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Abstract

Infantile haemangioma (IH), considered a primary tumour of the
microvasculature, is the most common tumour of infancy affecting about 10% of
Caucasian infants. IH predominantly affects white, female and premature infants. IH
typically undergoes an initial rapid proliferation during infancy (proliferative phase)
characterised by aggressive angiogenesis, followed by spontaneous involution over
the next 1-5 years (involuting phase) and continued improvement up to 10 years
(involuted phase), often with a fibro-fatty residuum. IH consists of cells of various
lineages, with the presence of mesenchymal stem cells, endothelial progenitor cells,
endothelial cells, myeloid haematopoietic cells, and pericytes. This thesis
demonstrates the expression of primitive (stem/progenitor cell) markers on the
endothelium of IH. The expression of the transcription factors brachyury, Tal-1 and
GATA-2, along with the demonstration of erythropoiesis in IH explants in vitro
supports the hypothesis that IH consists of a primitive endothelium similar to an
embryonic haemogenic endothelium. The expression of the erythropoietin receptor
and haemoglobin zeta chain by the endothelium of IH further strengthens the notion
that IH is a haemogenic endothelium. Consistent with the primitive embryonic origin,
the expression of the placental markers human chorionic gonadotrophin (hCG) and
human placenta lactogen (hPL), but not cytokeratin 7 (CK7) or human leucocyte
antigen- G (HLA-G) by the endothelium in IH, supports a placental chorionic villous
mesenchymal core cell, and not a trophoblast, origin for IH. IH thus has an extra-
embryonically derived primitive mesodermal origin. This primitive mesoderm is able

to account for the haemogenic endothelium phenotype of the endothelium of
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proliferating IH microvessels with its capacity for both erythropoietic and

mesenchymal differentiation.

Additionally, data are presented to show that IH expresses key components
of the renin-angiotensin system (RAS), angiotensin converting enzyme (ACE),
angiotensin Il (ATIIl), angiotensin receptor 2 (ATR2). Cultured IH-derived stem cells
can be induced to proliferate and form blast colonies in response to ATII treatment.
The crucial regulatory role of RAS in the proliferation and differentiation of the
stem/progenitor cell population within IH accounts for the natural progression of IH. A
model is proposed to provide a rational explanation for the serendipiditous discovery
of the dramatic effect that the B-blocker, Propranolol has in accelerating involution of
IH. The hypothesis that Propranolol exerts its action on IH through modulation of the
RAS by blocking renin activity and preventing the conversion of angiotensinogen to
angiotensin |, thereby reducing ATII levels, has led to a clinical trial using Captopril,
an ACE inhibitor in the treatment of problematic proliferating IH. The observed
accelerated involution of IH by Captopril which blocks the conversion of angiotensin |
to ATIl confirms a key regulatory role for RAS in the biology of IH This discovery
underpins the development of potentially safer and novel treatment modalities for this

enigmatic condition.
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Itinteang, T., Tan, ST., Brasch, H. & Day, DJ. Primitive mesodermal cells with a
neural crest stem cell phenotype predominate proliferating infantile haemangioma. J

Clin Pathol 63, 771-776 (2010).

Itinteang, T., Tan, ST., Brasch, H. & Day, DJ. Haemogenic endothelium in infantile

haemangioma. J Clin Pathol 63, 982-986 (2010).
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Chapter 1: Introduction

1.1. Infantile Haemangioma

Vascular anomalies (VA) are localised defects in the structure of the
vasculature. There has been considerable confusion in the terminology in the
literature leading to inappropriate treatment and misdirected research efforts.
The term haemangioma has been used to describe all the forms of vascular
anomalies. In 1982 Mulliken and Glowacki' proposed a classification of
vascular anomalies, based on biology, into haemangioma and vascular
malformations. This classification was adapted by the International Society for

the Study of Vascular Anomalies (ISSVA) in 1996.

Haemangioma, is the most common tumour of infancy (Figure 1.1),
commonly referred to as infantile haemangioma (IH) or colloquially,
strawberry birthmarks. It is a tumour of the microvasculature, typified by

aggressive angiogenesis'.

1.1.1. Incidence
IH affects approximately 10% of Caucasian infants 23 with a lower incidence
in dark skin races. It is more common in Caucasian, female, and in premature

infants 2*. The increased incidence of IH in these sub-populations is

unexplained.

1.1.2. Clinical Features of Infantile Haemangioma
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Most IHs are not present at birth with 40% evident in the first two weeks of life.
IH typically presents as a small red mark or an area of telangiectasia with a
surrounding pale halo and undergoes rapid proliferating within the first year of
life (proliferative phase)'. This is followed by a spontaneous involution over
the next five years (involuting phase), with on-going improvement up to 10
years (involuted phase) usually leaving a fibrofatty residuum (Figure 1.2)*°°
(Figure 1 A-D). The endothelium of IH expresses the immunohistochemical
marker glucose transporter-1 (GLUT-1) that distinguishes IH from other forms

of vascular anomalies®. Sixty percent of IH occur in the head and neck region,

with lesions in the trunk and extremities making up for 25 and 15 percent

respectively.

Figure 1.1. Serial images of a child with a large facial IH at 2 weeks (A), 1
month (B), 6 months (C) and 6 years (D) of age (Courtesy of Professor Swee T.

Tan).
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Figure 1.2. Haematoxylin and eosin staining of representative IH sections taken
during proliferation (A), involuting (B) and involuted (C) phases demonstrating the

diminishing cellularity as IH involutes (Courtesy of Professor Swee T. Tan).

