors promote inflammatory
cell adhesion, migration/proliferation of leukocytes and fibroblasts, and dysregulation
of ECM remodeling®®7273, Thus, to prevent excessive scarring, we need to limit the
inflammatory and fibrotic processes and promote regeneration.

5. Stem cells repair wounds and facilitate skin and muscle regeneration

Stem cells facilitate maintenance and repair processes in skin and muscle by
replenishing lost tissue and by creating a regenerative micro-environment. Stem cells
have a prolonged self-renewal capacity and can differentiate into various cell types,
making them ideal for use in regenerative medicine. Stem cells are required at the site
of injury to allow the regeneration of dermal, epidermal’* and muscle tissue’.
Moreover, they promote scarless wound healing by generating a regenerative
microenvironment via the secretion of protective factors that can inhibit
myofibroblasts in a paracrine fashion”6%,

Following skin wounding, epidermal stem cells in the basal layer are activated,
proliferate and migrate to the site of injury where they contribute to regeneration®.
Muscle repair following injury is facilitated by satellite cells (SCs). SCs are muscle stem
cells originating from the CPM that are responsible for postnatal muscle growth,
maintenance, and repair®¥84. They express the paired box transcription factor 7 (Pax7)
and are located between the sarcolemma and basal lamina surrounding a single muscle
fiber. After the injury, SCs become activated and migrate to the site of injury,
proliferate, and differentiate into myoD-positive myoblasts that fuse to form new
multinucleated myosin heavy chain (MyHC)-positive myofibers or repair damaged
myofibers®#>8¢ (Figure 3). A small portion of these SCs stay quiescent to allow future
regeneration cycles. Signaling molecules like insulin-like growth factor 1 and 2 (IGF-1,
IGF-2), platelet-derived growth factor (PDGF), fibroblast growth factor (FGF) and
hepatocyte growth factor (HGF) derived from recruited macrophages, injured
myofibers and disrupted ECM regulate this process®®’. HGF induces the activation of
quiescent SCs®. IGF-1 and 2 enhance myogenic proliferation and differentiation, and
promote cell survival. PDGF regulates the proliferation and differentiation of myoblasts
and supports angiogenesis. FGF is upregulated during muscle regeneration, but its exact
role is unclear.

Muscle-specific transcription factors like Pax7, myogenic factor 5, myoblast
determination protein 1 (MyoD), myogenin and finally structural proteins like MyHC are
sequentially expressed®® (Figure 3).

Most of the studies on muscle regeneration have been performed on skeletal
muscles of limb and trunk. During embryonic development the limb and trunk muscles
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are derived from the somites whereas lip muscles are derived from the CPM in the
branchial arches®3. Head muscles also contain less SCs than limb muscles** and injuries
regenerate slower®>°°, In addition, Pax7 and myogenic regulatory factor 4 levels in limb
muscles are lower than in head muscles. SCs from the masseter muscle proliferate
more and differentiate later than those from limb muscles*. SCs from different
branchiomeric muscles, however, behave in a similar way. The lower regenerative
capacity of branchiomeric muscles compared to limb muscle may impair muscle healing
after cleft surgery®®. The reduced blood supply and aberrant muscle orientation in a
cleft lip may further impair the regeneration process*. Thus, stem cells could provide a
solution for skin repair, but also for muscle repair.

Figure 3: Immunofluorescence staining of muscle fiber formation from masseter satellite cells (SCs): Left:
after 3 days of culture, DAPI (blue) stains nuclei, Pax 7 (red), Middle: after 7 days of culture, DAPI (blue),
MyHC (red). Right: after 10 days of culture DAPI (blue), MyHC (red). Magnification x400. DAPI, 4',6-diamidino-
2-phenylindole; MyHC, myosin heavy chain; Pax 7, paired box transcription factor 7.

6. Regenerative medicine to attenuate scarring and muscle fibrosis

To overcome the functional and esthetic problems related to scarring after cleft lip
surgery, we present a novel tissue engineering strategy. This involves a combination of
umbilical cord blood stem cells with regenerative capacity together with anti-
inflammatory and antifibrotic molecules.

In comparison to adults, fetuses display less scarring following wound
healing®’. Fetal wounds differ in several ways from adult wounds, including a reduced
inflammatory response. They also have higher expression levels of MMPs compared to
their inhibitors, the TIMPs®L. Further, PDGF disappears more rapidly from fetal wounds,
that also show lower FGF levels and increased TGF-B3 levels. In addition, the level of
TGF-B1/2 is lower®?, the biomechanical strain is lower and the ECM is enriched in
hyaluronic acid and type Il collagen®3.

Tissue regeneration is often hampered by the occurrence of fibrosis. TGF-B1 is
a pro-inflammatory factor that recruits macrophages and other inflammatory cells to
the wound site, thus contributing to fibrosis and excessive scarring®. In muscles, TGF-
B1 stimulates the synthesis of collagen and other ECM components, and promotes
myofibroblast formation and fibrosis®>. Myostatin, also a member of the TGF-B family
inhibits muscle regeneration by reducing the proliferation of stem cells and
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myoblasts®®. The inhibition of myostatin and TGF-B may enhance muscle
regeneration®”. The proteoglycan decorin has a stimulatory effect on autophagy and
inflammation, and an inhibitory effect on angiogenesis by inhibiting both TGF-B1 and
myostatin. This protein can be used to prevent fibrosis and enhance muscle
regeneration®. Decorin also upregulates myogenic genes and promotes skeletal muscle
regeneration after injury®. Losartan, an angiotensin Il receptor antagonist, neutralizes
the effect of TGF-B1, reduces fibrosis and has already been used clinically in therapy for
myocardial fibrosis®%101,

Oxidative stress and inflammation can be counteracted by the induction of
heme oxygenase (HO) by metalloporphyrins'®2. The enzyme HO degrades free heme
generating carbon monoxide, ferrous iron/ferritin and biliverdin/bilirubin, which can be
used to reduce inflammation. HO-1 deficient humans and mice demonstrate chronic
inflammatory stress®1% HO-1 has pro-angiogenic effects via regulating vascular
endothelial growth factor (VEGF) synthesis!®>'%, HO-2 deficient mice have elevated
levels of pro-inflammatory chemokines including keratinocyte chemoattractant,
macrophage Inflammatory protein 2 (MIP-2), and MCP-1. These mice show delayed
wound healing and an exaggerated inflammatory response after corneal epithelial
wounding!07:108,

Alternatively, systemic administration of anti-inflammatory therapeutics
during surgery may attenuate scarring. These include neuropeptide a-melanocyte
stimulating hormone®, fibroblast growth factor 9 (FGF9)1°, WNT 3A!!, interleukin 10
(IL-10)1*2, interleukin 6 (IL-6)'!3, anti-VEGF antibody!'4, TGF-B3!'* and CXC chemokine
receptor type 4 antagonists'®®. II-10 downregulates pro-inflammatory cytokines IL-6
and IL-8 and may thus attenuate scar formation®!2,

TGF-B1 is the main target in antifibrotic therapies that include the
administration of fibroblast growth factor basic (bFGF), insulin growth factor 1 (IGF-1),
losartan, suramin, decorin, relaxin, interferon-y (IFNy) and angiotensin Il receptor
blockers. Antagonists of the IL-1 receptor (anakinra; Food and Drug Administration
(FDA) approved) reduces TGF-B1 expression and could be used for the reduction of scar
formation?,

Over the years, various drugs have been developed that target profibrotic
signaling pathways such as TGF- and PDGF, to reduce the progression of fibrosis. Still,
hardly any drugs are available for the treatment of organ fibrosis. Currently, there are
only two FDA approved drugs that are used for the treatment of idiopathic pulmonary
fibrosis, namely pirfenidone and nintedanib?’.

Pirfenidone, that is pyridine(5-methyl-1-phenyl-2-(1H)-pyridone), is an oral
agent that can elicit anti-inflammatory, antioxidative and antiproliferative effects!5,
Even though, the exact mechanism of action is still not fully understood, the antifibrotic
effect of pirfenidone has been demonstrated in several organs, for example lung, liver
and kidney*8. In human liver cells, it has been shown that it attenuates TGF-B-induced
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mRNA expression of a-SMA and type | collagen'®. Also in human precision-cut liver
slices a reduction in the gene expression of type | collagen was observed following
treatment with pirfenidone!?°.

Nintedanib, formerly known as BIBF 1120, is an intracellular triple angiokinase
inhibitor targeting the VEGF, FGF, and PDGF receptors?. Nintedanib competitively
binds to the adenosine triphosphate binding pocket of these receptors inhibiting their
activation and thereby inhibiting the fibrotic process. In addition, nintedanib has also
been demonstrated to inhibit members of the proto-oncogene tyrosine-protein kinase
(Src)-family (Src, Lyn, and Lck), which are activated in various types of cancer and belong
to the non-receptor tyrosine kinases'??.

Galunisertib, LY2157299, is an oral small molecule inhibitor of the TGF-B
receptor | kinase that specifically inhibits SMAD2 phosphorylation!?. Using human
precision-cut liver slices, it has been demonstrated that galunisertib attenuates SMAD2
phosphorylation in healthy and cirrhotic liver tissue and reduces the expression of
several collagen subtypes (collagen types |, lll, IV, V and VI). In addition, it reduces the
expression of numerous genes associated with collagen maturation and
homeostasis!?*. Interestingly, there is also evidence suggesting that galunisertib can
inhibit TGF-B signaling in human oral keratinocytes'?>.

Overall, there are three distinct routes to target profibrotic signaling: (A)
inhibiting transcription or translation of pro-fibrotic factors, (B) blocking interleukin
receptor binding and activation, and (C) interfering with down-stream signaling events.
Since the fibrotic process is highly similar in all organs, therapeutic targets identified in,
for instance, the liver might also be used to reduce scar formation following cleft
surgery. The three drugs described above have proven antifibrotic efficacy and are
therefore ideal candidates for further study in the context of cleft repair.

7. Umbilical cord: from waste material to source of therapeutic stem cells

Adult stem cells like mesenchymal stem/stromal cells (MSC) can be found throughout
the body. Mesenchymal stem cells are currently widely used for regenerative medicine
purposes. They may stimulate the regeneration of the injured skin and muscle following
surgical lip closure by replenishing the required cells and by providing a

126 MSCs can differentiate into

microenvironment that attenuates scarring and fibrosis
several types of cells including endothelial cells, myocytes, keratinocytes, and
fibroblasts'?’-12°, Moreover, stem cells produce several anti-inflammatory and
antifibrotic mediators, and secrete factors that create a regenerative
microenvironment!3%133, Cord blood stem cells embedded in a scaffold secrete for
example MMP-9, mediating collagen degradation in uterine scars, which improves the
regeneration of the endometrium, myometrium and blood vessels'3**. Administered

cord blood stem cells also promote the recruitment of endogenous stem cells3>13¢,
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The isolation of MSCs from bone marrow or adipose tissue from the the baby
is rather invasive and can cause complications such as infection, bleeding, and chronic
pain®¥’. Moreover, it is expensive to harvest them and to expand them by controlled
cell culture'®®, Therefore, there is a need for alternative sources of MSCs. Human
umbilical cord blood cells are obtained by a simple, safe, and painless procedure upon
birth. Mesenchymal stem cells can be easily isolated from cord blood and preserved for
later®3. Since prenatal ultrasound screening allows early detection of a cleft in the 11"
to 13" week of gestation*®14!, the preservation of umbilical cord (blood) upon birth
can be planned in an early stage and should be considered as a new strategy to optimize
cleft surgery (Figure 4). Cord blood can be collected from the umbilical vein or from the
placenta. Only the mononuclear fraction which contains the stem cells is needed for
preservation. In addition, stem cells can be harvested simultaneously from the umbilical
cord tissue itself. The umbilical cord mesenchymal stem cells (UCMSC) can be taken
from the amniotic membrane, the cord lining, Wharton’s jelly, and the perivascular
region of the umbilical cord*?. The umbilical cord blood and tissue contain a
heterogeneous mixture of stem and progenitor cells at different stages of

138 It is an attractive source of stem cells because it is considered

differentiation
biowaste accompanying the delivery of a baby. We propose here that these UCMSCS
could be used during CL(P) surgeries to facilitate skin and muscle tissue regeneration
(Figure 4).

The successful use of human umbilical cord blood and tissue mesenchymal
stem cells (hUCMSC) has been shown for other fields in a variety of in vitro, animal and
human studies. It has been demonstrated that umbilical cord blood cells can

143 144 and also have a

differentiate into epithelial cells'**, osteoblasts and adipocytes
myogenic potential. In a study on Duchenne Muscular Dystrophy, myoblasts from
Duchenne and Becker muscular dystrophy patients were isolated from the biceps, co-
cultured with hUCMSCS obtained from healthy babies and analyzed by
immunofluorescence microscopy. After 15 days of culturing, dystrophin-positive
myofibers were present demonstrating the differentiation of hUCMSCS into muscle
cells in vitro'®. In another in vitro study, hUCMSCS — derived mononuclear cells gave
rise to fibroblast-like cells expressing mesenchymal antigens. When these cells were
cultured under promyogenic conditions they expressed myogenic markers like MyoD,
MyoG, and MyHC, This indicates that hUCMSCS can differentiate into myogenic stem
cells in vitro, which could possibly facilitate regeneration of the orbicularis oris muscle
after cleft lip surgery.

In vivo, the healing of deep burn wounds in adult Wistar rats was improved
with intravenously injected cord blood stem cells compared to controls. The hUCMSCS
migrated into the wound and decreased the quantity of inflammatory cells, while
neovascularization was increased compared to the control groups!¥’. A biomimetic

scaffold with hUCMSCS and fibrin showed an improved full-thickness skin wound repair
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without scar formation in rats compared to controls without scaffold or with a scaffold
without hUCMSC!®, Similarly, hUCMSCS in combination with a collagen-fibrin double
layer membrane and a single layer collagen membrane resulted in accelerated wound
repair in mice when compared to mice treated without hUCMSC#°,

Figure 4: Following detection of a cleft lip and/or palate (CL/P) using prenatal ultrasound screening, cord
blood stem cells are isolated upon birth. These stem cells express antifibrotic factors and anti-inflammatory
factors and can be used in tissue engineering strategies in combination with factors targeting inflammation
and fibrosis (e.g. anakinra, pirfenidone and nintedanib) within a scaffold during cleft surgery to promote skin
and muscle regeneration and function and to inhibit scar formation.

The application of hUCMSCS within a small intestinal submucosa-derived ECM
scaffold to a full thickness excisional wound in mice also enhanced wound repair and
angiogenesis at the wound site. An increase in angiogenic growth factors like HGF, VEGF
and angiopoietin was observed®™®. Wharton’s jelly mesenchymal stem cells also
upregulated genes involved in re-epithelialization, neovascularization, fibroblast
proliferation, and migration in an excisional full thickness murine wound model*>, All
these in vivo animal studies support the use of umbilical cord stem cells as a novel
wound repair strategy.

In patients with Crohn’s Disease the intravenous infusion of allogeneic
hUCMSCS improved disease conditions with only mild side effects like fever and
respiratory tract infection>2. In atopic dermatitis, a chronic and relapsing skin disease
involving pruritus, xerosis and eczematous lesions, infusion of hUCMSCS was effective
without side effects'*. Moreover, also allogeneic hUCMSCS have been successfully
used in multiple sclerosis patients improving the patients' symptoms without serious
adverse effects!®3,

Besides effectiveness, the question should also be answered whether it is safe
to use hUCMSCs. In children with cerebral palsy (motor disorder in childhood)
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autologous hUCMSCS improved whole brain connectivity and motor function>*. Similar
studies found that infusion of autologous cord blood cells in children with autism
spectrum disorder improved behavior and was safe!*>*%, A 6-year follow-up study also
demonstrated the long-term safety profile of hUCMSCS infusion for drug-resistant
systemic lupus erythematosus patients. The treatment reduced the disease activity
significantly®>”. This confirms that the use of hUCMSCS is thus safe and no tumor-related
effects occur®™’. A study with allogeneic hUCMSCS in an osteoarthritic patient showed
regeneration of cartilage without adverse effects up to 7 years of follow up*°2. Allogenic
cord blood stem cell transplantation was also successfully used in babies with severe
combined immunodeficiency syndrome and led to a reconstitution of hematopoietic
cells>180 No long-term graft versus host disease was observed.

Summarizing, the umbilical cord tissue and umbilical cord blood is an easily
accessible source of MSC for the regeneration of skin and muscle tissue. These stem
cells can differentiate into the required cell types and secrete regenerative
factors'#314>146  hUCMSCS are save for use in children and adults®***’, while no
immunogenic rejection was observed after allogeneic transplantation>>>3, The low
immunogenicity of hUCMSCS would also allow the use of hUCMSCS from a central cord
blood stem cell bank when autologous stem cells are not available. We therefore
postulate that cord blood stem cells can be used as a novel adjuvant strategy in cleft
surgery to prevent fibrosis and scarring to improve the outcome of the surgery. This will
eventually lead to a better quality of life for patients with CL(P).

8. Clinical challenges for scaffold-based cord blood stem cells with anti-fibrotic/anti-
inflammatory factors

Direct injection of cord blood stem cells into a wound site is not always effective**. In
muscle tissue, isolated stem cells can be applied to the site of injury to improve
regeneration®®l. However, the success rate after isolation and injection of stem cells
has been low. Stem cells seem to lose their migratory and regenerative potential and
often die?®?,

Thus, stem cell therapy is complicated by the limited number of cells surviving
after administration at the wound site. This is due to the harsh conditions within the
wound microenvironment characterized by a wealth of pro-oxidative and pro-
inflammatory mediators, and only limited blood flow!®31%>, Stem cells inducing anti-
apoptotic, anti-inflammatory, and anti-oxidative genes can better withstand these
insults and have better chance of surviving®,

Cytoprotective genes include enzyme systems such as HO-1, glutathione S-
transferase, dismutases, catalases, and peroxidases. HO-1 induction improves stem cell
survival and improves the outcome of stem cell therapy'®3166.167 |n contrast, abrogation
of HO-activity decreases the efficacy of stem cell therapy®%, Preconditioning
strategies in which cytoprotective pathways (e.g. via nrf2 activation) are activated in
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cord blood stem cells could, therefore, promote their survival and achieve a better
outcome of cleft surgery!’%'7l Alternatively, the administration of antioxidants
(vitamins A, C, and E, glutathione/NAC, mannose-specific lectins, and bilirubin) could
protect stem cells from dying?’>17>,

Anti-inflammatory and antifibrotic factors, and stem cells can be applied in a
scaffold. Scaffolds are used as an artificial ECM, which supports cell attachment,
proliferation and differentiation of cells*’®”’. The scaffold guides the newly formed
tissue and allows ingrowth of blood vessels and nerves crucial for cell survival. Different
types of scaffolds are available prepared from a wide range of biomaterials. Skin and
muscle scaffolds can be of natural origin such as fibrin, alginate or collagen, or can be
synthetic such as polypropylene, polyesters, polyurethanes and polyisocyanopeptide
(PIC) hydrogel'’®'7°, They can be produced with a variety of methods, such as 3D
printing and electro-spinning. Synthetic biomaterials can be degradable or
nondegradable. The advantages of synthetic biomaterials are their low immunogenicity
and reproducible quality, while they can be custom made with the required mechanical
properties and shape®®. Scaffolds can be seeded with cord blood stem cells together
with the anti-inflammatory and anti-fibrotic factors to create a regenerative
microenvironment that facilitates tissue regeneration and prevents scar formation.
Tissue engineering/regenerative medicine scaffolds require the appropriate physical
and cellular signals to promote tissue regeneration®. The sum of the biochemical
signals and biophysical cues from the microenvironment dictate the fate of stem
cells!®2, The sum of pro- and anti- inflammatory and fibrotic factors, the shape of
scaffolds, stiffness of the matrix, nanotopography and the presence of biofunctional
groups as RGD-sequences discriminates between scarring and regeration of tissue!®,
Mechanical cues may be applied in tissue engineering by adjusting the type, stiffness
and architecture of the scaffolds facilitating the differentiation of cord blood stem cells
into either skin or muscle tissue®.

9. Conclusions

The functional and esthetical outcome of cleft palate repair is often hampered by
fibrosis and scarring. In this review, we discuss novel tissue engineering strategies to
promote muscle and skin regeneration, while preventing scarring. Umbilical cord blood
stem cells are a promising, safe, and non-invasive source of stem cells that can be
combined in a scaffold together with anti-inflammatory and antifibrotic molecules.
Overexpression of cytoprotective molecules in these stem cells by preconditioning
before applying them to the wound area may not only increase stem cell survival but
also further contribute to a regenerating microenvironment. We expect that this novel
strategy improves both muscle and skin regeneration after cleft repair resulting in a
better functional and esthetic outcome.
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Synopsis of the problem

The craniofacial malformation CLP belongs to the most common congenital birth defect
of the craniofacial region?. Patients with CLP often have to undergo surgical treatment
from early childhood until adulthood?. Exposure of healing wounds to oxidative and
inflammatory stress, together with mechanical stress promote excessive scar
formation®>*. Moreover, residual scars following surgical lip repair are commonly
observed, and about half of the CLP patients are not satisfied with their aesthetic
outcome and ask for additional upper lip and nose corrections>®.

Interestingly, similar biological processes that are important during
palatogenesis and CLP formation during embryonic development are also crucial during
wound repair’. These processes include mesenchymal-epithelial cross-talk, chemokine
signaling, mesenchymal and epithelial cell proliferation, differentiation and apoptosis.
The cytoprotective HO enzyme system, having both anti-oxidative and anti-
inflammatory effects, is important during both embryonic development®*!, and wound
repair?13, We aimed at better understanding the role of cytoprotective mechanisms
and signaling pathways in the process of palatogenesis and wound healing. We
postulated that inhibiting cytoprotective pathways impairs, whereas inducing
cytoprotective pathways promotes palatogenesis and wound repair.
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Section 1. Diminished cytoprotection in HO-2 deficient mice
hampers fetal growth and development

1.1 The differences between HO-1 and HO-2

Heme molecules are essential for life, having roles in diverse biological processes as
cellular differentiation and apoptosis, and they also serve as a cofactor for numerous
proteins, such as hemoglobin and cytochromes#*>. Unbound cellular heme is highly
reactive and can generate damaging ROS, such as H.0, via the Fenton reaction?¢8, Ag
discussed earlier in this thesis, heme can be broken down by the enzyme system HO
into biliverdin, Fe?* and CO*2°, Biliverdin is next converted into bilirubin by biliverdin
reductase (BVR). Besides the protection against high unbound heme levels, the heme
break-down products biliverdin/bilirubin, CO and co-induced ferritin possess
antioxidant, anti-inflammatory, and anti-apoptotic properties, regulating tissue-specific
growth and survival of cells as well?*?. In all vertebrate species the two isoforms of the
heme-degrading HO enzyme system, namely HMOX1 and HMOX21%2%, share only 50%
similarity in their amino acid sequences?”?%, However, both isoforms contain a “heme
binding area”, consisting of a similar 24 amino acid sequence, facilitating the catabolism
of heme?>3°, Although both isoforms catalyze heme degradation, those two proteins
have been shown to possess different functions3!. The HO-1 protein has a molecular
mass of 32 kDa and was first purified from the microsomal fraction of porcine spleen?,
and rat liver®. HO proteins are anchored into the endoplasmic reticulum and can
migrate to the nucleus3%3*35, HO-1 can be induced in response to a variety of external
stimuli®®. It is rapidly induced by a wide array of physical and chemical stresses including
heat shock, glucose or iron starvation, heme, cytokines, lipopolysaccharide (LPS),
growth factors, oxidative stress, free radicals, H.02, hypoxia and CO3%3¢, In contrast to
the inducible HO-1 isoform, the HO-2 isoform is mainly constitutively expressed3®. The
HO-2 protein has a molecular mass of 36 kDa and is particularly highly expressed in the
testis and brain37:3,

1.2 Reduced HO-2 activity is related to complications in human and murine
pregnancies

In Chapter 2, we first investigated the effects of reduced cytoprotection by the absence
of HO-2 expression on embryonic growth and development, and palatogenesis, using
wt and HO-2 KO mice (Research question 1).

Fetal abortions were found in both wt and HO-2 KO mice. Within the group of
in total 23 HO-2 KO fetuses we only found one minor, and one severe congenital
malformation. The other HO-2 KO fetuses demonstrated normal morphology, but those
fetuses demonstrated significant growth restriction. We showed in the offspring of HO-
2 KO mice a one-day growth delay at E15 compared to the offspring of E15 wt mice.

269




CHAPTER 8

One HO-2 KO fetus of E16 had a severe malformed head and body and demonstrated a
very reduced weight. No malformations or craniofacial anomalies were found in the wt
fetuses. We showed that HO-2 abrogation is associated with growth restriction and
congenital malformations (Figure 1). Most fetuses developed normally in the absence
of HO-2, possibly due the fact that the isozyme HO-1 was taking over some of HO-2
functioning.

Figure 1: HO-2 abrogation increased the risk of congenital malformations in mice. No malformations or
craniofacial anomalies were found in the wt fetuses. Abrogation of the HO-2 gene may cause malformations,
craniofacial anomalies (purple arrow) and growth restriction. However, most HO-2 KO fetuses demonstrated
no congenital malformations.

The number of experimental studies on the role of HO-2 expression in fetal
development is only limited. In pregnant rats HO-2 mRNA levels in the uterus were
detected during pregnancy, but peaked at E16%°. Decreased HO-2 protein expression at
the feto-maternal interface of abortion-prone DBA/2-mated CBA/J mice at E14 was
found®. Additionally, lower placental HO-2 mRNA levels at E13 were measured in CBA/J
mice exposed to ultrasound stress during early gestation, and after i.p. injection of
recombinant murine IL-12, leading to placental necrosis and foetal rejection*!.

In humans, several studies assessed the expression of HO-2 in placentas of
healthy and pathological pregnancies. In the myometrium a 15-fold increase of HO-2
expression was found in pregnant women versus non-pregnant*2. HO-2 expression has
been localized throughout the human placenta, indicating a potential role in placental
development and function*®. In human placenta, HO-2 mRNA levels were higher than
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the HO-1 mRNA levels*. Reduced endothelial HO-2 expression has been observed in
human pregnancies complicated by preeclampsia and fetal growth restriction
compared with control third-trimester pregnancies®. Furthermore, placentas from
smokers demonstrated increased HO-2 expression compared to nonsmokers®.
Inhibited invasion of cultured human trophoblast following administration of HO-2
antibodies or HO inhibitor protoporhyrin-9 in vitro has been observed?®. These studies
thus showed that reduced placental HO-2 expression is related to pregnancy
complications as preeclampsia, abortion, and fetal growth restriction.

Section 2. Diminished cytoprotection by inhibition of HO-
activity in mice aggravates heme-induced abortion and
placental inflammation

2.1 Decreased HO-activity from E11 in mice is not causing congenital malformation or
abortion

In Chapters 3 and 4, we further investigated the effect of reduced cytoprotection on
embryonic growth and development, by inhibiting the activity of both HO-1 and HO-2
isozymes from day E11 using SnMP (Research question 2).

Interestingly, in the pregnant CD1 mice no increase in the abortion rate nor
malformations following SnMP administration were found compared to the controls.
Surprisingly, SnMP administration even significantly increased the fetal body size
measured at E16. We thus showed that blocking of HO-activity in the period between
day E11 and E16 did not increase the risk of congenital malformations in the absence
of stressors (Figure 2).

Also, the timing of inhibition of HO-activity during pregnancy seems therefore
important. When HO-activity is already reduced following fertilization, as in HO-2 KO
mice, it may have larger disturbing effects on the oocyte implantation and embryonic
development. By targeting HO-activity at E11, it was possible to exclude the effects on
implantation, and to focus especially on craniofacial development.

The relation between HO-1 deficiency and embryonic development has not
been studied extensively. In wt mice, HO-1 is overexpressed in the ovaries whilst HO-1-
deficient mice show deficient ovulation*’. HO-1 KO mice demonstrated a very low birth
rate in the offspring, mainly due to intrauterine abortions*®. HO-1*/~ mice also
demonstrated a significantly lower birth rate compared to wt mice*®. Both HO-1 KO and
HO-1*/- mice exhibit a prolonged time for blastocyst attachment versus wt mice®.
Furthermore, HO-1 KO and HO-1*/- mice implantations demonstrated intrauterine
growth restriction®>2, In HO-1 KO mice, lacking HO expression from EO, more than 80%
of their fetuses die in utero®®. We considered HO-1 KO mice therefore not suitable for
our experiments because of their very low birth rate.
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Figure 2: Absence of HO-activity from E11 did not result in increased risk of congenital malformations or
abortion. HO-activity was inhibited by administration of SnMP 30 pumol/kg body weight by i.p. injection at
E11. The uterus contained viable fetuses (green arrow). No congenital malformations were observed
following SnMP administration at E16. SnMP administration even increased the fetal body size measured at
El6

A microsatellite polymorphism of the HO-1 gene, leading to lower levels of HO-
1 expression, is associated with idiopathic recurrent miscarriage in humans®3. It has
been hypothesized that low HO-1 levels could possibly lead to elevated concentrations
of free heme®?,

Administration of SnMP (30 umol/kg) to pregnant mice at E12.5 in Friend
leukemia virus B (FVB) inbred mice did not result in fetal loss at E14.5%. Another study
demonstrated that blocking HO-activity with zinc protoporphyrin (ZnPPIX) (40 mg/kg),
injected at days EO, E3 and E6, increased the abortion rate from 0% to 33% in
CBA/JxBALB/c mouse fetuses at E14°°. Furthermore, they demonstrated that this
ZnPPIX treatment boosted the abortion rate from 22% to 50% in abortion-prone
CBA/JxDBA/2) fetuses at E14°°. Others found that in abortion-prone CBA/JxDBA/2)
fetuses, inhibition of HO-activity by ZnPPIX (40 mg/kg) at day E4 increased HO-1
expression in giant cells, and HO-2 expression in giant cells, spongiotrophoblasts and
labyrinthic cells in placenta E14, and increased the abortion rate at day E14%%. HO
induction in these cells was considered as a feedback mechanism due to inhibition of
HO-activity>*.

Interestingly, pharmacological blocking of HO-activity by SnMP administration
has been successfully used for decades to prevent neonatal hyperbilirubinemia in
humans®">°. In newborn mice, after intragastric injections of heme in dose 30 pmol/kg
at day 1, the increased HO-activity returned to control levels in the liver following
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ZnPPIX (30 pmol/kg) at day 4%. In Ugt1™”~ mice bilirubin-induced neonatal lethality at
E20, caused by deletion of UDP-glucuronosyltransferase 1A1 (Ugtl), was rescued by
HO-activity inhibition (ZnPPIX 100 umol/kg) at day 2 through 7, 9, 11 and 13°%. In rats,
through measurements of hepatic and splenic serum bilirubin levels blocking of HO-1,
obtained by i.p. injection of ZnPPIX (40 umol/kg), lasted for less than 1 week®. We did
not find an increased abortion rate following blocking of HO-activity from day E11.
Others found that blocking HO-activity at day EO, E4, E3 and E6 resulted in increased
abortion rate®.

Our findings demonstrate that HO-activity, in the absence of stressors, seems
more crucial during implantation compared to fetal development at a later
stage. Moreover, the lack of fetal abortion or congenital malformations following HO-
activity inhibition from E11 may be related to the absence of inflammatory or oxidative
stressors.

The importance of having a firefighter squad is especially noted in the presence
but not the absence of a pyromaniac. In analogy to this: in the absence of injurious
stressors the significance of cytoprotective enzyme systems may be underestimated.
Therefore, we next analyzed the role of cytoprotective mechanisms in the presence or
absence of alarmins.

2.2 HO-activity rescues mouse fetuses from heme-induced abortion

In Chapter 4, we studied the effect of dose-dependent exposure to oxidative and
inflammatory stress, generated by administration of the alarmin heme at E12 (30, 75 or
150 umol/kg).

Moreover, the effects of heme (30 and 75 pmol/kg) combined with the
inhibition of HO-activity at fetal development was investigated. The activity of both
isozymes of the HO system, HO-1 and HO-2, activity was blocked from E11 by SnMP (30
umol/kg) (Research question 2).

Our results showed that i.p. injection of heme 30 pumol/kg or SnMP, or the
combination of heme 30 umol/kg with SnMP did not increase the risk of abortion.
Apparently, application of low levels of heme to the mother, in the presence or absence
of HO-activity, did not lead to oxidative and inflammatory stress levels provoking
abortion. Cytoprotective mechanisms can thus handle this amount of heme.

On the other hand, oxidative and inflammatory stress levels generated by
administration of heme 75 umol/kg certainly affected fetal development since half of
the fetuses at E16 were resorbed (Figure 3). Administration of heme 150 umol/kg
resulted in complete fetal abortion.

Moreover, administration of heme 75 umol/kg following HO-activity inhibition
resulted in complete fetal abortion at E16, indicating that high oxidative and
inflammatory stress levels completely disturbed fetal development. Under higher stress
levels, HO-activity seems to be crucial for fetal survival (Figure 3).
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Figure 3: HO-activity rescued mouse fetuses from heme-induced abortion. Administration of heme 75
umol/kg body weight by i.p. injection in pregnant mice at E12 following inhibition of HO-activity at E11 by
SnMP administration resulted in complete fetal abortion. Administration of heme 75 umol/kg body weight
resulted in abortion in half of the fetuses.

2.3 Defense mechanisms against free heme molecules

Harmful effects of heme exposure have also been found in humans since uterine
hematomas are associated with increased risk of intrauterine growth restriction,
preterm delivery, and miscarriage®®®. Intrauterine hemorrhage and hematoma is
associated with an increased risk of early and late pregnancy loss®”. The volume,
location, gestational age, duration of hemorrhage and hematoma and the presence of
vaginal bleeding determine the ultimate pregnancy outcome®7°, During hemorrhage,
erythrocyte rupture leads to hemoglobin release into the circulation”. After release
into plasma free hemoglobin can be captured by the acute-phase protein
haptoglobin’2. However, in the extracellular space, unbound hemoglobin undergoes
different oxidation stages resulting in the release of free heme molecules. To protect
against the adverse effects of free heme, free heme molecules are scavenged by
hemopexin (HPX)”3, an acute-phase plasma glycoprotein, mainly produced by the liver
and released into plasma’#’>. One molecule of HPX binds to one molecule of heme’®.
To obtain circulating free heme molecules the amount of administered free heme must
exceed the amount of HPX, otherwise all free heme will be bound (Figure 4). The heme
molecules, unbound or bound by HPX, are then available for degradation by the HO-
system. In wt mice, circulating levels of hemopexin are very high (0.5-1.2 g/L), thus
providing considerable protection against free heme”. After heme administration (3.5
umol/kg and 17.5 umol/kg) no depletion of plasma levels of HPX was found in wt mice”’.
However, injection of 35 pumol/kg of heme in wt mice resulted in almost complete
depletion of HPX in the plasma 6 h after injection’’. Heme administered in dose 35
umol/kg or 70 umol/kg by injection into the tail vein in 8 to 12 weeks old wt mice caused
a strong reduction of plasma HPX level in wild-type mice 6 hours after injection’®. In
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another study, heme injected in the tail vein in C57BL/6J mice in dose 50 and 120
umol/kg body weight resulted in cardiac and plasma IL-6 expression’®. Importantly, in
these studies, heme was injected only in not pregnant mice, and its effect at fetal
development was not studied. It was shown that administration of heme in dose 35
umol/kg depleted HPX, and higher doses, 50 and 120 umol/kg, provoked an
inflammatory response, demonstrated by cadiac IL-6 expression’®. These data indicate
that heme administration up to 35 umol/kg gets almost fully scavenged by HPX, and
only heme in higher dose exceeds the HPX levels, leading to circulating free heme
molecules in mice.