1.1.3. Subtypes of Infantile Haemangioma

IH commonly presents as discrete localised lesions mostly affecting the skin
and/or subcutaneous tissues’. It may involve any other tissues or organs such
as liver, spleen, gut, lung, bladder and adrenal glands®. Multiple cutaneous
lesions are not uncommon?®, with an increased risk of hepatic involvement with

increasing number of cutaneous lesions®™°.

Focal lesions present as localised lesions mostly affecting the face’
(Figure 1.3). Segmental lesions are generally more extensive and plaque-like.
The segmental distribution of these IHs corresponds to the embryological

mesenchymal prominences of the head and neck development, i.e.,

frontonasal, maxillary or mandibular'" (Figure 1.4).
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Figure 1.3. Localised focal IH lesions on the forehead (A), left cheek (B) and left

upper lip (Courtesy of Professor Swee T. Tan).

Figure 1.4. Segmental IHs in the left frontal (A), right maxillary (B), and mandibular

(C) segmental distributions.

1.1.3.1. PHACES Syndrome

PHACES syndrome is a neurocutaneous syndrome affecting a sub-group of
patients with segmental IHs, in which the segmental IH is associated with one
or more of the following features: Posterior fossa malformations of the brain,
arterial anomalies, cardiac anomalies, aortic coarctation, eye abnormalities,
sterna cleft and/or supraumbilical raphe (Figure 1.5)'%'. The observed
subtype of IH and in particular, the association with midline structural

anomalies are unexplained.
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Figure 1.5. A child with PHACES syndrome demonstrating segmental facial IH with

an associated sternal cleft (Courtesy of Professor Swee T. Tan).

1.1.4. Congenital haemangiomas

There is a small subgroup of IHs that are fully grown at birth and they have
been called congenital haemangiomas '*'°. Congenital haemangiomas are
further sub-categorised into (1) Rapidly involuting congenital haemangioma
(RICH)", which regresses completely by 10-14 months of age, and (2) Non-
involuting congenital haemangioma (NICH)™, which never regresses and
grows proportionally with the child. RICH and NICH share similar histological
features with the common IH. However, unlike IH they do not express GLUT-

1141% 3 marker for IH.
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Approximately 50% of IH will regress by age five and all be age 10'® with
approximately 25% requiring surgery and or laser therapy during the

involuting and involuted phases'’. The self limiting and benign progression of
the majority of IH renders an expectant management approach being adopted.
However, 10-14% of IH require active intervention during the proliferative
phase because of its threat to life or function or tissue distortion or

18,19

destruction as the result of the involvement of critical organs, such as the

airways, eyes, liver, and ulceration.

The heterogeneity and innate tendency for IH to involute provides an
exciting and equally challenging dilemma for the physician caring for infants
with IH. It is the ability to predict those patients in need of treatment or with
the highest risk of a complication that provides the greatest challenge for
physicians. A study in 2006 of over one thousand patients with IH revealed
that morphological subtype and anatomical location were by far the greatest
predictors of complication and the requirement for treatment®. Of the
morphologic subtypes, segmental IHs were by far more likely to require
treatment compared to localised lesions, by a factor of greater than 10. When
accounting for anatomical location, perineal IHs were noted to have the
highest rate of ulceration, although fortunately this location is relatively
uncommon. Facial IH on the other hand represents the most common location

for IH, accounting for a proportionately higher rate of the need for active
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treatment?®. Table 1.1 shows the IHs with the highest risk for the need of

intervention™®.

Anatomic Location/Morphology

Assodlated Risk

Faclal, large segmental

Nasal tip, ear, large facial (espedially with prominent
dermal component)

Pertorbital and retrobulbar

Segmental "beard area,” central neck

Periora

Segmental overlying lumbasacral spine

Perineal, axilla, neck, perioral

Multiple hemangiomas

PHACES syndrome (posterior fossa malformations, hemanglomas,
arterial anomalles, cardiac defects, eye abnormalities, sternal
defting)

Permanent scarring, disfigurement

Ocular axs occlusion, astigmatism, amblyopia, tear-duct occlusion
Alrway hemangloma

Ulceration, disfigurement, feeding difficulties

Tethered spinal cord, genitourinary anomalies

Ulceration

Visceral Involverment (especially lver, gastrointestinal tract)

Table 1.1. Features of IH with the highest risk of morbidity according to anatomic

location and morphology of the haemangioma (Adapted from Chang, et al.'®).

1.1.6. Treatment of Infantile Haemangioma

It is noteworthy that the identification of chemotherapeutic agents suitable for

the treatment of problematic IH has predominantly been serendipitously

discovered.

The mainstay treatment for problematic IH is pharmacological with high

dose corticosteroids being first line agents?'. More recently vincristine®® has

replaced interferon®® as second line treatment in cases that failed

corticosteroid therapy. However, since their serendipitous discovery, [3-

blockers®*? have now surpassed corticosteroids as the first choice of treating

problematic IH in many centres®®?”. Recent use of propranolol and a review
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on the treatment and future possible therapies for IH is discussed in depth in

Chapter 11 of this thesis.

1.2. Cellular Elements of Infantile Haemangioma

1.2.1. Endothelial Cells

IH has traditionally been regarded as a benign tumour of the microvasculature
with proliferating lesions composed of immature microvessels, that are lined
by plump, mitotically active endothelial cells, characterised by the expression

of endothelial markers (CD31, VWF, Ulex europaes, and CD34)%?%,

Cells that are phenotypically similar to endothelial cells have been
isolated from proliferating IHs and characterised and their similarities to
endothelial cells isolated from second trimester fetal tissues have been
observed®. Other studies have suggested a clonal origin for the endothelial

cells in IH %,

1.2.2. Myeloid Haematopoietic Cells

Post-natally, all haematopoietic cells are generated in the bone marrow from
pluripotent haematopoietic stem cells, where the lymphoid and myeloid
lineages diverge. Myeloid progenitors generate granulocyte/macrophage
progenitors in the marrow and upon entering the circulation, forms
downstream myeloid lineages known as the polymorphonuclear leucocytes,

monocytes and mast cells®',
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The abundance of mast cells within IH has been noted to be
predominantly localised to the interstitium, and the numbers tended to
increase as the tumour involuted®. The role of mast cells in the involution of IH
has been attributed to their production of pro-apoptotic proteins during
involution*. Fig. 1.6 shows mast cells located within the interstitium of a

proliferating IH.