Our study demonstrated that mimicking intrauterine hemorrhage/hematoma
by administration of heme at day E12 in pregnant mice, causes fetal abortion in a dose-
dependent fashion. No experiments were previously performed to study the effects of
heme administration in different doses in pregnant mice to study the embryonic
development in the second trimester. Therefore, we were not able to compare our
results of heme administration at fetal abortion with other studies.

Figure 4: Erythrocyte breakdown can lead to stress inducing free heme release despite hemoglobin and
heme scavenging. Following hemorrhage, erythrocyte rupture leads to the release of free hemoglobin. Free
hemoglobin can be captured by haptoglobin, but oxidation of unbound hemoglobin molecules can lead to
free heme molecule release. Free heme molecules can be scavenged by hemopexin (HPX). Heme molecules,
unbound or bound by HPX, can be broken down by the HO system. When not all free heme is broken down
these circulating molecules generate oxidative and inflammatory stress. The amount of oxidative and
inflammatory stress strongly depends on the dose of free heme molecules.
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2.4 HO-1 induction as a potential therapeutic strategy to prevent abortion

Another explanation for the fact that administration of heme 30 umol/kg did not
disturb fetal development is that low heme and iron levels may have induced HO-1 with
beneficiary effects at fetal development. The relation between hemoglobin levels and
fetal survival has been studied in humans and mice. During pregnancy the need for iron
increases substantially in the mother and her fetus®. Anemia is characterized by
reduced hemoglobin (Hb) (Hb<10 g/dl), the iron-bearing protein in red blood cells®.
Anemia is associated with increased risk of low birth weight in humans (<2500 g)%°.
Chinese mothers supplemented with iron-folic acid demonstrated lower neonatal
mortality compared to mothers supplemented with only folic acid®!. Furthermore,
Nepalese mothers supplemented with iron-folic acid showed lower neonatal and
perinatal mortality compared with mothers who received micronutrients only®?.
Pregnant mice receiving an iron-deficient diet demonstrated a higher abortion rate, but
also a reduced fetal growth®. Evaluation of data from several cohort studies indicates
a U-shaped association between hemoglobin levels and adverse perinatal outcomes®.
Seemingly, too low as well as too high hemoglobin, heme or iron levels can thus harm
fetal development in humans.

Induction of HO-1 could be a therapeutic strategy against inflammatory and
oxidative insults. Curcumin is generally known as a spice used in the Indian kitchen®>8¢,
In renal proximal tubule cells curcumin induces HO-1 in vitro®”. Curcumin induced HO-
1 expression in human skin fibroblasts in vitro®. Curcumin was found to decrease H,0»-
induced apoptosis in H9c2 cardiomyoblasts by upregulation of HO-1 in vitro®. Curcumin
has anti-inflammatory, anti-oxidant, antitoxicant, neuroprotective,
immunomodulatory, anti-apoptotic, anti-angiogenic, antihypertensive, and
antidiabetic properties®. Curcumin stimulates expression of nuclear factor erythroid 2-
related factor 2 (Nrf2) and increases HO-1 expression in a concentration- and time-
dependent manner®!. However, curcumin is extensively bio-transformed into its water-
soluble metabolites, glucuronides, and sulfates, making that only a small portion of
substance is absorbed and bioavailable®.

Administration to developing chicken fetuses of “sunset yellow” and
“tartrazine”, two food coloring agents, resulted in embryotoxicity and morphological
malformations in feather, head, and limbs, and resulted in reduced weight and length.
However, administration of curcumin by injection in ovo reversed these adverse
effects®®. Curcumin (10 umol/L) reduces also high glucose-induced neural tube defects
formation in E8.5 mouse fetuses by blocking cellular stress and caspase activation,
suggesting that curcumin supplements could reduce the negative effects of diabetes®.
Curcumin has demonstrated beneficial effects, as amyloid B-binding, tau inhibition,
metal chelation, neurogenesis, synaptogenesis, and antioxidant and anti-inflammatory
effects on brain health®. Notably, curcumin inhibited the expression of pro-
inflammatory factors and macrophage infiltration in placenta, and ameliorated LPS-
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induced adverse pregnancy outcomes in mice by inhibiting inflammation®.
Furthermore, administration of curcumin of 100 mg/kg through abdominal cavity
injection in mice reduced LPS-induced placental inflammation®’. Curcumin
administration thus inhibits placental inflammatory stress, promoting the healthy
pregnancy outcome in mice. HO induction, possibly by curcumin administration, may
could be a therapeutic strategy to prevent fetal abortion. It is tempting to speculate
that the presence of HO-activity inhibitors would abrogate the curcumin-induced
protection against birth defects by high glucose, diabetes, or food coloring agents.

By contrast, in other experiments harmful effects of curcumin on embryo
development in the early stages of pregnancy were observed. Curcumin 10-40 uM in
drinking water for 4 days significantly reduced oocyte maturation, fertilization, and
embryonic development in vitro®. They also found that consumption of drinking water
containing 40 pM curcumin led to decreased oocyte maturation in mice in vivo®.
Curcumin disturbed embryonic development in the early stages of pregnancy in
zebrafish®. After incubation in medium containing with curcumin in dose 6, 12 or 24
UM for 24 hours, only mouse blastocysts treated with 24 uM curcumin displayed
increased apoptosis and decreased total cell number in vitro®. They further showed
that treatment with 24 uM curcumin was associated with decreased implantation rate
and increased resorption of post-implantation embryos in mouse uterus in vivo'®. On
the contrary, others found no affected reproduction after administration of low,
medium, and high dose curcumin mixed in the experimental diet of pregnant ratso.
Thus, curcumin not only has beneficiary effects, but can also disturb fetal development.
More research should be performed on the dose-response relation before curcumin
can be used as a safe therapy in humans.

As mentioned earlier, blocking HO-activity by SnMP followed by heme (75
umol/kg) administration in our study resulted in abortion of all fetuses. However,
administration of 75 pmol/kg heme led to fetal loss in half of the fetuses, showing that
HO-activity rescues from heme-induced abortion (Figure 3). Interestingly, other studies
found that administration low dose (50 ppm) exposure to CO, a product of heme
degradation by HO-activity, during gestation day E3—E8 rescued from growth restriction
and fetal abortion in HO-1 KO mice mothers®. In Hmox1*/~ mice application of CO
prevented intrauterine growth restriction by improving spiral arteries remodeling, and
normalization of the blood pressure®. The design of our experiment in Chapter 4 was
successful in demonstrating the dose-dependent relation in pregnant mice between
heme administration and the occurrence of fetal abortion. Notably, the cytoprotective
HO-system thus rescued mouse fetuses from heme-induced abortion.

2.5 HO-activity inhibition in mice increases the placental weight
In Chapter 2 we showed that HO-2 abrogation in mice caused fetal growth restriction.
But, in Chapter 3 and 4 blocking of isozymes HO-1 and HO-2 from day E11 increased
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the fetal weight in mice (Research question 2). In Chapter 4 administration of heme 75
umol/kg at day E12 in pregnant mice also increased the fetal weight. Depending on the
dose free heme can thus have beneficiary effects at fetal growth in mice, possibly by
strong HO-1 induction. Interestingly, in Chapter 4 blocking of isozymes HO-1 and HO-2
from day E11 by SnMP increased the fetal and placental weight in mice (Figure 5).

Figure 5: HO-activity inhibition increased the placental weight. Representative HE stained coronal sections
through the middle part of the placenta of the control and SnMP group are shown. The placentas at E16 were
heavier following administration of SnMP by i.p. injection at E11.

Although to a lesser extent, increased placental weight was also found after
administration of the combination heme 30 umol/kg with SnMP. In the aborted fetuses
the placenta was also resorbed. Therefore, we were only able to examine placentas of
the viable fetuses.

2.6 HO-activity rescues mouse fetuses from heme-induced placental inflammation

We studied fetal development in relation to placental function (Chapter 4). By
performing immunostainings, we searched for markers of inflammation within the
placenta following administration of heme 30 and 75 umol/kg, and SnMP, and the
combination heme 30 umol/kg with SnMP. We showed that administration of heme 30
umol/kg did not increase the expression levels of adhesion molecule ICAM-1 or the
influx of macrophages and HO-1 positive cells in placenta. However, administration of
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heme 30 pmol/kg body weight with SAMP increased the expression levels of adhesion
molecule ICAM-1, together with increased numbers of macrophages and HO-1 positive
cells in placenta. Our findings indicated that HO-activity rescued mouse fetuses from
heme-induced placental inflammation (Figure 6). Administration of heme 75 pmol/kg
by i.p. injection increased the expression levels of vascular ICAM-1, together with
increased numbers of macrophages and HO-1 positive cells in placenta. These findings
indicate an influx of macrophages is triggered by heme-induced oxidative and
inflammatory stress. Our experiments thus demonstrated a dose-dependent effect of
heme administration on placental inflammation.

Figure 6: HO-activity rescued mouse fetuses from placental inflammation following administration of heme
30 umol/kg body weight. Administration of heme 30 pmol/kg body weight in pregnant mice by i.p. injection
at E12 following inhibition of HO-activity by SnMP administration by i.p. injection at E11 resulted in placental
inflammation, characterized by increased ICAM-1 expression and increased macrophage recruitment.
Following heme 30 umol/kg body weight administration HO-1 expression was upregulated, but HO-activity
was directly inhibited by SnMP. Administration of heme 30 umol/kg body weight in the presence of HO-
activity was not found to result in placental inflammation.

2.7 ICAM-1 expression and macrophage influx mediate placental inflammation and
pathological pregnancy

Placental inflammation in uncomplicated human gestations is only observed in 4% of
the cases'®. Increased ICAM-1 expression has been detected in placenta from
preeclampsia patients!®®1%4 Preeclampsia, characterized by new-onset hypertension
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and proteinuria, can rapidly progress to serious complications, as death of both mother
and fetus!%. The incidence of preeclampsia ranges from 3-7%%. Preeclampsia causes
approximately 14% of all pregnancy-related maternal deaths, and 15% of premature

births worldwide®’.

In spontaneous human abortion, occurring within the first
12 weeks of the pregnancy, increased influx of pro-inflammatory M1 macrophages in
the decidual stroma of placenta has been observed!®®!% |n women suffering from
morbidly adherent placenta, an abnormal adherence of the placenta to the
myometrium, massive hemorrhage can occur causing severe morbidity and
mortality'*°. Furthermore, in morbidly adherent placenta increased ICAM-1 expression
has been found!'°. Increased ICAM-1 expression levels in maternal serum and amniotic
fluid at 16 weeks' gestation is an early marker of intrauterine growth restriction!,
ICAM-1 expression in amniotic has been found to be a marker of preeclampsia®*'.
Raised serum levels of ICAM-1 were detected in preeclamptic patients!2, The relation
between abortion and placental ICAM-1 expression has been demonstrated in different
experimental studies in mice. In sound-stressed mice elevated ICAM-1 expression and
macrophage numbers in placenta were causing increased risk of abortion!3. Placental
endothelial cells exposed to trophoblast debris from preeclamptic placentae showed
increased ICAM-1 expression in vitro*'*. Interestingly, i.p. injection of monoclonal
antibodies against ICAM-1 in mice decreased the abortion rate, corroborating that
ICAM-1 actively promotes immunologically mediated abortion'*®.

Macrophages play essential roles in fetal tolerance, trophoblast invasion, and
tissue and vascular remodeling!®. Decidual macrophages appear to display
homeostatic and tolerogenic properties in healthy pregnancies!'’. Macrophages are
functionally subdivided into classically activated (M1) and alternatively activated (M2)
subtypes based on their cytokine expression patterns!'®. However, there is a growing
list of variations within or between the M1 and M2 macrophage subsets (e.g., MO, M1a,
M1b, Mic, M2a, M2b, M2c, M2d, M3, M4, M5, Mha, and Mox) that have been worked

119 M1 macrophages have a pro-

out extensively in mice, but not yet in humans
inflammatory phenotype with pathogen-killing abilities'?®. M1 macrophages are
involved in inflammatory responses by producing chemokines, as CXCL1, CXCL2, CXCL3,
CXCL5, CXCL8, CXXCL9, CXCL10 and pro-inflammatory cytokines, as TNF- a, IL-1, IL-6, IL-
12121, pathogenic LPS and tissue damage-induced interferon gamma (IFN-y) and tumor

122

necrosis factor-alfa (TNF-a) induce pro-inflammatory M1 macrophages'??. Large

numbers of M1 macrophages were observed in the decidua of placentas of

spontaneous abortions!?

. In pregnancies complicated by preeclampsia increased
number of M1 macrophages were associated with poor placental development?4,
Monocytes from women with preeclampsia are polarized to the M1
macrophage phenotype, producing higher levels of pro-inflammatory cytokines!?.
Hypoxic conditions, oxidative stress, and inflammation induce necrosis of

trophoblasts!?®>. Macrophage-mediated apoptosis of extravillous trophoblasts has been
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associated with preeclampsia®?®. In pregnancy-induced hypertension elevated numbers
of M1 macrophages in placenta were found'?’. Furthermore, pregnancy-induced
hypertension showed higher concentrations of TNF-a and IL-1B, and expressed lower
concentrations of IL-4, IL-10, and IL-13%7. M2 macrophages promote cell proliferation
and tissue repair'?®. Furthermore, M2 macrophages display an immunosuppressive

128 M2 macrophages produce anti-inflammatory cytokines, such as IL-10%2%,

phenotype
Once the placenta is developed, an M2 phenotype predominates, which prevents fetal
rejection throughout the pregnancy!. During normal pregnancy, most of the decidual
macrophages are characterized by an immunosuppressive phenotype with M2
polarization, supporting the notion that M2 macrophages play a major role in feto-
maternal immune tolerance!?®. The number of M2 macrophages was decreased in the
decidua of preeclamptic women®3°. In pregnancy-induced hypertension low numbers
of M2 macrophages were found?’. Since circulating monocytes specifically infiltrate
the placental decidua at the onset of pregnancy and develop into either macrophages
or dendritic cells, the composition of peripheral blood monocytes may affect the
development of decidual immune effectors'3!. Correcting the M1/M2 balance is a
potential treatment that may be relevant in other states of hyperinflammation, such as
complications of pregnancy®3?.

In our study administration of heme 30 umol/kg body weight with SnMP, and
heme 75 pumol/kg body weight in mice resulted in increased numbers of macrophages
in the placenta (Chapter 4). Also in humans increased numbers of macrophages were
detected in placentas of infants with growth restriction!33. Our unpublished data
demonstrated increased numbers of inducible nitric oxide synthase (iNOS) positive cells
in placenta following administration of heme 30 umol/kg body weight with SnMP, and
heme 75 pmol/kg body weight in mice. Notably, increased placental expression of iNOS
is associated with inflammation and apoptosis in preeclampsia in mice'®**, and iNOS
expression in placental macrophages is linked to the M1 phenotype®3>. Since we linked
an influx of macrophages in the placenta with raised ICAM-1 levels and increased risk
of fetal abortion, it is likely that most macrophages within the placenta following
administration of SAMP + heme 30 umol/kg body weight and heme 75 umol/kg body
weight belong to the M1 phenotype.

2.8 HO-1 induction polarizes macrophages to the anti-inflammatory M2 phenotype

Notably, several studies showed that HO-activity promotes the polarization of
macrophages to the M2 phenotype. HO-1-overexpressing macrophages showed anti-
inflammatory and cytoprotective abilities, indicating that HO-1 expression polarizes
macrophages to the M2 phenotype®®. Administration of heme (15mg/kg) by i.p.
injection in rat enhanced the anti-inflammatory macrophage M2 phenotype and
suppressed the pro-inflammatory macrophage M1 phenotype in the liver and was
associated with enhanced HO-1 expression®®’. In Zucker diabetic fatty rats, i.p. injection
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of heme (30 mg/kg) increased the HO-activity, which reduced the pro-inflammatory
macrophage M1 phenotype, and enhanced the anti-inflammatory macrophage M2
phenotype in the heart!. In diabetic mice increased numbers of macrophages were
measured in stomach, and loss of HO-1 positive M2 macrophages was observed%.
Heme-hemopexin complexes were found to revert heme-induced pro-inflammatory
activation of macrophages in a mouse model of sickle cell disease*°. Furthermore, low-
density lipoprotein receptor-related protein 1 (LRP-1) activation in isolated
macrophages from wild-type C57/BI6 mice was found to promote the development of
an anti-inflammatory M2 functional phenotype in vitro*. HO-1 induction was found to

drive the phenotypic shift to M2 macrophages!*?

. Induction of HO-1, possibly via
activation of the LRP1 receptor by heme-hemopexin complexes, can thus generate an
anti-inflammatory environment by shifting macrophages from the M1 to M2
phenotype, and heme administration in low dose has the potential to be a novel anti-

inflammatory therapeutic strategy.

2.9 The role of placental HO-activity in pregnancy pathology

In Chapter 4, fetuses that survived administration of heme 75 umol/kg at day E12
demonstrated an increased fetal weight at E16 (Research question 2). However, HO-1
deficiency is associated with growth restriction in mice and humans**%, HO-1 was
found to promote placental vascular proliferation and cell growth*®. Increased HO-
activity improves placental function, perhaps through the vasodilator effects of CO and
the angiogenic effects of HO-11%3147, By Ahmed et al., 2000 it is suggested that CO, one
of the products of heme degradation by HO, induce placental blood vessel relaxation to
generate cytoprotection!®, They also showed that heme reduced vascular tension by
61% in U46619-preconstricted placental arteries in term placental villous explants in

vitro4,

Furthermore, preincubation of placental vessels with HO inhibitor tin
protoporphyrin IX (SnPP) prevented against heme-induced fall in tension in placental
vessels ex vivo'*®. In rats, increased HO-1 expression, obtained by i.p. injection of hHO-
1 adenovirus at day E15, was found to improve placental function, possibly by the
vasodilator effects of CO and the vasoproliferative effects of HO-1, and resulted in
increased pup size at day 1 of life'*. They further showed that inhibition of HO-activity
in rats by i.p. injection of zinc deuteroporphyrin IX 2,4 bis glycol at day E16 resulted in
a significant decrease in pup size at day 1 of life'*3. In pregnancy, a woman's total HO-
activity level is increased compared with that of a non-pregnant woman®. In the
myometrium, both HO-1 and HO-2 were increased 15-fold in pregnant women versus
nonpregnant®?. Transcript levels of HO-1 are still highest in the placenta compared with
other organs!¥’. HO-1 and HO-2 are spatially and temporally localized throughout the
placenta and gestation, indicating its potential role in placenta functionality, proper
placenta development and maintenance of healthy pregnancy**4%. Using the rat and
mouse as placental models, researchers have shown that HO-1 levels are largely
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elevated at the time of placental vascular development!*°. HO-1 and HO-2 expression
was increased in placentas from smokers when compared to non-smokers*. Exposure
of pregnant mice to CO, administered in a sealed chamber throughout gestation,
increased the uterine artery blood flow, possibly generated by HO-mediated
vasodilation through CO'. The administration of cobalt protoporphyrin (CoPP), an
inducer of HO-1, reduces the mean arterial pressure in a rat model of placental
ischemia®®!. HO-1 induction by CoPP at day E14 significantly decreased mean arterial

pressure in inflammatory cytokine TNF-a-infused pregnant rats!°?

. Pregnant mice
exposed for 24 hours to sound, consisting of a 70-dB tone lasting 1-second long that
was repeated 4 times per minute, on day E12.5 and E14.5 demonstrated reduced
placental HO-1 expression levels at E16.5'3. CO 125 ppm administered in a sealed
chamber in the period E3-E8 led to higher fetal and placental weights and avoided fetal
death at E14'* They further showed that CO administration further suppressed
placental apoptosis and regulated placental angiogenesis’®. CO promoted
vasodilatation and angiogenesis decreased the expression of inflammatory cytokines
and suppressed apoptosis, stimulating placental function, leading to higher fetal and
placental weights.

It is tempting to speculate that heme administration in higher levels than HPX
can be degraded by the HO-system when sufficient HO enzymes are available,
generating CO, promoting placental vasodilatation, angiogenesis, and fetal
development. It is likely that in our experiment (Chapter 4) HO-1 induction within the
placenta rescued mouse fetuses from heme-induced abortion and promoted fetal
development.

Evidently, ICAM-1-mediated macrophage influx during placental inflammation
is related to increased risk of fetal growth restriction and fetal abortion. We conclude
that our study design was successful in demonstrating a direct relation between
increased ICAM-1 expression, macrophage influx and fetal growth restriction following
heme exposure in a dose-dependent manner in mice (Chapter 4).

We further showed that the absence of HO-activity is lethal in mouse fetuses
when exposed to heme 75 pmol/kg administration (Figure 7). In other studies it was
already found that HO-activity was crucial for oocyte implantation®’, angiogenesis>®,
and now also showed to protect against inflammatory insults®®®. This supports that the
HO-system is instrumental for facilitating reproduction. HO-derived CO release
promotes placental vasodilatation and angiogenesis and suppresses placental
inflammatory cytokine expression and apoptosis. In addition, CO and HO-1
overexpresssion may skew placental macrophages from the inflammatory M1 to the
anti-inflammatory M2 phenotype.
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Figure 7: HO-activity rescued mouse fetuses from fetal resorption following administration of heme 75
umol/kg body weight. Administration of heme 75 umol/kg body weight in pregnant mice at E12 following
inhibition of HO-activity at E11 by SnMP administration resulted in resorption of all fetuses and placentae.
Administration of heme 75 umol/kg body weight was found to result in resorption of half of the fetuses and
caused placental inflammation.

Section 3. Cytoprotective mechanisms and signaling
pathways facilitate palatogenesis in mice

3.1 Palatal fusion in mice despite HO-2 abrogation, inhibition of HO-activity and/ or
heme administration

The relation between environmental factors, pathological pregnancies and CLP
formation has only been limited investigated in animal experimental studies.
Interestingly, transgenic CL/Fr mice showed 15% to 40% spontaneously CLP
development in the offspring, while exposure of the pregnant mouse mother to hypoxia
from E10-E11 increased the incidence of CLP up to 81%'. In A/] mice, having a
spontaneous incidence of clefting of about 7%, exposure to hypoxia from E10-E11
doubled the incidence of CLP in the offspring®. Since environmental factors as
smoking®®®, alcohol consumption®®?, diabetes!®!, infections!®?1%3, folate acid
deficiency®213, zinc deficiency'®?'%, contact to teratogens'®?'%3, and bleeding
episodes during pregnancy® are associated with increased risk for CLP, we postulated
that exposure of the pregnant mother to oxidative and inflammatory stress is able to

disturb the process of palatogenesis.
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In Chapter 2, we demonstrated that reduced cytoprotection by HO-2
abrogation in HO-2 KO mice resulted in craniofacial dysmorphology in one fetus
(Research question 1). Notably, most HO-2 KO fetuses did not show any congenital
malformations. However, no difference in palatal adhesion, MES disintegration and
palatal fusion was observed between the sections from wt and HO-2 KO fetuses at E15
(Figure 8). In Chapter 3, we found no difference in fetal development nor palatal fusion
at E16 following reduced cytoprotection from E11, obtained by inhibiting both HO
isozymes from day E11 by SnMP administration, compared to the controls (Research
question 2). In Chapter 4, we found no differences in the fusion of the palatal shelves
at E16 following administration of heme in dose 30 and 75 umol/kg body weight, and
heme in dose 30 umol/kg body weight in the absence of HO-activity (Research question
2). Since all fetuses were resorbed after administration of heme 150 umol/kg body
weight, and heme 75 umol/kg body weight in combination with SnMP, we were not
able to study palatogenesis in these groups. It is speculating whether additional
stressors could lead to hampered palatal fusion, or disturb placental function, leading
to disrupted fetal development, or resulting in fetal resorption. It would be interesting
to study effects of heme and/or SnMP administration on palatal fusion in mice that
demonstrate spontaneous development, as the CLP CL/Fr mice®” and A/J mice®%.

Figure 8: Palatal fusion despite HO-2 abrogation, inhibition of HO-activity and/ or heme administration.
Representative HE stained coronal sections through the middle part of the secondary palate in mice per group
are shown. Absence of HO-2 expression in HO-2 KO mice did not affect MES disintegration or palatal fusion
at E15. HO-activity inhibition by administration of SnMP at E11 and/ or administration of heme 30 umol/kg
body weight did not lead to disturbed palatal fusion at E16. The fetuses that survived administration of heme
75 umol/kg body weight did not demonstrate palatal fusion disruption.

3.2 Mechanisms of MES disintegration during palatal fusion
The main hypotheses underlying midline epithelial seam (MES) disintegration involve
epithelial cell migration to the oral’®>1%, or nasal epithelium?®®1®’ epithelial-to-

169

mesenchymal transformation (EMT)%, epithelial cell apoptosisi®, or a combination of
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these events'’®, In our study we detected for the first time Sox9 expression in the
disintegrating MES during palatal fusion in mice!”?. Since Sox9 signaling was essential in

the EMT mechanism of different cell types’2179

, we postulate that Sox9 expression is
involved in MES disintegration by EMT.

In addition, within the disintegrating MES we found multiple apoptotic DNA
fragments, using DNA Fragment End Labeling (FragEL™), in wt and HO-2 KO fetuses at
E15. Cleavage of nuclear DNA by cellular endonucleases is regarded as a characteristic
of apoptosis'®. Multiple studies found that apoptotic cell death occurs within the
medial edge epithelium (MEE) and the disintegrating MES, suggesting that the process
of apoptosis is essential for palatal fusion. The external epithelial surface of the tips of
the palatal shelves, MEE, is composed of an outer layer of flat periderm cells and an
inner layer of basal cuboidal cells on a basement membrane!®!82 Pperiderm cells
undergo apoptosis at shelf-shelf contact, facilitating palatal shelf adhesion!8. Also
others detected apoptosis in the palatal shelves of chicken, by using TUNEL staining,
showing that apoptosis only occurred in the periderm of the MEE®, Following palatal
shelf adhesion, the MES must further disintegrate to allow mesenchymal confluence,
necessary for palatal fusion®18, In multiple studies epithelial cell apoptosis has been
observed within the disintegrating MES'®. Within the fusing palatal shelves of ICR
mouse fetuses (Japan SLC, Shizuoka, Japan) apoptotic cell death was identified in the
disintegrating MES, and in the oral and nasal epithelial triangles by labeling of DNA
fragmentation using TUNEL staining®®’. By labeling of the cells of the MEE with a
retroviral vector carrying the lacZ gene, it was found that almost all cells of the MES
underwent cell death and very few labeled cells were found in the mesenchyme
compartment of cultured mouse palatal shelves in vitro'®. In palates from mouse
fetuses of E16.5 stained with acridine orange, an indicator of cell death, apoptosis was
detected within the disintegrating MES in vivo®°. They also showed that isolated
cultured mouse palates exposed to pan-caspase inhibitor z-VAD did not fuse in vitro'®,
which supports that caspase-induced apoptosis is required for palatal shelf fusion.
Isolated E13.5 palatal shelves of wt mouse fetuses cultured for 4 days with blocking
FasL antibody or z-VAD for 4 days resulted in lack of fusion of the palatal shelves,
indicating that the FasL-Fas-caspase extrinsic apoptosis pathway is essential for palatal
fusion®®®. Furthermore, exposure to citral, an inhibitor of retinol dehydrogenase,
reduced apoptosis within the MES, and resulted in non-fusion of cultured palate
shelves in vitro'®. However, administration of retinoic acid (100 mg/kg) by i.p. injection
at pregnant female mice at E14 resulted in increased cell death of the MEE, causing
failed adhesion of the cultured palatal shelves in vitro'®°. The findings of these studies
indicate that apoptotic cell death is required for MES disintegration to allow palatal
fusion.

On the contrary, others found that apoptotic cell dead is not crucial in the
process of palatal fusion. An argument against cell death as the major mechanism for
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MES disintegration is that extensive cell death of the MES cells would weaken the fusion
site, leading to non-fusion of the palatal shelves'®®. Palatal shelves cultured at E13.5 of
Apafl knockout mice, deficient in caspase 3 activation, demonstrated complete palatal
fusion without DNA fragmentation-mediated programmed cell death, indicating that
apoptotic cell death is not essential for palate fusion in vivo'®’. In cultured isolated
palatal shelves of ICR mouse fetuses at E13 prevention of cell death, obtained by
inhibition of caspases-1 and -3 by aurintricarboxylic acid, did not hamper palatal
fusion®®’. They showed that in the absence of apoptotic cell death the MEE of opposing
palatal shelves still adhere, and MES disintegration occurs, indicating that apoptosis is
not necessary in mouse palatal fusion in vitro*®!. Notably, elevated oxidative stress
levels, obtained by exposure to homocysteine (100 uM), did not affect fusion of
cultured murine palates in vitro'®2. In cultured human embryonic palatal mesenchymal
cells folate deficiency elevated homocysteine levels and homocysteine-induced
oxidative stress, resulting in dose-dependent apoptosis in vitro'®2. Moreover, others
found that teratogenic effects of folate deficiency, obtained by treatment with the
antifolate drug methotrexate, did not affect the fusion of cultured rabbit palatal shelves
in vitro%3,

3.3 CXCL11-CXCR3 signaling is associated with macrophage recruitment during MES
disintegration in mice

In Chapter 2, we demonstrated that multiple apoptotic DNA fragments were
phagocytized by recruited CXCR3-positive F4/80-positive macrophages in the palatal
shelves of wt and HO-2 KO mice. We also detected increased expression of chemokine
CXCL11 within the MES (Research question 3). Based on our findings, CXCL11-CXCR3
signaling likely recruits CXCR3-positive macrophages to clean up the remnants of the
disintegrating MES, further supporting that apoptotic cell death is involved in the
process of MES disintegration.

Others also observed that F4/80-positive macrophages in fusing palatal
shelves of mouse fetuses were detected near TUNEL stained DNA fragmentations'®*. In
fusing palatal shelves of rats, macrophages were observed near the epithelial cells of
the disintegrating MES®>. Others found macrophages with phagocytosed remnants in
their cells near the disintegrating MES in fusing palatal shelves of rats at E17%°,
Moreover, in human fusing palates obtained by legal abortion macrophages were
observed near the disintegrating MES®®’. However, others found only few macrophages
near the disintegrating MES of the human palate®®.

Only few studies demonstrated that CXCL11-CXCR3 chemokine-chemokine
receptor signaling is involved in the recruitment of macrophages. In zebrafish,
treatment with the CXCR3 antagonist NBI74330 attenuated the recruitment of
macrophages to the site of infection!®. CXCL11-CXCR3 signaling made zebrafish more
resistant to mycobacterial infection and macrophages were more motile?®, In M.
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tuberculosis-infected CXCR3 KO mice, decreased numbers of macrophages were
observed in isolated tissue?®!. Blocking of CXCR3 signaling by the CXCR3 antagonist TAK
suppressed the infiltration of macrophages to a kidney graft in rats?°2. Since CXCL11-
CXCR3 signaling is involved in macrophage recruitment we hypothesized that CXCL11-
CXCR3 signaling in the fusing palatal shelves recruits macrophages to clear the MES.

3.4 CXCL11-CXCRS3 signaling is associated with epithelial cell migration during MES
disintegration in mice

However, another hypothesis is that disappearance of the MES can be explained by
epithelial cell migration to the oral*®>%%¢, and/or nasal epithelium®%’, Several studies
have shown that CXCL11-CXCR3 signaling promotes epithelial cell migration. In CXCR3
KO mice impaired wound healing was observed with thick keratinized scar formation?%,
Cultured human primary epidermal keratinocytes were found to express receptor
CXCR3%%, In cultured human neonatal foreskin keratinocytes CXCL11 expression was
observed?®, and CXCL11 and CXCR3 expression were found to promote motility of
cultured human neonatal foreskin epidermal keratinocytes in vitro?®. Expression of
CXCR3 on cultured keratinocytes isolated from human skin promoted re-epithelization
in a wound-healing model in vitro?®”. In human keratinocyte HaCaT cells exposure to
recombinant human parathyroid hormone inhibited CXCL11 expression, leading to
inhibited cell proliferation?. Since expression of chemokine receptor CXCR3 and its
ligand chemokine CXCL11 were both expressed within the MES, CXCL11-CXCR3
autocrine signaling may control migration of epithelial cells during MES disintegration.
Besides the hypothesis that the MES disintegrates by apoptotic cell dead, the increased
CXCL11 and CXCR3 expression we found within the MES could also indicate that
epithelial cell migration contributes to MES disintegration. Based on our findings we
cannot rule out that CXCL11-CXCR3 signaling is involved in both macrophage
recruitment to phagocytose the apoptotic remnants of the MES, and migration of
epithelial cells of the MES.

3.5 Does HO-1 induction in recruited palatal macrophages compensate for the
absence of HO-2 in mice?

In Chapter 2, we further showed that some macrophages express HO-1, and
significantly more HO-1-positive cells were present in the palatal mesenchyme of HO-2
KO fetuses compared to wt fetuses, in which HO-1-positive cells were scarce.

We suggested that the higher HO-1 expression during embryonic development
is a compensating mechanism for HO-2 deletion in recruited macrophages in the fusing
palatal shelves. Others previously found that HO-2 KO macrophages showed hampered
phagocytosis in a mouse corneal epithelial debridement model?®. However, we
demonstrated that the oral HO-2 KO macrophages were still able to phagocytose
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apoptotic DNA fragments, possibly facilitated by HO-1 overexpression. We did not
observe HO-1 expression within the disintegrating MES at E15.

HO-1 expression in macrophages appears to play an important role for the
clearance of hemoglobin-haptoglobin and heme-hemopexin complexes?'°.
Hemoglobin-haptoglobin complexes are taken up by macrophages via a CD163-
mediated receptor endocytosis-dependent mechanism?!?13,  Heme-hemopexin

complexes are taken up via LRP1 (Figure 9)?**.