It is interesting that another study identifying haematopoietic leucocytes
also noted interstitial localisation of this population within IH with a
proportional decrease during involution, suggesting a role for secretion of

cytokines32 from these myeloid cells during IH progression.

The source of these myeloid cells seen in abundance within IH is

unknown and is presumed to have recruited from the bone marrow via the

circulation*3233,
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Figure 1.6. Mast cells in proliferating IH. Mast cells were identified in IH by counter-
staining for chymase (brown DAB staining). The brown cells (arrows) are located in

the interstitium. The section is counter stain with eosin (Courtesy of Professor Swee

T. Tan).
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1.2.3. Pericytes

Pericytes are mural cells proposed to originate post-natally in the bone
marrow/stroma which are recruited into areas of angiogenesis to form the

pericytes, to provide support for the endothelial cells.

Pericytes have been characterised by their expression of smooth
muscle actin (SMA)**. Immunohistochemical (IHC) studies of IH have
revealed an inner cell layer characterised by the expression of endothelial
associated proteins and an outer concentric pericyte layer that expresses

SMA?28,

1.2.4. Adipocytes

Adipocytes form the predominant cell type within the fibrofatty residuum in

involuted IH°. The origin of these adipocytes is unknown.

1.3. Stem Cell Theories of the Origin of Infantile Haemangioma

1.3.1. Endothelial Progenitor Cells

Endothelial progenitor cells (EPCs) have been deemed haematopoietic
progenitor cells, generated in the bone marrow and possessing the innate
ability to differentiate into cells of the endothelial lineage®. EPCs have been

characterised by the expression of CD133, CD34 and VEGFR-2%. Whether
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these EPCs exist as a distinct entity within the spectrum of haematopoietic-
endothelial differentiation, or whether they simply reflect a transitional state

remains unresolved.

EPCs have been identified within proliferating IH*, and there is an
increased level of these cells in the circulation of affected patients®’. These
EPCs have been proposed to be the precursors to the endothelial cells that
predominate in proliferating lesions. These EPCs have been proposed to
originate from the bone marrow and recruited into IH. However, the chemical

signals associated with this migration pattern remain elusive®.

Mesenchymal stem cells (MSCs), more appropriately called mesenchymal
progenitor cells (MPCs), have been characterised by three main properties
including: (i) the expression of mesenchymal associated proteins such as
CD29, CD44, CD90, and vimentin, (ii) the adherence to plastic in culture, and
(iii) the ability to differentiate and form terminal mesenchymal derived cells
such as adipocytes, osteoblasts and chrondrocytes>®. True MPCs do not

express endothelial or haematopoietic associated markers®*38.

The presence of a mesenchymal progenitor population within
proliferating IH was demonstrated by Yu et ai*®. They based the isolation of
these cells predominantly on their adherence to plastic. Yu’s report also
highlighted the characterisation of these MPCs following at least ten passages

in culture, and revealed the expression of mesenchymal-only associated
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proteins, with the exclusion of haemato/endothelial markers. They were also
able to demonstrate adipocyte and osteoblast differentiation capacity in this
cell population. It has been suggested that these mesenchymal progenitors
which give rise to the fatty tissue seen during involution, have been recruited

into the IH either from the bone marrow or adjacent niches™®.

Neural crest cells are bilaterally paired epithelial cells arising from the
ectoderm at the margins of the neural tube. These cells undergo an epithelial-
mesenchymal transition (EMT), such that they undergo a change in
phenotype and transform into migratory mesenchymal cells, which migrate to

many locations and differentiate into different cell types in the embryo®°.

There are two distinct patterns of neural crest cell migration relating to
anatomical location. In the cephalic region, neural crest cells migrate into the
pharyngeal arches forming tissues of ectomesenchymal origin, and contribute
to the formation of the facial skeleton, fat, connective tissue, teeth,

melanocytes and peripheral neurons*'*2,

In contrast, in the trunk region, neural crest cells contribute to the

peripheral and autonomic nervous system (Figure 1.7).
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Figure 1.7. lllustration of the lineage differentiation capacity of neural crest cells

(Adapted from Chai, et al.*").

1.4.2. Characterisation and Identification

Neural crest cells are characterised by the expression of various cell surface
and cytosolic proteins. Three such neural crest associated proteins namely
p75, Sox 9 and Sox 10 are discussed in this thesis. Low-affinity nerve growth
factor receptor (LNGFR), also known as neurotropin/p75, is a cell surface
marker typically identifying neural crest cells. Sox 9 and Sox 10, are members
of the group E Sox genes, which play an important role in the development of
neural crest cells both at the induction of neural crest cell stage and at the
migratory stage®’. It is relevant that Sox 9 is also expressed in many other cell

types in addition to neural crest cells, such as chrondrocytes**
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Human embryonic stem cells (hESCs) have provided an invaluable in vitro
model for studying human development including the induction and

differentiation of the nervous system.