Figure 9: Hypothetical model: HO-1 induction is compensating for HO-2 deletion in macrophages. Within
the fusing palatal shelves of HO-2 KO fetuses heme is scavenged by hemopexin (HPX) and endocytosed via
LRP1 receptor by macrophages, and enzymatically degraded via HO-1 into free iron (Fe?*), and the protective
molecules carbon monoxide (CO) and biliverdin. Intracellular Fe?* promotes induction of the iron scavenger
ferritin, leading to a net decrease in free iron and overall decrease in oxidant status. Biliverdin reductase
(BVR) converts biliverdin into the antioxidant bilirubin. The products of heme degradation, generated by HO-
1 and BVR, have anti-inflammatory properties and promote the anti-inflammatory macrophage M2
phenotype. This figure is not at anatomical scale.

Following cellular uptake by macrophages HPX-heme complexes are degraded
by lysosomes?!*, Hemopexin is not degraded after its uptake?!®. Inside the macrophage
the heme molecules are enzymatically degraded via HO-activity into the protective
molecule CO, and Fe?* and biliverdin?!°. Biliverdin is swiftly converted into bilirubin via
biliverdin reductase, which is a potent antioxidant molecule. The increase in
intracellular Fe?* promotes induction of the iron scavenger ferritin, leading to a net
decrease in free iron and overall decrease in oxidant status?'®?'7. Notably, increased

289




CHAPTER 8

expression of haptoglobin and HPX in liver and kidney was not sufficient to protect HO-
1 KO mice against heme-induced toxicity?!®. Heme scavenging by HPX reverts pro-
inflammatory activation of macrophages by this molecule in a murine sickle cell disease
model’®. Hemoglobin-haptoglobin complexes have been shown to induce an anti-

211

inflammatory phenotype in macrophages®!'. Heme-mediated induction of HO-1 in

macrophages provides beneficial effects in an experimental mouse model of

pancreatitis?'°.

Heme-protein complexes may thus activate anti-inflammatory
responses by inducing HO-activity??°. In accordance with our results, it is tempting to
speculate that in the HO-2 KO fetuses elevated levels of free heme got scavenged by
HPX and endocytosed by macrophages, inducing HO-1 expression, promoting the anti-
inflammatory macrophage M2 phenotype. Heme-induced HO-1 activity may improve
the phagocytic ability of macrophages’®, which could promote the clearance of the

disintegrating MES.

3.6 CXCL12-CXCR4 signaling is associated with palatal osteogenesis in mice

In the process of the orofacial region development, CNCCs migrate from the lateral
ridges of the neural plate to the first branchial arch and act as stem cells to form the
cartilage and bones of the maxilla, mandible, zygoma and the mastication muscles??"
225 Several studies demonstrated that defects in CNCC migration and proliferation can
cause craniofacial malformations, including cleft palate. In Treacher Collins Syndrome
Protein 1 (Tcof1) heterozygous mutant E7.5—-E10.5 mouse fetuses deficient migration
of CNCCs was observed, resulting in severe craniofacial malformations??®. CXCL12-
CXCR4 signaling is essential in the recruitment, localization, maintenance,
development, and differentiation of progenitor stem cells of the musculoskeletal
system??’. Genetic knockout experiments revealed the vital role of CXCL12-CXCR4
signaling in fetal development. Mice deficient for CXCR4 die perinatally and display
defects in the hematopoietic and nervous systems??%. Mice lacking CXCL12 or CXCR4
demonstrated defective vascular development and die in utero??°. Furthermore, mice
lacking CXCL12 were found to have cardiac ventricular septal defect and die
perinatally?3°.

In Chapter 3, we provided evidence that chemokine CXCL12, the ligand of
receptor CXCR4, was overexpressed by the epithelial cells of the MES (Research
question 4). However, we did not observe CXCR4 overexpression within the
disintegrating MES. Only a few Sox9-CXCR4 double-positive stained cells were found
near the remnants of the MES at E15 in both wt and HO-2 KO fetuses, suggesting that
most CNCCs within the palatal shelves are already differentiated into other
mesenchymal cell types before palatal fusion. We further found clusters of Sox9
expressing cells surrounding CXCR4-positive cells in the ALP-positive osteogenic centers
in the central and lateral region of the palatal shelves at E15 and E16 in wt mice. In
these osteogenic centers overexpression of chemokine CXCL12, the ligand of receptor
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CXCR4, was observed. Since our results showed that Sox9 and CXCR4 do almost not
have overlapping expression, we suggested that Sox9-positive cells are osteoblast
progenitors, acting as stem cells, maintaining the osteoblast pool to drive osteogenesis.
Both CXCL12 and CXCR4 would later be expressed by the mature osteoblasts. We
hypothesized that chemokine CXCL12 by the MES possibly acts to activate osteoblasts
progenitors to facilitate palatal bone formation (Figure 10).

Figure 10: Hypothetical model: CXCL12-CXCR4 chemokine-receptor signaling is associated with palatal
osteogenesis. We hypothesized that the CXCL12-CXCR4 interplay facilitates osteogenesis by promoting
osteoblast maturation during palatal fusion in mice. Sox9 positive cells near the osteogenic centers were
regarded as osteoblast progenitors.

Disturbed osteogenesis in fusing palatal shelves is associated with palatal clefting. Hh-
Smo signaling negatively regulates Wnt/BMP pathways by upregulating antagonists,
resulting in defective osteogenesis and cleft palate in mice?3. Splicing factor RNA
Binding Fox-1 Homolog 2 (Rbfox2) is expressed in CNCCs, and deletion of Rbfox2 in
CNCCs leads to cleft palate and defects in craniofacial bone development?32, Persistent
expression of Pax3 in CNCCs was found to disrupt bone morphogenetic protein (BMP)-
induced osteogenesis, leading to ocular defects, malformation of the sphenoid bone,
cleft palate and perinatal lethality in mice?33. Notably, palatal clefting can also occur
secondary by underdevelopment of the mandible, leading to failure of the tongue to
descend, impeding the elevation of the palatal shelves, causing secondary palatal
clefting. Conditional deletion of extracellular signal-regulated kinase 2 (ERK2) exhibited
in  Wntl-Cre;Erk2’/f mice mandibular micrognathia caused by osteogenic
differentiation defects in CNCCs, leading to malpositioning of the tongue and thereby
to cleft palate?3*. Bmp2 deletion in CNCCs using floxed Bmp2 and Wnt1-Cre alleles in
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mouse fetuses of E14.5 demonstrated deficient mandibular size due to proliferation
and differentiation defects, leading to posterior tongue displacement, blocking the
adhesion of the palatal shelves, mimicking the Pierre Robin sequence in humans?®®,
Following chemotactic transmigration, immature MSCs must undergo
osteogenic differentiation into osteoblasts for bone formation, and CXCL12 is important
in this process??’. Blocking of the CXCL12-CXCR4 signal axis in CXCR41¥/flx homozygous
mice impaired bone nodule mineralization, caused by inhibited BMP2-induced
osteogenic differentiation of osteoblast progenitors?3®. Deletion of CXCL12 or CXCR4 in
osteoprogenitor cells in mice shows decreased bone formation in vivo?*’. Furthermore,
adding CXCL12 to cultured murine MSCs enhanced the BMP2-induced ALP-activity in
vitro?3®. Administration of CXCL12 to osteogenic medium significantly increased
expression of ALP in MSCs in vitro?3. Local administration of AMD3100, a CXCL12-
CXCR4 antagonist, inhibited new bone formation during bone regeneration in a rat
distraction osteogenesis model?3°. Bone marrow—derived MSCs were found to express
receptor CXCR4 together with its ligand chemokine CXCL12 and can thus act in an
autocrine loop?°. We earlier demonstrated CXCL11 expression within the
disintegrating MES?*!, suggesting that chemokine signaling is involved in the process of
palatal fusion. Based on our data (Chapter 3) and others, we hypothesized that CXCL12
would be expressed within the disintegrating MES and palatal mesenchyme to activate
and recruit osteoblasts progenitors to facilitate palatal bone formation. Simultaneous
expression of CXCL12 and CXCR4 by the osteogenic centers possibly indicates that
CXCL12-CXCR4 signaling might promote osteoblast maturation via an autocrine loop.

Section 4. Mechanical stress induces the cytoprotective
enzyme HO-1 within the PDL in rats and in the dermis of
splinted wounds in mice

4.1 Orthodontic forces induce the cytoprotective enzyme HO-1 within the PDL in rats
CLP patients demonstrate a higher prevalence of dental anomalies, including variations
in tooth size, shape, number, structure and formation, and eruption timing compared
to the general population?*2243, Studies have demonstrated that both genetics and the
surgical repair of the palate influence the occurrence of dental anomalies in CLP
patients?®. Thereby, scarring following surgical cleft repair can interfere with the
development of the dentition?>24¢, Patients with CLP often require complex long-term
orthodontic treatment in order to achieve a good facial appearance, with an esthetic,
functional and stable occlusion?¥.

In Chapter 4, we studied expression of HO-1 in the mononuclear cells and
osteoclasts within the PDL 6, 12, 72, 96, and 120 hours after orthodontic force

application in rats (Research question 5). On immunohistochemical stained parasagittal
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sections significant higher numbers of HO-1 positive mononuclear cells within the PDL
at both the resorption- and apposition side were found 6 and 12 hours after orthodontic
force application. However, HO-1 expression within the PDL dropped to control levels
within 72 hours. Some osteoclasts were also HO-1 positive, but this induction was
shown to be independent of time- and mechanical stress. We were the first to
demonstrate that orthodontic force application strongly induces HO-1 expression in
PDL cells in vivo (Figure 11).

Figure 11: Orthodontic force application to the three maxillary molars in rats. By a Nickel-Titanium (Ni-Ti)
10 cN Santalloy” closing coil spring (GAC, New York, NY, USA) the block of three maxillary molars were moved
mesially as one unit by a constant force via incisor anchorage. A constant low force per molar was applied to
prevent tipping of the molars. Although the applied force was constant, the induction of HO-1 in mononuclear
cells of the PDL was temporary since control expression levels of HO-1 in the PDL were found after 72 hours.

Several earlier studies have shown that inflammatory stress can induce HO-1
expression in PDL cells in vitro. LPS and nicotine increased the protein expression of HO-
1 in human PDL cells?*8. In immortalized human PDL cells, treatment with LPS plus a
combination of TNFa and IL-1B increased HO-1 expression in vitro**°. Notably,
suppression of HO-1 expression in transiently transfected human PDL cells with HO-1
small interfering RNA (siRNA) before presentation of nicotine and LPS attenuated the
expression of inflammatory and osteoclastogenic cytokines in vitro®°. In cultured
immortalized human PDL cells exposure to substance P, a neuropeptide that mediates
bone metabolism, upregulated HO-1 expression®®® and induced osteogenic
differentiation in vitro®?2.

The link between mechanical stress and HO-1 expression in PDL cells had only
been studied in vitro. In cultured human immortalized PDL cells enhanced HO-1
expression was observed following subjection of intermittent uniaxial mechanical strain
in vitro®*3. Importantly, we showed in our orthodontic force model that HO-1 expression
was only temporarily, because the numbers of HO-1 positive mononuclear cells in the
PDL returned to control levels within 72 hours, while the constant orthodontic force
was still applied. Interestingly, when orthodontic forces are interrupted with inactive
periods strongly reduced root resorption has been observed in rats and dogs®“.
Possibly, renewal of HO-1 induction occurs during intermittent force application,
contributing to decreased root resorption and hyalinization formation. We state that
more in vitro and in vivo experiments are required to reveal the relation between
mechanical stress, hyalinization, root resorption and HO-1 expression by the PDL.
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In Chapter 4, we found within the PDL that both HO-1 positive and HO-1
negative osteoclasts were present at both the experimental- and control sides. Others
found in an arthritis model in mice that induction of HO-1 in osteoclast precursors

resulted in reduced osteoclast differentiation®®>

. They also observed that most
osteoclasts attaching to bone erosions in human joints from patients with rheumatoid
arthritis were negative for HO-12*°. It would be interesting to investigate if all
osteoclasts within the PDL are active, and whether HO-1 expression may keep
osteoclasts temporary inactive. These inactive osteoclasts can then later become active
to replace osteoclasts which are at the end of their lifespan. HO-1 expression within the
PDL following orthodontic force application has only been studied to a limited extend.
More research is needed to develop better insight into the relation between HO-1
expression by osteoclasts and orthodontic tooth movement. Treatment with magnolol,
an inducer of HO-1 expression, inhibited osteoclast differentiation of RAW 264.7
macrophages in vitro®®. Treatment with heme strongly inhibited RANKL-induced
osteoclastogenesis in cultured wild-type macrophages in vitro. However, heme
administration was ineffective in inhibition of osteoclastogenesis in HO-1*/~ cells,
suggesting that CO and/or bilirubin  potently inhibit RANKL-induced
osteoclastogenesis®>’.

4.2 Splinting of excisional wounds in mice induces the cytoprotective enzyme HO-1 in
the dermis

In Chapter 5, we described that splinting of excisional wounds in mice causes static
mechanical stress (Research question 5). In mice, splinting inhibits wound contraction

258 while in humans, the musculus panniculus

by the musculus panniculus carnosus
carnosus is considered of no functional significance?®. In mice, splinting better
simulates human wound healing that is mainly dependent on granulation and re-
epithelialization of tissues?®®. Recently, inhibition of Engrailed-1 (Enl) mediated
mechanical signaling in skin wound of adult mice, by administration of chemical

verteporfin, resulted in healing without scarring?®*

. Mechanical stress is also present in
the healing palate of CLP patients following surgical palatal cleft closure. As reviewed
in the general introduction, mechanical stress promotes scar formation?*>262,
contributing to development of iatrogenic transverse narrowing of the maxilla?®® and
midfacial growth deficiency’?%. In splinted wounds of day 7, we observed higher
numbers of macrophages, myofibroblasts, increased levels of inflammatory genes, and
more HO-1 gene expression within the dermis. Our findings indicate that mechanical
stress by splinting promotes a pro-inflammatory microenvironment, increasing the risk
of excessive scar formation. Notably, we found less HO-1 expression within the
epidermis of the splinted wounds compared to the non-splinted wounds.

In non-splinted wounds from diabetic rats, treatment with 10% hemin
ointment for 21 days upregulated HO-1, VEGF and ICAM-1 expression?®®, and promoted
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265 Others found that administration of the HO-effector molecules CO and

wound repair
bilirubin enhanced excisional wound repair in rats?°6-268, |nhibition of HO-activity by tin
protoporphyrin-IX resulted in retardation of wound closure in wild-type mice®3. It was
further shown that wound healing in HO-1 KO mice was delayed by complete
suppression of re-epithelialisation®3. Stimulation of keratinocyte proliferation acts via
the HO-1/CO pathway in vitro®®®. Inhibition of HO-activity using SnMP injected
intradermally in rats resulted in heme-induced influx of leukocytes in the wound
area?’®. In HO-2 KO mice delayed cutaneous wound closure was observed compared to
wt controls?’L, Biliverdin application, 1 hour before and twice a day after epithelial
injury, rescued HO-2 KO mice from chronic inflammation by accelerated wound closure
and reduction of inflammatory cells and inflammatory proteins?’2. Induction of HO-1
could thus be a novel strategy to reduce inflammation following mechanical stress after
surgical cleft palate closure.

Section 5. Umbilical cord blood stem cells and HO-1 induction
in tissue engineering may promote muscle and skin
regeneration following surgical CLP repair

5.1 MSCs in tissue remodeling
A novel therapeutic approach is the administration of stem cells to create an anti-
inflammatory environment. Mesenchymal stem cells (MSCs) can promote wound

273277 and regeneration due to attenuation of inflammation?’827°, MSCs are able

repair
to reduce inflammation by release of immunosuppressive and anti-inflammatory
factors, such as TGF-B1%%°, Interleukin 4 (IL-4)?8, and indoleamine 2,3-dioxygenase?®?.
MSCs have been shown to increase anti-inflammatory molecules interleukin 10 (IL-10)
and interleukin-1 receptor antagonist (IL1-RA)?23. Cultured human MSCs were found to
suppress the proliferation of natural killer (NK) cells in vitro?®*. MSCs reduced the
expression of CD83 in dendritic cells in vitro, indicating that dendritic cells skewed to a
more immature status, likely limiting of antigen uptake, reducing the likelihood of graft
rejection?®, Cultured human MSCs were found to suppress the proliferation of T-
cells in vitro, indicating that co-infusion of MSCs can decrease the incidence of graft-
versus-host reactions, forming the basis for new strategies in clinical transplantation?2®,

In scratch assays, by leave a scratch in a confluent monolayer of cultured L929
fibroblasts and HaCaT keratinocytes of approximately 0.4-0.5 mm in width with a
sterile pipette tip, administration of MSC-conditioned medium enhanced closure of the
cell free area due to accelerated cell migration in vitro?®”. Oral ulcers induced by topical
application of formocresol in the oral cavity of dogs demonstrated accelerated healing
following submucosal injection of autologous MSCs?®, Subcutaneous injection of MSC-
conditioned medium increased the number of macrophages and endothelial progenitor
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289 MSCs have been shown to constitutively

cells in splinted excisional wounds in mice
produce growth factors, as vascular endothelial growth factor (VEGF), hepatocyte
growth factor (HGF), granulocyte colony-stimulating factor (G-CSF), granulocyte-
macrophage colony stimulating factor (GM-CSF), resulting in improved wound
healing?®. Injected MSCs were able to alleviate cutaneous tissue fibrosis following
subcutaneous injections of bleomycin and enhance tissue remodeling in mice?®.
Administration of MSCs decreased the number of a-smooth muscle actin positive
myofibroblasts and stimulated the formation of collagen in a basket-weave
organization?®. Injection of adipose-derived stem cells (ADSCs) into the superficial
wound bed of full thickness circular excisional wounds of Yorkshire pigs exhibited
thicker granulating neodermis, and greater wound contraction?. Injection of ADSCs
improved wound healing in a streptozotocin-induced diabetic swine model®®,
Epidermal injury was found to recruit stem cells from the hair follicle bulge into the
epidermis in mice?®*. Subcutaneous injection of MSCs promoted cutaneous wound
repair by promoting keratinocyte migration in an excisional wound splinting model in
mice?®®. Injection of ADSCs accelerated wound healing of splinted excisional wounds in
immunodeficient diabetic mice?®®. Summarizing, MSC administration may be a novel
strategy to improve wound repair and tissue remodeling after surgical cleft repair.