A recent report by Lee et al*’, shows that the differentiation and
isolation of human neural crest stem cells from a hESC line involved the
addition of fibroblast growth factor 2 or bone morphogenic protein 2*°. It is
exciting that the authors note the neuronal differentiation capacity of these
ESC-derived neural crest cells, which can further differentiate into
downstream neurons through the addition of cytokines of which nerve growth
factor (NGF) and the second messenger cyclic AMP play a critical role. It is
interesting that the addition of serum to the culture medium of these neural
crest stem cells induces their differentiation into mesenchymal cells. Figure
1.8, summarises the findings of the bi-potent nature of these ESC-derived
neural crest cells. This dual potential of ESC-derived neural crest cells strikes
parallels with neural crest cells derived from IH tissues, and highlights the
similarities between these populations, which will be the topic of investigation
in this thesis. The differentiation capacity of mesenchymal cells to form
terminal mesenchymal tissues such as adipocytes, and osteoblasts has been

discussed earlier in this chapter.
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Figure 1.8. Shows lineage characterisation and differentiation of ESC-derived neural

crest stem cells with the ability to form downstream neuronal and mesenchymal

derivatives (Adapted from Lee, et al.*®).
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Osteoprotegerin (OPG) is a secreted glycoprotein belonging to the tumour
necrosis factor (TNF) receptor family, and has been identified in both the
tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) and
(receptor for nuclear factor kB ligand (RANKL) pathways46. TRAIL, also
known as ApoZ2L, and its soluble decoy receptor, OPG, have been implicated
in the pathogenesis of IH''. TRAIL, acting via receptors, namely death
receptors 4 and 5 (DR4 and DR5) induce cells to undergo apoptosis.
However, binding of TRAIL to its decoy receptors, DcR1 and DcR2, prevents
apoptosis. We have previously demonstrated the presence of OPG on the
immature capillaries of proliferating IH, which is lost as the microvessels
mature. We postulate that OPG acting through the TRAIL pathway prevents

cells of the immature capillaries of IH from undergoing apoptosis'".

OPG has been shown to be a soluble decoy receptor for TRAIL, as well as a
regulator of bone remodelling through its action on the receptor for RANKL.
RANKL is also a member of the TNF superfamily and is expressed in the
bone marrow environment*’. RANKL is the ligand for its receptor RANK,
which is primarily expressed on osteoclast precursors. The binding of RANKL
to RANK receptors triggers osteoclast recruitment and differentiation. OPG on

the other hand has been demonstrated to bind to RANKL and inhibits the
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interaction of RANKL with RANK, thus inhibiting downstream osteoclastic

bone resorption®’.

The haematopoietic system in humans is one of the first major organs to form,
because of its crucial role in supplying oxygen to the growing foetus*. The
haematopoietic system consists of a series of hierachical regulation of
pluripotent haematopoietic stem cells down to functionally terminally
differentiated and distinct blood cells*. It is this regulation of differentiation
and proliferation of haematopoietic stem cells to eventual downstream
terminally differentiated blood cells that embodies the process of

haematopoiesis.

In humans the haematopoietic stem cell pool is already formed during
embryogenesis. There are two waves of embryonic haematopoiesis namely
the primitive and the definitive haematopoietic waves in corresponding

chronological order*®.

Primitive, or ventral, haematopoiesis occurs outside the embryo, i.e., extra-
embryonic, in the yolk sac from around day 17 to around day 40 of gestation

(Figure 1.9)°>*". This extra-embryonic haematopoietic process involves the
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initial aggregation of primitive mesoderm cell aggregates, the internal cells
simultaneously disappearing to form the first open vessel lumen with a few
primitive mesodermal cells adhering to the de-novo endothelium to form
structures known as blood islands®. During this early stage of
haematopoiesis erythoid cells predominant, with reports of megakaryocytes

and macrophages also being present.
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Figure 1.9. The chronological appearance of haematopoietic sites in the human

embryo (Adapted from Tavian, et al. *°).

1.6.3. Definitive Haematopoiesis

The onset of definitive haematopoiesis coincides with the onset of the cardiac
rhythm and hence the onset of the circulation®’. The onset of the circulation
allows the primitive yolk-sac derived blood cells to enter the embryonic tissues
and therefore colonise the embryonic sites of haematopoiesis. It is at about

the day 23 stage that the liver is initially colonised and forms the first major



32

organ for definitive haematopoiesis, and the first major haematopoietic organ
in the foetus, but the role for the embryonic liver to function as a
haematopoietic organ has been attributed to a second wave of colonisation

that takes place at the day 30 stage®.

It is interesting to note that from day 27 a transient site of intra-
embryonic haematopoiesis has also been demonstrated in the umbilical
region of the aorta and the vitelline artery . This site of haematopoiesis
becomes prominent at day 35, with clusters of thousands of cells clearly

visible, which then disappear after day 40 gestation®.

Bone marrow haematopoiesis is the main adult haematopoietic forming

tissue, which starts during the 11™

week of gestation. Haematopoiesis in the
bone marrow develops within mesodermal structures, known as logettes.
These logettes are composed of a network of mesenchymal cells supported
by dense fibrillar material surrounding a central artery (Figure 1.10)%2. The

earliest progeny that differentiate from the bone marrow are CD15" myeloid

and glycophorin A" erythroid cells®.
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Figure 1.10. IHC slide showing staining of a logette for CD34+ endothelial cells which
are surrounded by CD34-/SMA+, and a surrounding sinus (S) lined by CD34+
endothelium (Adapted from Charbord, et al ).

The first site of mammalian intra-embryonic haematopoiesis is in the region of
the dorsal aorta. As stated earlier, the lack of an in vivo human model means
that most of these studies have been performed on murine models of
development®. This period of development in the mouse embryo at E10.5 -
11.5 is characterised by the developing aorta becoming flanked by the
gonado-mesonephric columns, and hence the region has been appropriately
referred to as the Aorto-Gonado-Mesonephros (AGM). It is during this period
of gestation that haematopoietic cells can be seen budding off from the aorta,
and it is this concept of haematopoietic cells generated from an endothelial
phenotype that forms the basis of the concept of the haemogenic
endothelium®. Although there is some debate as to whether these
haematopoietic cells are indeed derived from the endothelium or from its
underlying mesenchyme®,a report by Zovein et aF° confirms, through lineage

tracing, the endothelial origin of these haematopoietic cells.

The notion of a common precursor to both cells of the endothelial and

haematopoietic lineages, has formed the basis for the hypothesis of a

t56

common precursor, the so called haemangioblast™. However, the direct in

vitro demonstration of the haemangioblast was not achieved until 1998°°8,
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Subsequent studies have demonstrated the derivation of haemangioblasts

from ESCs via a primitive mesoderm intermediate, with the ability to form dual

lineages (Figure 1.11)
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1.6.6. Development of Haemoglobin

The ontogeny of the development of haemoglobin in humans mirrors the
changes in the sites of erythropoiesis during human development. Mirroring
these switches are the changes in the globin gene expression, from
embryonic ({z€;) to foetal haemoglobin (ayy2) at around seven weeks

gestation, followed by predominantly adult haemoglobin (a2B2) at birth (Figure

1 12)61-63
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Figure 1.12. A schematic timeline for the development of human globin genes

(Adapted from Schechter, et al.?).
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The aim of this thesis is to improve understanding of the cellular origin and

development of |H.

The background and the key objectives for this study include:

(i) Preliminary data indicated that MSC may play an important role in the
aetiology of IH. This and other reports indicating primitive stem and
progenitor cells in IH led us to investigate the presence and the
phenotype of the stem cell populations present in IH, and their role

in IH progression.

(ii) Other studies in our laboratory have identified new putative therapeutic
targets for IH treatment. This and the serendipitous discovery of
propranolol as a treatment for IH led us to investigate the
mechanism of propranolol action in inducing accelerated regression

of IH and to identify other potential therapeutic targets/drugs for IH.
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Chapter 2: General Methods

2.1. Cell Culture

2.1.1. Infantile Haemangioma Tissue Specimens

All IH tissue specimens used in this thesis were obtained from affected
patients in accordance with a protocol approved by the Wellington Regional
Ethics Committee. The IH specimens were then either fixed in 10%
paraformaldehyde prior to wax embedding for immunohistochemistry analysis,
or were used for tissue culture. Each specimen was categorised as either
proliferating, involuting or involuted as previously described®. For this thesis a
total of 12 proliferating and five involuted IH specimens were used with
patients aged between 3-10 (mean 6) months and 6-9 (mean 7) years

respectively.

2.1.2. Cell Culture

Plasticware and scalpels were obtained sterile from the manufacturers.
Pipette tips, Eppendorfs, glass bottles, spatulae and forceps were
appropriately autoclaved at 120°C for 20 mins prior to use. Handling of
tissues and liquids were performed using aseptic techniques in a sterile Email
Air Handling Class Il Biological safety cabinet (AES Environmental Pty Ltd,

Auburn, Australia) hereby mentioned as laminar flow hoods.
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All cell cultures were maintained in a Heracell incubator (Kendo
Laboratory Products GmbH, Hanau, Germany) at 37°C in humidified air and

with 5% COs.

Hela cells were obtained from Dr Bronwyn Kivell, School of Biological
Sciences, Victoria University of Wellington, and grown in Roswell Park
Memorial Institute 1640 with glutamine (RPMI 1640 + glutamine, Gibco-BRL)
medium supplemented with 10% foetal calf serum (FCS) and 2% Penstrep
(100ug/ml streptomycin sulphate and 100ug/ml Penicillin G, Gibco-BRL),
henceforth referred to as cell culture medium. Cells were maintained in 75cm?

sterile cell culture flasks (Greiner Bio-One) and passaged by splitting the cells

in a ratio of 1:3 twice weekly.

SY5Y cells were obtained from Ms Sushila Pillal, School of Biological
Sciences, Victoria University of Wellington and maintained in a similar fashion

as described above for HelLa cells.
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The mouse haemangioendothelioma (EOMA) cell line were obtained from Dr
Anasuya Vishvanath, School of Biological Sciences, Victoria University of
Wellington and maintained in a similar fashion as described above for HeLa

and SY5Y cells.

As required, cells frozen at -80°C were routinely thawed in a water bath at
37°C prior to transferring to 15ml centrifuge tubes (Greiner Bio-one)
containing 10mls of pre-warmed cell culture medium followed by

centrifugation at 300 X g (1000 rpm) for 5 min at room temperature.

Passaging cells involved decanting of the culture media followed by
rinsing with sterile phosphate buffered saline (PBS). To dissociate the cells,
an appropriate volume of pre-warmed trypsin-ethylene diamine tetra acetic
acid (EDTA) (Invitrogen) (final concentration of 0.05-0.02% respectively) was
added to a volume sufficient to cover the surface of the culture flasks. Flasks
were then returned to the incubator for 2-5 min to allow for cell detachment.
Media containing 5% FCS was then added at three times the volume of the
trypsin, to quench the trypsin activity. The collected cells were then
transferred to a 15ml polypropylene centrifuge tube and centrifuged at 300 X
g (1000 rpm) for 5 min at room temperature. The supernatant was discarded
and the remaining cell pellet resuspended in fresh cell culture media and

equally divided into new culture dishes.
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Following trypsinisation the percentage of live cells was determined by
the use of trypan blue (Invitrogen) exclusion using a haemocytometer. Briefly
10uL of the resuspended cell mixture was diluted in 10uL volume of 0.02%
trypan blue in PBS and 10uL of this mixture was then loaded onto the
haemocytometer, and the number of cells which excluded the trypan blue

were counted and the appropriate dilution functions were used.