Administration of MSCs forms a promising treatment to improve wound repair
and to prevent scarring in wounds?*7-2%, Since administration of conditioned media
derived from MSCs can already improve wound repair, it is assumed that also paracrine
factors are able to generate protective effects?’#30%301 Unfortunately, administered
MSCs were found to die soon upon administration, and are hardly incorporated into
the injured tissue3%23%, Only less than 1% of systemically administered MSCs may
persist at the injury site after 7 days?®>3%. The access of MSCs to the wound site may
be hampered by damaged blood vessels and by disorganized tissue3®2. Furthermore,
the limited MSCs survival can be explained by the hostile wound environment
containing inflammatory and oxidative mediators3023%,

Improving the survival of MSCs at the place of injury may further enhance the
protective effects, as these cells can continue to produce paracrine factors to promote
wound healing (Research question 6).

5.2 HO-1 is a promising target to improve MSC therapy in wound repair

Induction of HO-1 could be such a therapy to increase the survival of MSCs following
application. Curcumin-induced HO-1 expression rescued ADSCs from H:0:-mediated
cell death in vitro3%. Curcumin protected against H.0,-mediated damage in lung MSCs
by increased HO-1 expression in vitro3%. Pretreatment of human cardiac stem cells with
HO-1 inducer Cobalt protoporphyrin (CoPP) protected against H202-induced oxidative
stress in vitro®”. Interestingly, conditioned medium of HO-1 positive MSCs rescued
from kidney injury, whereas conditioned medium of HO-1 KO MSCs was
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300 MSCs transduction with adenovirus-hHO-1 increased expression of HO-

ineffective
1, and suppressed apoptosis following exposure to hypoxia in vitro3®. Induction of HO-
1 by CoPP promoted the proliferation of human umbilical vein endothelial cells in
vitro3®. Rat renal tubular epithelial cells treated with H20; increased HO-1 expression
and showed less apoptosis following MSCs administration in vitro3°. HO-1-
overexpressing MSCs showed resistance to cell apoptosis following H20»-induced
oxidative stress in vitro®*!. Bone marrow-derived MSCs were found to increase the
expression of HO-1 and reduced liver inflammation following LPS-induced acute liver
failure in rats by reduced inflammation and apoptosis®*2. Rabbits treated with ADSCs
transduced with HO-1 (HO-1-ADSCs) showed cardiac function improvement following
experimental myocardial infarction33. HO-1 induction thus promotes proliferation and
cell survival of MSCs and protect MSCs against oxidative stress and oxidative stress-
induced apoptosis. By enhancing cell survival, induction of HO-1 could possibly be a
strategy to improve the outcome of MSC therapy in the treatment of pathological
wound repair following CLP surgery.

MSCs can be found throughout the body and are widely used for regenerative
medicine purposes. They may stimulate the regeneration of the injured skin and muscle
tissues following surgical lip and palate closure by reloading the required cells and by
providing a more regenerative microenvironment that attenuates scarring and
fibrosis3'4. However, the isolation of MSCs from bone marrow or adipose tissue from
the baby can cause complications such as infection, bleeding, and chronic pain3®,
Moreover, it is expensive to harvest them and to expand them by controlled cell
culture3'®. Human umbilical cord blood cells are obtained by a simple, safe, and painless
procedure following birth. MSCs can be easily isolated from cord blood and preserved
for later treatment®'7. The umbilical cord is an attractive source of stem cells because it
is considered biowaste accompanying the delivery of a baby. We propose that these
umbilical cord MSCs can be used to facilitate skin and muscle tissue regeneration
following surgical cleft repair (Figure 12).

Transplantation of MSCs in patients with multiple sclerosis (MS), amyotrophic
lateral sclerosis (ALS) 38, and in patients with acute myocardial infarction®'® has been
proven a relatively safe procedure. Treatment of patients with acute myocardial
infarction with MSCs isolated from Wharton Jelly is regarded as a safe therapy3'°.
However, intravenous infusion of ADSCs may result in thrombus formation around the
cells through a coagulation mechanism, which can also cause pulmonary embolism due
to the accumulation of cells in the lung region3%°. Thromboembolism was confirmed by
other studies using umbilical cord MSCs, showing the procoagulant properties after

injection in peripheral veins3?!

. More long-term studies and observations regarding the
safety of MSC injection are required3?2. Human umbilical cord MSCs produce
significantly higher amounts of VEGF and basic fibroblast growth factor (bFGF)

compared to fibroblasts3?. Injection of conditioned medium of human umbilical cord
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MSCs promoted wound repair and increased neovascularization in full-thickness

excisional wounds of streptozotocin-induced diabetic mice3°!. In adult Wistar rats

intravenously injected cord blood stem cells improved healing of deep burn wounds3?.

Applied umbilical cord MSCs were found to differentiate into keratinocytes in full-

5

thickness skin defect wounds, which promoted cutaneous wound healing®®®. In

streptozotocin-induced diabetic mice subcutaneous injection of umbilical cord MSCs
improved cutaneous wound healing3?®. However, others found no significant wound
healing improvement of full-thickness skin wounds following injection of umbilical cord
MSCs in nude mice®'“. Importantly, for the use of MSCs as a therapy MSCs banking and

cell products manufacturing and corresponding quality control system procedures must

be applied for assuring the safety and efficiency of the final cell products3?’.

Figure 12: Future tissue engineering using MSCs following surgical CLP shifting the treatment outcome to
mild morphological features of CLP. Nowadays, pathological wound healing following palatal cleft surgery
can lead to excessive scar tissue formation, contributing to inhibition of the growth of the maxilla, together
with posterior constriction of the upper dental arch. Following detection of a CLP using prenatal ultrasound
screening, umbilical cord MSCs are isolated upon birth. Stem cells express antifibrotic and anti-inflammatory
factors. These stem cells can be used in future tissue engineering strategies in combination with factors
targeting inflammation (e.g. HO-1) and fibrosis (e.g. anakinra, pirfenidone and nintedanib)3?® within a scaffold
during CLP surgery to promote skin and muscle regeneration and function and to inhibit scar formation. Less
scar formation could lead to better soft tissue esthetics and less growth inhibition of the maxilla, and may
shift the treatment outcome of CLP surgery to mild morphological features of CLP.

Administration of HO-1 expressing umbilical cord-derived MSCs alleviated D-
galactose induced hepatic disorders in rats in vivo3?°. H20,-stimulated human umbilical
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cord MSCs showed increased expression of HO-1, and attenuated inflammation
following Tetramethylpyrazine treatment in vitro®°. Although, the number of studies
on the effects of HO-1 expression in umbilical cord-derived MSCs is limited. More
research is needed to elucidate the role of HO-1 expression in cell survival of umbilical
cord-derived MSCs. Stem cells in combination with factors targeting inflammation and
fibrosis within a scaffold can be used in future tissue engineering strategies during CLP
surgery to promote skin and muscle regeneration and function and to inhibit scar
formation. Less scar formation could lead to better soft tissue esthetics and less growth
inhibition of the maxilla and may shift the treatment outcome of CLP surgery to mild
morphological features of CLP.

Section 6. Clinical relevance for CLP patients and future
perspectives

6.1 The potential of cytoprotective mechanisms in prevention of pregnancy pathology
Having presented these pre-clinical data, we will address their possible clinical
implications. We were successful in mimicking intrauterine hemorrhage/hematoma by
i.p. administration of heme at day E12 in pregnant mice, causing fetal abortion in a
dose-dependent fashion. Moreover, we showed that HO-activity rescue fetuses from
abortion following heme exposure, since inhibition of HO-activity aggravated the
effects of heme 75 pmol/kg body weight administration33L.

We showed that heme administration increased the expression levels of
adhesion molecule ICAM-1, resulting in increased influx of macrophages and HO-1
positive cells in placenta in a dose-dependent manner, which was further increased
following inhibition of HO-activity33L.

In contrast to animal studies using specific strains, patients have their unique
immune system, and the large differences in genetics and different exposure to
environment factors between patients make it difficult to translate data from animal
experiments directly to the clinic. Since a microsatellite polymorphism of the HO-1 gene
in pregnant mothers, leading to low levels of HO-1 induction, is associated with
idiopathic recurrent miscarriage®®, we hypothesize that safe HO-1 induction during the
first trimester could possibly be a novel therapy to protect against elevated
concentrations of inflammatory stressors, such as LPS and free heme.

Furthermore, since uterine hematomas are associated with increased risk of

63-66 e suggest that

intrauterine growth restriction, preterm delivery and miscarriage
HO-1 induction might protect against free heme release following intrauterine
hemorrhage and may reduce the risk of fetal abortion when this happens. The number
of experimental studies done on the relation between heme exposure, HO-activity and

placental and fetal development is scarce. Despite the positive effects of HO-1 induction
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we found on placental and fetal development during heme-induced pathological
pregnancies in mice (Chapter 4), it is uncertain if HO-1 induction is an effective and safe
therapy to protect against oxidative and inflammatory stress-induced fetal abortion in
humans.

6.2 The potential of cytoprotective mechanisms and signaling pathways in
palatogenesis and wound healing
Similar to previous studies, where CXCL11 recruited CXCR3-positive macrophages, the
increased expression of CXCL11 in the disintegrating MES was associated to recruit
macrophages to phagocytose apoptotic cells from the MES?*, Our findings (Chapter 2)
support the hypothesis that the MES disintegrates by epithelial cell apoptosis, although
we cannot rule out that CXCL11-CXCR3 signaling also promotes epithelial cell
migration203,204,206-208'

Since expression of chemokine receptor CXCR3 and its ligand chemokine
CXCL11 were both expressed within the MES, CXCL11-CXCR3 autocrine signaling might
control migration and apoptosis of epithelial cells during its disintegration. This finding
thus supports the hypothesis that the MES disintegrates by epithelial cell migration.
Although our study provided novel information, the current knowledge is still too
limited to develop novel therapies to promote the process of palatal fusion in human.

In Chapter 3, we proposed that CXCL12-CXCR4 signaling facilitates palatal

71 However, the number of studies on CXCL12-CXCR4 signaling and

osteogenesis
palatal osteogenesis is scarce. Since defective osteogenesis within the palate was found
to cause cleft palate in mice?®!, we suggest that CXCL12-CXCR4 regulates palatal
osteogenesis, essential in the process of palatogenesis. Because of the current limited
insights, we expect that clinical therapies that regulate chemokine signaling to promote
palatal osteogenesis will however not be soon available.

Despite we showed that abrogation of HO-2 gene can result in fetal
malformations (Chapter 2), we did not find hampered MES disintegration or palatal
expression of CXCL11 or CXCR3 following absence of HO-2 expression?*!. Furthermore,
pharmacologically inhibition of HO-activity by administration of SnMP at E11 did not
affect palatal fusion nor did it alter the expression of CXCL12 or CXCR4 within the
palate!’®. The potential of HO-1 induction and chemokine-receptor signaling within the
fusing palatal shelves should further been studied.

Several in vivo experiments improved wound repair using MSCs administration
in mice?®>?°¢, dogs?%8, and pigs?°>?%3. MSCs were found to enhance wound healing by
secretion of various paracrine factors?®°. MSCs may stimulate the regeneration of the
injured skin and muscle tissue following surgical CLP repair3'4. However, administered
MSCs were found to die soon upon administration, and are only limited incorporated
into the injured tissue3°*3%, Induction of HO-1 in MSCs has been found to promote
proliferation and suppressed apoptosis, and could improve survival of MSCs within the
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hostile environment within the wound3%2. We expect that administration of MSCs is a
promising therapy to improve wound healing following surgical CLP repair, and
induction of cytoprotective pathways as HO-1 may further improve MSC cell survival
after application. Improved wound healing could lead to less scar formation, and
possibly could cause less growth inhibition of the maxilla in patients with CLP, resulting
in a better shape of the face.

6.3 Palatogenesis and potential parallels with wound healing

Similarities in molecular and cellular signaling are reported in embryonic development
and cutaneous wound repair332, Notably, the regenerative processes in palatal fusion
and wound repair show familiar cellular signaling pathways and gene regulatory
networks’. Since CXCL11-CXCR3 signaling was found to promote keratinocyte
migration?°® and macrophage recruitment in zebrafish?®®, and our data showed CXCL11
and CXCR3 expression within the disintegrating MES (Chapter 2), we state that CXCL11-
CXCR3 autocrine signaling regulates remodeling of the epithelial tissues in both
processes.

In addition, we related CXCL12 and CXCR4 within the osteogenic centers within
the palatal shelves with palatal bone formation (Chapter 3), and CXCL12-CXCR4
signaling was found to recruit hematopoietic stem cells and mesenchymal stem cells to
the wound area in mice33%33% we propose that CXCL12-CXCR4 signaling may be an
import regulator of different biological processes during palatogenesis and cutaneous
wound healing. Finally, we showed HO-1 expression within macrophages near the
disintegrating MES (Chapter 2), and HO-1 induction in the dermis during excisional
wound following splinting (Chapter 6).

Since HO-1 expression in macrophages promotes formation of the anti-
inflammatory M2-like phenotype!*?, and HO-1 stimulates wound closure by
upregulating anti-inflammatory, antioxidant, and angiogenesis activities in diabetic

265

rats®®, it is suggesting that HO-activity is important in the breakdown of heme in the

wound healing process.

Because HO-1-overexpressing MSCs showed resistance to cell apoptosis®!!
(Chapter 7), it is hypothesized that HO-1 induction in stem cells may also promote
regenerative processes during cutaneous wound healing.

We conclude that CXCL11-CXCR3 and CXCL12-CXCR4 signaling, and HO-1
induction in macrophages and stem cells are potential targets for future therapies in
preventing CLP formation and excessive scarring following wound repair (Figure 13).
However, more fundamental research on the processes of palatogenesis and wound
healing is first necessary.
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Figure 13: Hypothetical model: Palatogenesis and potential parallels with wound healing. Similarities in
molecular and cellular signaling are reported in embryonic development and cutaneous wound in the process
of palatal fusion (upper panel) and cutaneous wound repair (lower panel). CXCL11-CXCR3 autocrine signaling
is associated with epithelial tissue remodeling. CXCL11-CXCR3 signaling is related to macrophage recruitment
in both palatal fusion and wound healing. CXCL12-CXCR4 signaling is involved in different biological
mechanisms in palatogenesis and wound repair. HO-1 expression promotes macrophage function and stem
cell survival, indicating that HO-1 induction could both facilitate palatal fusion and cutaneous wound healing.

6.4 Future treatment concepts in the CLP clinic
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Prevention of CLP remains the ultimate goal of research by identifying the etiology and
risk factors3®. Previous trials investigated the role of maternal multivitamins and folic

336,337

acid supplementation in the prevention of congenital anomalies . Folic acid

supplementation during pregnancy has been found to reduce the risk of neural tube

defects in newborns?3?

.Women in intermediate and high-risk categories for neural tube
defects who wish to become pregnant are advised to take a higher dose332. Notably,
women who take folic acid supplements early in their pregnancy can substantially
reduce their baby’s chances of being born with CLP33°, Nutrition guidelines for pregnant
woman and woman planning to become pregnant recommend multivitamin
supplementation (containing vitamin A, B6 and C) before and during pregnancy to
reduce the risk of CLP33>340341 On the other hand, evidence from animal studies shows
a clear increase in the risk of cleft palate related to excess vitamin A342. It is possible
that in the future, when the etiology of CLP is better understood, the cleft team will
further extend their recommendations of maternal supplementation in early pregnancy
with antioxidative and anti-inflammatory drugs, especially for women from families
with a predisposition for CLP and women with diabetes who want to become pregnant.
Differential protection against heme, by induction of hemopexin/haptoglobin or HO-1,
may determine the outcome of hemorrhage-mediated pregnancy complications.
However, more research is needed to determine if maternal supplementation of HO-1
inducers, as curcumin, early in pregnancy would be a safe and effective therapy to
reduce the risk of CLP in humans.