2.2. Infantile Haemangioma Tissue Culture

2.2.1. Tissue Culture Media

MCDB 131 powder medium (Sigma-Aldrich) containing trace elements and L-
glutamine was reconstituted with 1.18g/L sodium bicarbonate (Sigma-Aldrich)
to a final volume of 1L with dH>O. To this reconstituted MCDB 131 media, 2%
Penstrep and 2.5 ug/ml Amphotericin B (Sigma-Aldrich) were added prior to
filter sterilisation through a 0.2uM filter (Greiner Bio-One). The media was

then either used immediately or stored at 4°C for up to 8 weeks.

2.2.2. Infantile Haemangioma Tissue Specimen Preparation

All surgically excised IH specimens were initially cleansed of blood clots using
sterile PBS. They were then all cut into roughly 2-mm explant pieces and
submerged in disinfectant media, consisting of MCDB 131 containing 1.18 g/L

sodium bicarbonate, 10% Penstrep, 25ug/ml Amphotericin B and 2mM L-
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glutamine (Gibco-BRL), on a rocking platform at room temperature for at least

2 hrs.

2.2.3. Infantile Haemangioma Explant In Vitro Culture

Matrigel (Becton-Dickson) was thawed overnight at 4°C prior to use. A total of
350uL of the matrigel was aliquoted into each chamber of a 24 well tissue
culture plate (Greiner Bio-One) and plates were then left at room temperature,
within the laminar flow hoods, to allow for gel formation. A piece of disinfected
IH tissue was placed and allowed to settle in the newly formed gel for a further
20 mins. Following setting of the gel around the IH tissue piece, 1.5mL of the
sterile filtered MCDB 131 medium containing 1% FCS was added onto each
well. All plates were incubated at 37°C in 3% CO2/97% air in a Heracell

incubator (Kendo Laboratory Products).

2.2.4. Isolation of Infantile Haemangioma Explant Derived Cells

After 3 weeks in culture with media changed every 3 days, cells emanating
from the IH explants were released from the Matrigel by treatment with 50
caseinolytic units/well of dispase (Becton-Dickson) for 2 hrs at room
temperature within the laminar flow hoods. The liquefied mixture was then
collected and placed into a 15mL polypropylene centrifuge tube and the
dispase activity quenched by diluting in a 10-fold excess of MCDB 131 media
containing 5% FCS. Cells were harvested by centrifuging at 300 X g (1000

rpm) for 5 min at room temperature.
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2.2.4. Angiotensin Il and Blast Proliferation

Cells harvested from the haemangioma explant cultures were subsequently
plated out in 96-well tissue culture plates (Raylab, Auckland, NZ) at a density
of 1 x 10° cells per well. Cells were grown in MCDB 131 media, lacking FCS,
but containing angiotensin Il (Sigma-Aldrich) at concentrations of 0, 25, 100

and 150ug/ml for a total of 6 days, with the media changed at day 3.

2.2.5.Image Analysis
Images of all cell culture experiments were obtained using an Olympus IX51
inverted microscope (upgraded to IX71) fitted with phase contrast objectives

and a colour view 1 camera (Tokyo, Japan)

2.3. Immuno-staining

2.3.1. Immunohistochemistry Slide Preparation

Slides for immunohistochemistry were initially cleaned with 70% ethanol, dried
and then submerged in a freshly prepared solution of 2% 3-amino-
propyltriethoxysilane (APES, Sigma) prepared in acetone for 1 min. Slides
were then washed in water to remove excess APES and left to dry overnight

in an oven at 37°C.
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5uM sections of formalin fixed paraffin embedded surgically excised IH
tissues were cut using a Reichert-Jung Biocut microtome (Leica Instruments,
Nussloch, Germany). Sections were floated in a water bath and subsequently
transferred onto the APES-coated glass slides prior to drying overnight at

room temperature.

De-paraffinisation and rehydration of all slides prior to IHC staining was
performed by an initial xylene stage (2 changes, 5 min each) followed by a
graded ethanol series (100%, 90%, 80% and 70%) followed by a final rinsing

stage in dH20 for 5 min.

Cell cultures were collected from culture plates and were left to adhere onto 8-
chamber microscope slides (Becton Dickson) in 100 ulL of cell culture
media/chamber overnight prior to fixation with a total volume of 200uL of ice
cold acetone/methanol (50:50) for 30 secs in preparation for immediate

immunocytochemistry.

The collection of the non-adherent blast structures involved decanting
of the cell media from the culture plates followed by centrifuging at 300 X g
(1000 rpm) for 5 min at room temperature and removal of the supernatant to
allow for a final volume of 200 uL per slide before cytospinning using the

Cytospin 3 (Thermo Shanden, Cheshire, UK). Slides were dried out on the
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bench for 30 mins and fixed as mentioned above in acetone/methanol in

preparation for immediate immunocytochemistry.

Histochemical analysis of all paraffin sections were performed using Mayer’s
haematoxylin and eosin (H&E). Slides underwent initial de-paraffinisation and
rehydration, as mentioned previously, followed by dehydration in 90% and
100% ethanol respectively (2 changes each for 5 mins) and were then cleared
in xylene (2 changes, 3 mins each) followed by mounting in D.P.X (BDH

Chemicals Ltd, Poole, UK).

Following routine deparaffinisation and rehydration slides were rinsed in tris
buffered saline (TBS, made up of 2.42g/L Tris (Sigma-Aldrich) and 8g/L NaCL
(Sigma-Aldrich), pH 7.5) containing 0.1% Tween-20 (BDH Chemicals) (TBST)
for 5 min. Antigen retrieval was then performed by immersing the slides in
coplin jars containing 10mM sodium citrate (pH 6) equilibrated in boiling water
for 10 min. The coplin jars containing the slides were then allowed to cool to
room temperature for 40 mins on the bench. Slides were then rinsed in TBST
(3 changes, 5 mins each) followed by quenching of auto-fluorescence by

washing the slides in 3 changes of 0.5% (w/v) sodium borohydride (Sigma-
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Aldrich) freshly prepared in TBS for 15 mins each. Slides were then washed in
TBST and blocked using 5% bovine serum albumin (BSA, Sigma-Aldrich)
prepared in TBST for 60 mins at room temperature. This was then followed by
overnight incubation at 4°C with the appropriate primary antibody diluted in
TBST, containing 1% BSA, accordingly as indicated in Table 2.3.4.4. Slides
were then rinsed in TBST (3 changes, 5 mins each) and bound antibodies
detected using secondary antibody amplification. The appropriate secondary
antibody (Goat anti- Mouse alexa 488 (Invitrogen) or Chicken anti-Rabbit
Alexa 594 (Invitrogen)) was incubated at room temperature for 2 hrs.
Alternatively a tertiary cascade in which an initial incubation of 2 hrs with an
anti-Rabbit digoxigenin (Roche diagnostics, NZ) was used prior to incubation
with anti-digoxigenin-Rhodamine (Chemicon, Sydney, Australia) conjugate.
Slides were washed in TBST in between antibody incubations. Cell nuclei and
mounting were performed using 4’,6’-diamidino-2-phenylidole (DAPI) in Gold
Antifade (Invitrogen). All coverslips were rinsed in 70% ethanol for 5 mins

prior to mounting

Following fixation, attached cells were blocked with TBST containing 5% BSA
for 1 hour prior to incubation with primary antibodies in a similar fashion as
that for IHC. Antibodies used for immuno-cytochemistry were detected using

secondary amplification. Counterstaining and mounting was as for IHC.
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Immunostained slides were viewed and captured using a Leica TCS 4D
confocal laser-scanning microscope fitted with a krypton/argon laser (Leica
Lasertechnik, Heidelberg, Germany). Images were then appropriately

background corrected and overlaid using Adobe Photoshop versions CS2

software.
Antibody Marker Species Antibody Dilution Source of Antibod
GLUT-1 Rabbit 1in 500 Abcam
Smooth muscle actin Rabbit 1in 400 Abcam
CD34 Mouse 1in 300 Abcam
CD133 Rabbit 1in 300 Abcam
VEGFR-2 Rabbit 1in 400 Abcam
Angiotensin converting enzyme Mouse 1in 200 Abcam
Angiotensin receptor 1 Mouse 1in 200 Abcam
Angiotensin receptor 2 Rabbit 1in 100 Abcam
CD31 Mouse 1in 400 Abcam
CD29 Rabbit 1in 300 Abcam
Vimentin Mouse 1in 400 Abcam
Sox-9 Rabbit 1in 300 Abcam
Sox-10 Rabbit 1in 300 Abcam
Nestin Mouse 1in 200 Abcam
p75 Rabbit 1in 200 Abcam
Pref-1 Rabbit 1in 200 Abcam
CD45 Rabbit 1in 300 Abcam
GATA-2 Rabbit 1in 300 Abcam
TAL-1 Rabbit 1in 300 Abcam
Brachyury Rabbit 1in 300 Abcam
Glycophorin A Mouse 1in 200 Abcam
Erythropoietin receptor Mouse 1in 200 Abcam
Haemoglobin T Rabbit 1in 200 Abcam

Nanog Rabbit 1in 300 Abcam



SSEA-4

OCT-4

Human placental lactogen
Human chorionic gonadotrophin
Cytokeratin 7

Anti-mouse Alexa 488
Anti-rabbit Alexa 594
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Mouse
Rabbit
Rabbit
Rabbit
Rabbit
Goat
Chicken

1in 300
1in 300
1in 300
1in 300
1in 300
1in 500
1in 500

Abcam
Abcam
Abcam
Abcam
Abcam
Invitrogen
Invitrogen
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Chapter 3: Primitive Mesodermal Cells with A Neural Crest Stem
Cell Phenotype In Proliferating Infantile Haemangioma

3.1. Introduction and Overview

The observation of the segmental distribution in a subgroup of IH especially
those associated with midline structural anomalies that constitute PHACES
syndrome™ has led us to investigate the involvement of neural crest cells in
the aetiology of this condition. Neural crest cells arise from the neural tube
and migrate segmentally in the embryo giving rise to the peripheral nervous
system, mesenchymal lineages and melanocytes*>®*. Neural crest stem cells
are characterised by the expression of the neurotrophin receptor (p75)45 and
the transcription factors, Sox 9 & 10*%°®_This chapter demonstrates the
abundant expression of these neural crest stem cell associated proteins, p75,
Sox 9 and Sox 10, on the endothelium of proliferating IH. We have previously
shown that the cells in the endothelium also express a mesenchymal
signature in that they also express the MSC markers, CD29 and vimentin, as
well as the haematopoietic associated markers, CD34 and CD133°%"%8 |t is
intriguing that this unique expression pattern is also seen in cells of the
primitive mesoderm. Cells of the primitive mesoderm additionally express the

transcription factor, brachyury®®.

In this chapter, IH was stained immunohistochemically for proteins
associated with the primitive mesoderm. Data is presented to demonstrate
that the cells of the endothelium stain for markers of the primitive mesoderm

and have a neural crest stem cell phenotype.
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Additionally, the cells from the outgrowths that emanate from IH
explants’®, maintain a similar expression profile, suggesting that it is the cells
of the endothelial layer that are responsible for the outgrowths seen in the

explant model.