As discussed in the introduction of this thesis, scarring following surgical cleft
palate repair can contribute to transverse narrowing of the maxilla?®® and hampered
maxillary growth, leading to midfacial deficiency?’®. These effects can lead to more
complicated orthodontic treatment, and the need for orthognathic surgery, making the
CLP treatment more extensive. In the near future, regenerative medicine using MSCs
application could improve the wound healing process following surgical cleft repair. The
umbilical cord blood and tissue forms an attractive source of stem cells because it is
considered biowaste. Since prenatal ultrasound screening allows early detection of CLP
in the 11* to 13 week of gestation the preservation of umbilical cord upon birth can
be planned. Application of umbilical cord-derived MSCs following cleft surgery could
form a new strategy to optimize wound repair and regeneration with less scarring. In
addition, induction of HO-1 before administration in the wound area, or HO-1 induction
in MSCs before application could possibly improve the wound microenvironment and
the survival of MSCs, respectively. Besides, addition of chemokines could promote the
influx of progenitor cells to the wound site. After prenatal ultrasound diagnosis of CLP,
the cleft team should organize the harvesting of the umbilical cord upon birth.
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Figure 14: Future tissue engineering following surgical CLP may shift the treatment outcome to mild
features of CLP. (A) Following bilateral CLP repair scarring of the lip and palatal mucosa was developed.
Moderate maxillary hypoplasia led to compromised facial esthetics with a suboptimal occlusion and dental
frontal relationship. The patient regarded the treatment outcome as unfavorable and requested facial
esthetic improvement. Surgical maxillary advancement has been planned in adulthood. (B) Mild scarring of
the lip and palate and a minor maxillary hypoplasia following bilateral CLP repair has been observed, together
with fair facial esthetics and acceptable occlusion and dental frontal relationship. The patient considered the
treatment outcome as favorable, and there was no demand for further facial esthetic improvement. Future
tissue engineering, possibly using umbilical cord-derived MSCs in combination with factors targeting
inflammation and fibrosis, could reduce scar formation following CLP surgery, and may shift the treatment
outcome to mild features of CLP.
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Less scarring after surgical cleft palate closure may lead to less impediment of
the maxillary growth and development, reducing the need for large orthodontic and
orthognathic surgical corrections. Less need for considerable corrections might lead to
less invasive treatment protocols, reducing the psycho-social burden of the patient and
the family. Furthermore, less scarring could cause less speech impediment, and could
possibly result in better functional and esthetic treatment outcomes (Figure 14).

6.5 Shaping the face; cytoprotective mechanisms, signaling pathways, and cleft repair
In the introduction of this thesis we already discussed that the mechanisms of CLP

formation are not fully understood, but it is accepted that genetic predisposition and

environmental factors play a role3*3. Environmental factors as diabetes!®?,

159 alcohol consumption'®, anti-epileptic drugs®*4, and

164

infections'6%%3, smoking
bleeding episodes during pregnancy'® are associated with increased risk of CLP.
Interestingly, all these factors are also associated with oxidative and inflammatory
stress34>347, Because of its involvement in the etiology of congenital malformations3#,
we suggested that high oxidative and inflammatory stress levels may contribute to CLP
formation.

Based on our research, we suggest that cytoprotective mechanisms, as the HO
enzyme system, could be a potential target in preventing against pregnancy pathology
and the development of congenital malformations, as CLP. More insight in the role of
oxidative and inflammatory stress at fetal development could create more insights in
the complex etiology of CLP.

In patients with CLP an important factor for craniofacial growth forms the
iatrogenic effect of surgical interventions3*°, which can lead to development of
structural distortions of the face3*°. Prolonged inflammation and elevated levels of ROS
can result in hampered wound repair and can cause excessive scarring3%3>2, Chronic
inflammation can lead to deposition of excessive collagen type lll fibers and ECM
proteins within the wound area, fueling the process of hypertrophic scarring3>23%,
Hypertrophic scar formation impairs soft tissue form, function, or movement3>2,
Scarring following cleft lip repair can cause transverse narrowing of the maxilla?®3, and
posterior inclination of the upper incisors®*°. Besides maxillary dental arch
constriction3®, scarring following surgical cleft palate closure is mainly responsible for
sagittal growth inhibition of the maxilla3*’, leading to midfacial growth deficiency?”°.
Cytoprotective mechanisms could also protect against excessive scarring following
surgical CLP repair, leading to reduced maxillary dental arch collapse and less maxillary
growth inhibition. Nevertheless, we should not close our eyes for the “surgeon effect”.
The experience and skills of the surgeon will remain a decisive factor in the final

outcome of cleft surgery.
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Figure 15: Shaping the face; cytoprotective mechanisms, signaling pathways, and cleft repair.
Cytoprotective mechanisms and (inter)cellular signaling pathways are potential targets in prevention of CLP
formation, or scar formation following surgical CLP repair. Modulation of cytoprotective mechanisms and
cellular signaling pathways could improve wound repair with less scar formation, and may reduce the
disturbance of the maxillary dental arch development and the maxillary growth. Cytoprotective mechanisms,
signaling pathways and cleft repair all contribute to the final shape of the face.
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CXCL12-CXCR4 chemokine-chemokine receptor signaling is regarded as an
important cell signaling pathway in guiding the migrating CNCCs to the branchial arches
to enable embryonic facial development??%3333%8-360  Fyrthermore, CXCL12-CXCR4
signaling has been found to promote osteogenesis®®!. Based on our data we associated
CXCL12 and CXCR4 expression within the fusing palatal shelves with palatal
osteogenesis (Chapter 3), and CXCL11 and CXCR3 expression within MES with palatal
fusion (Chapter 2). Since CXCL11-CXCR3 signaling was found to promote keratinocyte
migration into the wound area?®®, and CXCL12-CXCR4 signaling was found to recruit

hematopoietic stem cells and mesenchymal stem cells to the wound area333334,

we
propose that cellular signaling pathways may could contribute to embryonic
craniofacial development, including palatogenesis, and may improve wound repair
following surgical CLP repair.

In conclusion, cytoprotective mechanisms and signaling pathways are
interesting potential targets in reducing the risk of CLP formation, or reducing scar
formation following surgical CLP repair. Less scar formation could lead to less
disturbance of the maxillary dental arch and may cause less midfacial deficiency (Figure
15). However, more research into the role of cytoprotective mechanisms and cellular

signaling pathways is needed in patients with CLP.
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CHAPTER9

Chapter 1 introduces the topic of cleft lip and palate, its etiology, incidence,
classification, treatment strategies and iatrogenic effects following cleft surgery. The
process of wound repair and scarring in relation to oxidative, inflammatory and
mechanical stresses is discussed. The close similarity between biological processes
involved in palatogenesis and wound repair is reviewed. Furthermore, the putative
decisive roles of the cytoprotective heme oxygenase (HO) enzyme system and
chemokine-chemokine-receptor signaling in embryonic development of the orofacial
region and wound healing are discussed. We postulated that the balance between
oxidative and inflammatory stresses and cytoprotective mechanisms influences the
outcome of fetal development, palatal fusion, wound repair, the level of scar formation,
and therefore determines the final shape of the face in patients with cleft lip and palate
(CLP). We therefore split this thesis into five parts:

Part I: Diminished cytoprotection in HO-2 deficient mice hampers fetal growth, without
affecting chemokine signaling during palatal fusion or palatal osteogenesis.

Part Il: Diminished cytoprotection by inhibition of HO-activity in mice promotes heme-
induced placental inflammation and fetal abortion.

Part Ill: Mechanical stress, generated by orthodontic forces in rats or by splinting of
excisional wounds in mice, induces the cytoprotective enzyme HO-1.

Part IV: Umbilical cord blood stem cells and molecular targets in tissue engineering may
promote muscle and skin regeneration following surgical CLP repair.

Part V: General discussion and Summary.

Part | consists of two studies investigating the potential role of chemokine-chemokine-
receptor signaling during palatogenesis in relation to diminished cytoprotection by
genetic and pharmacological targeting of HO.

In Chapter 2, the disappearance of the midline epithelial seam (MES), a crucial process
during palatal fusion and CLP formation, was investigated. During palatogenesis several
processes are similar to wound repair processes, including mesenchymal-epithelial
transformation (EMT), chemokine signaling, cell proliferation, differentiation and
apoptosis. Therefore, we postulated that chemokine CXCL11, its receptor CXCR3, and
HO are not only important factors during wound repair, but also play a decisive role
during palatogenesis. The contribution of HO-2 in this process was studied using heme
oxygenase-2 deficient (HO-2 knockout; HO-2 KO) mice and wild type (wt) mice. HO-2
KO mice embryos at embryonic day E15-16 suffered from fetal growth restriction and
craniofacial abnormalities but had no disturbed palatal fusion. In both wt and HO-2 KO
mice fetuses, CXCR3-positive macrophages were observed near the CXCL11 expressing
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MES, and contained multiple apoptotic DNA fragments, supporting the hypothesis that
the MES disintegrates by epithelial apoptosis. Since macrophages located near the MES
were HO-1 positive, and more HO-1 positive cells were present in palates of HO-2 KO
mice fetuses, HO-1 induction forms probably a compensatory mechanism to handle
oxidative stressors. HO and CXCL11-CXCR3 signaling are thus both involved in
embryogenesis and palatal fusion.

In Chapter 3, we studied the association between palatal osteogenesis, an essential
process during palatal fusion, and chemokine-chemokine-receptor signaling. In the
process of osteogenesis Sox9 promotes osteogenic differentiation and stimulates
CXCL12-CXCR4 chemokine-chemokine-receptor signaling. This facilitates elevation of
alkaline phosphatase (ALP)-activity in osteoblasts to initiate bone mineralization.
Disturbed migration of cranial neural crest cells (CNCCs) by excess oxidative and
inflammatory stress is associated with increased risk of CLP. The cytoprotective HO
enzymes are powerful guardians harnessing against injurious oxidative and
inflammatory stressors and enhancing osteogenic ALP-activity. By contrast, abrogation
of HO-1 or HO-2 expression promotes pregnancy pathologies. We therefore postulated
that Sox9, CXCR4, and HO-1 are expressed in the ALP-activity positive osteogenic
regions within the CNCCs-derived palatal mesenchyme. To investigate these
hypotheses, we studied expression of Sox9, CXCL12, CXCR4, and HO-1 in relation to
palatal osteogenesis between embryonic day E15 and E16 using
(immuno)histochemical stainings of coronal palatal sections from wt mice fetuses. In
addition, the effects of abrogated HO-2 expression in HO-2 KO mice fetuses, and
inhibited HO-1 and HO-2 activity by administrating HO-enzyme activity inhibitor SnMP
at E11 in wt mice fetuses were investigated at E15 or E16 following palatal
fusion. Overexpression of Sox9, CXCL12, CXCR4, and HO-1 was detected in ALP-positive
osteogenic regions within the palatal mesenchyme. Overexpression of Sox9 and CXCL12
was also detected within the disintegrating MES. Neither palatal fusion nor MES
disintegration seemed affected by either HO-2 abrogation or inhibition of HO-1 and HO-
2 activity. Sox9-positive progenitors seem important to maintain the CXCR4-positive
osteoblast pool and drive osteogenesis. Sox9 expression may facilitate MES
disintegration and palatal fusion by promoting EMT. Our findings further suggest that
CXCL12 expression by the MES and the palatal mesenchyme may promote osteogenic
differentiation to create osteogenic centers.

Part Il contains one study examining the effects of diminished cytoprotection by
pharmacological inhibition of HO-activity during palatal fusion, heme-induced placental
inflammation, and fetal abortion in mice.

In Chapter 4, we studied the dose-dependent effects of exposure to heme during
palatal fusion, placental and fetal development in relation to diminished cytoprotection
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by pharmacological inhibition of HO-activity in mice. Both infectious and non-infectious
inflammation can cause placental dysfunction and pregnancy complications. During the
first trimester of human gestation, when palatogenesis takes place, intrauterine
hematoma and hemorrhage are common phenomena, causing the release of large
amounts of heme, a well-known endogenous damage-associated molecule, recognized
as an “alarmin”. We hypothesized that exposure of pregnant mice to heme during
palatogenesis would initiate oxidative and inflammatory stress, leading to pathological
pregnancy, increasing the incidence of palatal clefting and abortion. Both HO isoforms
(HO-1 and HO-2) break down heme, thereby generating anti-oxidative and
inflammatory products. HO may thus counteract heme-induced injurious stresses. To
test this hypothesis, we administered heme (H) to pregnant CD1 outbred mice at
embryonic day E12 by intraperitoneal injection in increasing doses: 30, 75 or 150
umol/kg body weight (30H, 75H or 150H) in the presence or absence of HO-activity
inhibitor SnMP at embryonic day E11. Exposure to heme resulted in a dose-dependent
increase in abortion. At 75H half of the fetuses where resorbed, while at 150H all
fetuses were aborted. HO-activity protected against heme-induced abortion since
inhibition of HO-activity aggravated heme-induced detrimental effects. The fetuses
surviving heme administration demonstrated normal palatal fusion. In placenta,
immunostainings at embryonic day E16 demonstrated higher numbers of ICAM-1
positive blood vessels, F4/80-positive macrophages and HO-1 positive cells after
administration of 75H or SnMP + 30H. Summarizing, heme acts as an “alarmin” during
pregnancy in a dose-dependent fashion, while HO-activity protects against heme-
induced placental vascular inflammation and abortion.

Part lll consists of two studies exploring the relation between mechanical stress,
generated by orthodontic forces in rats, or by splinting of excisional wounds in mice,
and the induction of the cytoprotective enzyme HO-1.

In Chapter 5, the time-dependent expression of the cytoprotective enzyme HO-1 within
the PDL following application of continuous orthodontic forces in rats was examined.
Orthodontic forces disturb the microenvironment of the periodontal ligament (PDL)
and induce alveolar bone remodeling which is necessary for tooth movement.
Orthodontic tooth movement is hampered by ischemic injury and cell death within the
PDL (hyalinization), caused by reduced capillary blood flow, which is associated with
hampered tooth movement and initiation of root resorption. Large inter-individual
differences in hyalinization and root resorption have been observed between
orthodontic patients and may be explained by differential protection against
hyalinization or heme release. HO-1 forms an important protective mechanism by
breaking down heme into the strong antioxidants biliverdin/bilirubin and the signaling
molecule carbon monoxide. These versatile HO-1 products protect against ischemic and
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inflammatory injury. We postulate that orthodontic forces induce HO-1 expression in
the PDL during experimental tooth movement. Twenty-five 6-week-old male Wistar
rats were used in this study. The upper three molars at one side were moved mesially
using a Nickel-Titanium coil spring, providing a continuous orthodontic force of 10 cN.
The contralateral side served as control. After 6, 12, 72, 96, and 120 h groups of rats
were killed. On parasagittal sections immunohistochemical staining was performed for
analysis of HO-1 expression and quantification of osteoclasts. Orthodontic force
generated a significant time-dependent HO-1 induction in mononuclear cells within the
PDL at both the apposition- and resorption side. Shortly after placement of the
orthodontic appliance HO-1 expression was highly induced in PDL cells, but dropped to
control levels within 72 h. Some osteoclasts were also HO-1 positive but this induction
was shown to be independent of time- and mechanical stress. Based on our findings we
propose that differential induction of tissue protecting- and osteoclast activating genes
in the PDL determine the level of bone resorption and hyalinization and, subsequently,
“fast” and “slow” tooth movers during orthodontic treatment.

In Chapter 6, since CLP patients after cleft surgery experience mechanical stress during
wound repair from myofibroblasts and the growing head, static mechanical stress was
induced in a mouse model to simulate the increased injurious environment. Mechanical
stress during wound repair was applied using a splinted excisional wound model. HO-1
is thought to orchestrate the defense against inflammatory and oxidative insults that
drive fibrosis. Therefore, we investigated the activation of the HO-system in splinted
and non-splinted excisional wound models using HO-1 luciferase (luc) transgenic mice.
These mice co-express luciferase when HO-1 gets induced, which can be seen and
measured in vivo by administration of the substrate luciferin, which results in the
release of photons. After seven days, splinting had delayed cutaneous wound closure
and HO-1 protein expression, whereas the number of F4/80-positive macrophages,
aSMA-positive myofibroblasts, and pro-inflammatory signals IL-13, TNF-a, and COX-2
were increased after application of mechanical stress. The pro-inflammatory
environment following splinting may explain the higher myofibroblast numbers and
increased risk of fibrosis and scar formation when compared to non-splinted wounds.
Induction of HO-1 may be a strategy to prevent against mechanical stress-induced
inflammation in wound repair after cleft surgery.

Part IV contained a narrative review on the potential of using umbilical cord blood stem
cells in combination with molecular targets to improve tissue engineering to promote
muscle and skin repair following cleft surgery.

In Chapter 7, we reviewed the literature to outline a novel molecular and cellular
strategy to improve musculature and skin regeneration, and to reduce scar formation
following cleft repair. Cleft lip with or without cleft palate is a congenital deformity,
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affecting the dentition, bone, skin, muscles and mucosa in the orofacial region. Surgical
repair of the cleft lip may lead to impaired regeneration of muscle and skin, fibrosis,
and scar formation. This may result in hampered facial growth and dental development
affecting oral function and lip and nose esthetics. We discussed the molecular and
cellular pathways involved in facial and lip myogenesis, muscle anatomy in the normal
and cleft lip, and complications following cleft lip surgery. Orofacial clefting can be
diagnosed in the fetus through prenatal ultrasound screening and allows planning for
the harvesting of umbilical cord blood stem cells upon birth. Tissue engineering
techniques using these umbilical cord blood stem cells and molecular targeting of
inflammation and fibrosis during surgery may promote tissue regeneration. We expect
that this novel strategy improves both muscle and skin regeneration, resulting in better
function and esthetics after cleft repair.

In Part V the most important results of the thesis and their clinical relevance are
summarized and discussed, and future perspectives for therapeutic approaches are
suggested.

The induction of cytoprotective pathways, such as HO-1, by pharmacological therapy
may harness inflammatory and oxidative insults. Therefore, these strategies may
prevent pathological pregnancies and could possibly improve tissue engineering with
the use of umbilical stem cells to improve the outcome following surgical cleft repair.
However, more mechanistic and translational research is necessary before it can be
used in the clinic.

In conclusion, decreased activity of protective pathways can hamper embryonic
development and wound repair, whereas induction of protective signaling cascades,
with a focus on pathways that mediate the resolution of oxidative and inflammatory
stress, may provide a regenerative microenvironment that prevents CLP formation and
improves wound repair.
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Hoofstuk 1 introduceert het onderwerp schisis, de etiologie, incidentie, classificatie,
behandelstrategieén, en de iatrogene effecten als gevolg van schisis-chirurgie. Het
proces van wondgenezing en littekenvorming in relatie tot oxidatieve, inflammatoire
en mechanische stress wordt bediscussieerd. Er is een sterke overeenkomst tussen de
biologische processen die zijn betrokken bij de vorming van het palatum en bij
wondgenezing. De rol van het celbeschermende haem oxygenase (HO) enzymsysteem
en chemokine-chemokine-receptor signalering gedurende de embryonale ontwikkeling
van het orofaciale gebied en wondgenezing wordt bediscussieerd. Wij postuleerden dat
de balans tussen oxidatieve en inflammatoire stress en celbeschermende mechanismen
de uitkomst van de foetale ontwikkeling, het palatinale fusieproces en het ontstaan van
schisis, de wondgenezing, de mate van littekenvorming beinvloedt, en daarmee de
uiteindelijke vorm van het gezicht bepaalt. Dit proefschrift is opgesplitst in vijf delen:

Deel I: Verminderde celbescherming in HO-2 deficiénte muizen remt de foetale groei,
zonder daarbij de fusie van het palatum of de palatinale botvorming te beinvioeden.

Deel II: Verminderde celbescherming verkregen door remming van de HO-activiteit in
muizen bevordert de ontwikkeling van haem-geinduceerde ontsteking van de placenta
en van abortus van de foetus.

Deel Ill: Mechanische stress, gegenereerd door orthodontische krachten in ratten, of
door het spalken van excisionele wonden in muizen, activeert het celbeschermende
mechanisme HO-1.

Deel IV: Stamcellen van de navelstreng en moleculaire elementen in de wetenschap van
weefselontwikkeling kunnen mogelijk het herstel van spieren en huid bevorderen na
schisischirurgie.

Deel V: Algemene discussie en samenvatting.

Deel | bestaat uit twee studies die de potentiéle rol van chemokine-chemokine-
receptor signalering bestuderen tijdens de palatogenese in relatie tot verminderde
celbescherming door het genetisch en farmacologisch attaqueren van HO.

In Hoofdstuk 2 werd de fusie van de epitheliale naad (midline epithelial seam; MES) in
het midden van het palatum nader onderzocht. Dit is een cruciaal proces tijdens de
fusie van beide palatumhelften. Wanneer dit fout gaat heeft dit een palatoschisis tot
gevolg. Tijdens de palatogenese zijn verschillende ontwikkelingsprocessen
vergelijkbaar met wondgenezingsprocessen, waaronder mesenchymale-epitheliale
transformatie (EMT), chemokine signalering en proliferatie, differentiatie en apoptose
van cellen. Daarom veronderstelden we dat chemokine CXCL11, zijn receptor CXCR3 en
het celbeschermende HO niet alleen belangrijk zijn tijJdens wondgenezing, maar ook
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een beslissende rol spelen bij het samenvoegen van de MES. De rol van HO-2 in dit
proces werd bestudeerd met behulp van haem oxygenase-2 deficiénte (HO-2 knockout;
HO-2 KO) muizen en wild type (wt) muizen. HO-2 KO muizenfoetussen op dag 15-16 van
de embryonale ontwikkeling (E15-E16) leden aan foetale groeibeperking en
craniofaciale afwijkingen, maar hadden geen verstoorde palatale fusie. In zowel wt- als
HO-2 KO muizenfoetussen werden er CXCR3-positieve macrofagen waargenomen in de
buurt van de tot CXCL11 expressie brengende MES. Deze palatale macrofagen bleken
meerdere apoptotische DNA-fragmenten te bevatten. Dit ondersteunt de theorie dat
de MES desintegreert door apoptose van het epitheel. Aangezien macrofagen dicht bij
de MES HO-1-positief waren en er meer HO-1-positieve cellen aanwezig zijn in het
palatum van HO-2 KO-muizenfoetussen, dient HO-1 inductie mogelijk als een
compensatiemechanisme om oxidatieve stress te neutraliseren. HO- en CXCL11/CXCR3-
signalering zijn dus beiden betrokken bij de embryogenese en de fusie van het palatum.

In Hoofdstuk 3 werd het verband tussen het proces van palatale botvorming, wat een
essentieel onderdeel is van de fusie van het palatum, en chemokine-chemokine-
receptor signalering bestudeerd. Tijdens het botvormingsproces bevordert Sox9 de
differentiatie van voorlopercellen naar botvormende cellen. Bovendien stimuleert het
de CXCL12-CXCR4 chemokine-chemokine-receptor signalering, wat de alkaline
phosphatase (ALP)-activiteit in osteoblasten verhoogt ter initiéring van de
botmineralisatie. Verstoorde migratie van craniale neurale lijstcellen door overmatige
oxidatieve en inflammatoire stress is geassocieerd met een verhoogde kans op schisis.
De HO enzymen zijn krachtige celbeschermers die de oxidatieve en inflammatoire stress
in toom houden, en de botvormende ALP-activiteit verhogen. Uitschakeling van de HO-
1 of HO-2 expressie daarentegen bevordert het ontstaan van
zwangerschapspathologie. Daarom postuleerden wij dat Sox9, CXCR4, en HO-1 tot
expressie zouden komen in de botvormende regio’s die positief zijn voor ALP-activiteit
binnen het palatale mesenchym. Om deze hypotheses te onderzoeken hebben wij
(immuno)histochemische kleuringen uitgevoerd op coronale palatinale coupes van wt
muizen foetussen tussen embryonale dag 15 en 16, en de expressie van Sox9, CXCL12,
CXCR4, en HO-1 bestudeerd in relatie tot de palatinale botvorming. Het effect van de
uitschakeling van HO-2 expressie in HO-2 KO muizen foetussen en de remming van HO-
1 en HO-2 activiteit werd onderzocht. Overexpressie van Sox9 en CXCL12 binnen de
uiteenvallende MES werd aangetoond. Fusie van het palatum, noch het uiteenvallen
van de MES leken te zijn beinvloed door de afwezigheid van HO-2 of remming van HO-
activiteit. Sox9-positieve voorlopercellen lijken belangrijk voor het behoud van de
groep CXCR4-positieve osteoblasten ter stimulering van de botvorming. Sox9 expressie
faciliteert mogelijk het uiteenvallen van de MES en de fusie van het palatum door het
bevorderen van mesenchymale-epitheliale transformatie. Onze bevindingen
suggereren verder dat expressie van CXCL12 door de MES en het palatinale mesenchym
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mogelijk de differentiatie van voorlopercellen in botvormende cellen bevordert en
botvormende centra vormt.

Deel Il bestaat uit één studie die het effect van verminderde celbescherming door
farmacologische remming van HO-activiteit op de fusie van het palatum, haem-
geinduceerde ontsteking van de placenta, en foetale abortus in muizen bestudeert.

In Hoofdstuk 4 werd het dosis-afhankelijke effect van de blootstelling aan haem op de
fusie van het palatum, de ontwikkeling van de placenta en de foetus in relatie tot
verminderde celbescherming, door farmacologische remming van de HO-activiteit, in
muizen bestudeerd. Zowel infectieuze als non-infectieuze ontsteking kan het
functioneren van de placenta verstoren en leiden tot zwangerschapscomplicaties.
Gedurende het eerste trimester van de zwangerschap bij mensen, wanneer de vorming
van het palatum plaatsvindt, zijn bloedingen en hematomen in de baarmoeder vaak
voorkomende fenomenen, veroorzaakt door het vrijkomen van grote hoeveelheden
haem, een welbekende endogeen met schade-geassocieerd molecuul, erkend als een
“alarmsignaal”. Wij stelden dat blootstelling van zwangere muizen aan haem
gedurende de vorming van het palatum mogelijk oxidatieve en inflammatoire stress
initieert, wat kan leiden tot een pathologische zwangerschap, hetgeen het risico op
schisis en het ontstaan van abortus verhoogt. Beide isovormen van HO (HO-1 en HO-2)
breken haem af en genereren daarbij anti-oxidatieve en -inflammatoire producten. HO
gaat mogelijk deze door haem geinduceerde schadelijke signalering tegen. Om deze
hypothese te toetsen hebben wij haem toegediend aan zwangere CD1 niet-inteelt
muizen op E12 door middel van intraperitoneale injectie in toenemende doses: 30, 75,
of 150 umol/kg lichaamsgewicht (30H, 75H, of 150H) in de aan- of afwezigheid van de
HO-activiteitsremmer SnMP vanaf E11. Blootstelling aan haem leidde tot een dosis
afhankelijke toename in abortus. Bij 75H waren de helft van de foetussen geresorbeerd,
terwijl bij 150H alle foetussen waren geresorbeerd. HO-activiteit beschermt tegen
haem-geinduceerde abortus want remming van de HO-activiteit verergerde de haem-
geinduceerde schadelijke effecten. De foetussen die de toediening van haem
overleefden lieten een normale fusie van het palatum zien. Immunokleuringen van de
placenta op E16 toonden een verhoogde aantal ICAM-1 positieve bloedvaten, F4/80 -
positieve macrofagen en HO-1 positieve cellen na toediening van 75H of SnMP + 30H.

Samenvattend, haem acteert als een “alarmsignaal” tijdens de zwangerschap op een
dosis-afhankelijke manier, terwijl HO-activiteit beschermt tegen haem-geinduceerde

vasculaire ontsteking in de placenta en het optreden van abortus.

Deel lll bestaat uit twee studies die de relatie tussen mechanische stress, gegenereerd
door orthodontische krachten in ratten, of door het spalken van excisionele wonden in
muizen, en de inductie van het celbeschermende enzym HO-1 bestudeert.
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In Hoofdstuk 5 werd de tijdsafhankelijke expressie van het celbeschermende enzym
HO-1 in het parodontaal ligament in ratten bestudeerd na het aanbrengen van een
continue orthodontische kracht. Een orthodontische kracht verstoort de micro
omgeving van het parodontale ligament en induceert remodellering van het alveolaire
bot, wat noodzakelijk is voor orthodontische tandverplaatsing. Orthodontische
tandverplaatsing gaat gepaard met ischemische schade en celdood in het parodontale
ligament (hyalinisatie), veroorzaakt door een verminderde capillaire bloedstroom,
hetgeen weer geassocieerd is met een vertraagde tandverplaatsing en de initiatie van
wortelresorptie. Grote verschillen tussen individuen in de mate van hyalinisatie en
wortelresorptie zijn waargenomen en kunnen worden verklaard door een verschil in
bescherming tegen de vorming van hyalinisatie en het vrijgekomen haem. HO-1 vormt
een belangrijk beschermingsmechanisme door het omzetten van haem in de sterke
anti-oxidanten biliverdine/bilirubine en het signaalmolecuul koolstofmonoxide. Deze
veelzijdige producten van HO-1 beschermen tegen ischemische en inflammatoire
schade. Wij postuleren dat orthodontische krachten expressie van HO-1 induceren in
het parodontaal ligament tijdens de experimentele tandverplaatsing. Vijfentwintig 6
weken oude Wistar ratten werden voor deze studie gebruikt. In de bovenkaak werden
drie molaren aan één zijde naar mesiaal verplaatst door gebruik te maken van een
Nickel-Titanium veer die een continue orthodontische kracht van 10 cN genereert. De
contralaterale kant diende als de controle. Na 6, 12, 72, 96, en 120 uur werden de ratten
gedood. Op parasagittale doorsneden werden immunohistochemisch kleuringen
uitgevoerd ter analyse van de HO-1 expressie en de osteoclasten werden
gekwantificeerd.  Orthodontische  krachten induceerden een significante
tijdsafhankelijke expressie van HO-1 in mononucleaire cellen in het parodontale
ligament, zowel aan de appositie- als aan de resorptie zijde. Kort na plaatsing van de
orthodontische apparatuur werd HO-1 expressie sterk geinduceerd in de cellen van het
parodontale ligament, maar deze expressie daalde tot het niveau van de controles
binnen 72 uur. Verscheidene osteoclasten waren positief voor HO-1, maar deze
inductie bleek onafhankelijk van tijd en mechanische stress. Op basis van onze
bevindingen speculeerden wij dat verschil in inductie van weefsel beschermende en
osteoclast activerende genen in het parodontale ligament het niveau van botafbraak
en hyalinisatie bepalen, en daarmee het fenomeen van de “snelle” en “langzame”
tandverplaatsers gedurende de orthodontische behandeling zouden kunnen verklaren.

In Hoofdstuk 6 werd een statische mechanische stress geinduceerd met behulp van een
spalk als model voor de postoperatieve situatie in patiénten met schisis. Op deze
manier werden de verhoogde schadelijke omgevingsfactoren en de effecten van
verminderde beschermende processen tijdens wondgenezing gesimuleerd. Deze
mechanische stress werd toegebracht met behulp van een spalk in een excisioneel
wondmodel. HO-1 speelt een rol bij de verdediging tegen inflammatoire en oxidatieve
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insulten die op hun beurt fibrose en littekens veroorzaken. Daarom onderzochten we
de activering van het HO systeem in gespalkte en niet-gespalkte excisionele wonden
met behulp van HO-1 luciferase (luc) transgene muizen. Deze muizen brengen
luciferase tot co-expressie wanneer HO-1 wordt geactiveerd. Dit kan in vivo worden
gemeten door het substraat luciferine toe te dienen dat leidt tot het vrijkomen van
fotonen. Na zeven dagen heeft het spalken van de wonden de wondsluiting en HO-1
eiwit inductie vertraagd, terwijl het aantal F4/80-positieve macrofagen, aSMA-
positieve myofibroblasten en de pro-inflammatoire signalen IL-13, TNFa en COX-2
verhoogd waren na blootstelling aan mechanische stress. De pro-inflammatoire
omgeving die ontstaat ten gevolge van het spalken kan het toegenomen aantal
myofibroblasten en het verhoogde risico op fibrose en littekens verklaren. Inductie van
HO-1 zou een mogelijke strategie kunnen zijn ter voorkoming van door mechanische
stress geinduceerde ontsteking gedurende de wondgenezing na schisis-chirurgie.

Deel IV bestaat uit één review over het potentieel van het gebruik van stamcellen uit
de bloed van de navelstreng in combinatie met moleculaire aangrijpingspunten ter
verbetering van de regeneratie van de spieren en huid na schisis-chirurgie.

In Hoofdstuk 7 hebben wij de literatuur besproken die de vernieuwende moleculaire
en cellulaire strategieén ter verbetering van spier- en huid regeneratie beschrijft,
hetgeen mogelijk de vorming van littekenweefsel na schisis chirurgie zou kunnen
verminderen. De gespleten lip met of zonder een gespleten gehemelte is een
aangeboren afwijking die de ontwikkeling van het gebit, bot, huid, spieren en mucosa
in het orofaciale gebied beinvioedt. Chirurgisch herstel van de schisis kan mogelijk
leiden tot verminderde regeneratie van de spieren en huid, en het vormen van fibrose
en littekenweefsel. Dit alles kan resulteren in remming van de gelaatsgroei en
verstoring van de gebitsontwikkeling, hetgeen een effect kan hebben op de orale
functies, alsmede de esthetiek van de lip en de neus negatief kan beinvloeden. Wij
bediscussieerden de moleculaire en cellulaire paden die betrokken zijn bij de
myogenese in het gelaat en de lip, de spier anatomie van een normale en gespleten lip,
en de complicaties na lip chirurgie. Een orofaciale schisis kan prenataal worden
gediagnosticeerd middels echo-onderzoek, hetgeen het vooraf inplannen van het
oogsten van bloedstamcellen uit de navelstreng mogelijk maakt. Weefselontwikkeling
met gebruik van deze bloedstamcellen uit de navelstreng, samen met het moleculair
aanpakken van het ontstekingsproces en de littekenvorming als gevolg van de chirurgie,
kunnen mogelijk het weefselherstel bevorderen. Wij verwachten dat deze nieuwe
strategie het herstel van spieren en huid verbetert, hetgeen tot een betere functie en
esthetiek na schisis chirurgie zou moeten leiden.
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Summary in Dutch

In Deel V werden de belangrijkste resultaten van dit proefschrift en de klinische
relevantie besproken en samengevat, en enkele toekomstige perspectieven van
therapeutische benaderingen werden aanbevolen.

De inductie van celbeschermende paden, zoals HO-1, door farmacologische therapie
kan mogelijk inflammatoire en oxidatieve dreiging beheersen. Deze strategieén kunnen
mogelijk  pathologische zwangerschappen voorkomen en kunnen wellicht
weefselontwikkeling verder bevorderen door gebruik te maken van stamcellen uit de
navelstreng ter verbetering van de behandelresultaten van schisis chirurgie. Meer
fundamenteel onderzoek is echter noodzakelijk voordat onze data kan worden vertaald
naar een therapie dat kan worden ingezet in de kliniek.

Wij concludeerden dat verminderde activiteit van celbescherming de embryonale
ontwikkeling en wondgenezing kan verstoren, terwijl het induceren van beschermende
signaal mechanismen, met name de paden die de oxidatieve en inflammatoire stress
temperen, mogelijk een herstellende micro omgeving bewerkstelligt. Dit zou het
ontstaan van schisis kunnen voorkomen en de wondgenezing mogelijk kunnen
bevorderen.
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