Collectively these data support the hypothesis of IH being derived from
primitive mesoderm and that the cells within the lesion have a neural crest
stem cell phenotype and express proteins associated with haematopoietic,
endothelial, neural crest and mesenchymal lineages. A model is proposed to
account for the natural progression of IH based upon the multi-potent
expression profile of the primitive mesoderm and their neural crest stem cell
phenotype to form all the cell lineages detected in proliferating and involuting

IH.

3.2. Contribution

All experiments were performed by myself and the manuscript was written by

myself and edited by my supervisors.

3.3. Manuscript: Primitive Mesodermal Cells With A Neural Crest
Stem Cell Phenotype Predominate Proliferating Infantile

Haemangioma
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Primitive mesodermal cells with a neural crest stem
cell phenotype predominate proliferating

infantile haemangioma

Tinte Itinteang,? Swee T Tan,"%3 Helen Brasch,%* Darren J Day'

ABSTRACT

Aims Infantile haemangioma is a tumour of the
microvasculature characterised by aggressive
angiogenesis during infancy and spontaneously gradual
involution, often leaving a fibro-fatty residuum. The
segmental distribution of a subgroup of infantile
haemangioma, especially those associated with midline
structural anomalies that constitute posterior fossa
malformations—hemangiomas—arterial
anomalies—cardiac defects—eye abnormalities—sternal
cleft and supraumbilical raphe syndrome (PHACES), led
us to investigate whether neural crest cells might be
involved in the aetiology of this tumour.

Methods Immunohistochemical staining on paraffin
embedded infantile haemangioma sections and
immunocytochemical staining on cells derived from
proliferating haemangioma cultures were performed.
Results The endothelium of proliferating infantile
haemangioma contains abundant cells that express the
neurotrophin receptor (p75), a cell surface marker that
identifies neural crest cells, and also for brachyury,

a transcription factor expressed in cells of the primitive
mesoderm. The endothelium is also immunoreactive for
the haematopoietic stem cell marker, CD133; the
endothelial-haematopoietic stem/progenitor marker,
CD34; the endothelial cell markers, CD31 and VEGFR-2;
and the mesenchymal stem cell markers, CD29 and
vimentin. Additionally, immunareactivity for the
transcription factors, Sox 9 and Sox 10, that are
expressed by prospective neural crest cells was also
observed. Cells from microvessel-like structures were
isolated from in vitro cultured haemangioma tissue
explants embedded in a fibrin matrix. Immunostaining of
these cells showed that they retained expression of the
same lineage-specific markers that are detected on the
paraffin embedded tissue sections.

Conclusions These data infer that infantile
haemangioma is derived from primitive mesoderm and
that the cells within the lesion have a neural crest stem
cell phenotype, and they express proteins associated
with haematopoietic, endothelial, neural crest and
mesenchymal lineages. The authors propose a model to
account for the natural progression of infantile
haemangioma based upon the multipotent expression
profile of the primitive mesoderm and their neural crest
stem cell phenotype to form all the cell lineages detected
during infantile haemangioma proliferation and involution.

INTRODUCTION

Infantile haemangioma (figure 1A) is the most
common tumour of infancy affecting about 10% of
white children, with a 3:1 female:male ratio and
a preponderance in premature infants.!”® It is

J Clin Pathol 2010;63:771—776. doi:10.1136/jcp.2010.079368

typified by an initial rapid growth with aggressive
angiogenesis during infancy, followed by sponta-
neous slow involution from 1-5 years of age in
which there is diminished cellularity and increasing
fibro-fatty deposition. After about 5—10 years of
age, involution is complete, and lesions consist
predominantly of fibro-fatty tissue with a few
mature capillaries.’ ™

The observation of the segmental distribution of
a subgroup of infantile haemangioma,” especially
those associated with midline structural anomalies
that constitute posterior fossa malforma-
tions—hemangiomas—arterial ~ anomalies—cardiac
defects—eye abnormalities—sternal cleft and supra-
umbilical raphe (PHACES) syndrome® (figure 1B),
has led us to investigate the role of neural crest cells
in the aetiology of infantile haemangioma.

Infantile haemangioma consists of a heteroge-
neous mixture of cells including immature endo-
thelial cells” myeloid haematopoietic cells® such as
mast cells,” haematopoietic stem cells expressing
CD133' and mesenchymal stem cells.’ Recent
reports suggest that the mesenchymal stem cells in
haemangioma are recruited from the bone marrow
and/or from the adjacent mesenchymal stem cell
niches, and that these mesenchymal stem cells
terminally differentiate into adipocytes as the
lesion involutes.!! There is also growing evidence
demonstrating that the stem cells in infantile
haemangioma are derived from a mesodermal/
mesenchymal phenotype.’® The identification of
markers associated with endothelial and haemato-
poietic lineages in these same cells has also been
reported.’”

In this study we used immunofluorescence to
investigate the expression of cell surface and cyto-
solic proteins associated with cells of the neural
crest and primitive mesoderm.

MATERIALS AND METHODS
Immunohistochemistry

Immunohistochemical (IHC) staining was
performed on 4 pm paraffin-embedded sections of
localised infantile haemangioma from 12 patients,
aged 3—10 (mean 6) months, according to
a protocol approved by the Wellington Regional
Ethics Committee.

Routine rehydration followed by antigen
retrieval with boiling 10 mM sodium citrate
(Sigma-Aldrich, St Louis, Missouri) was performed,
and sections were washed in Tris-buffered saline
(TBS; 20 mM Tris-HCI buffer, pH 7.6, containing
135 mM NaCl) containing 0.1% Tween 20 (Sigma-
Aldrich). Autofluorescence was quenched with

m
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Figure 1

(A) Ulcerated localised proliferating infantile haemangioma on the neck of a 4.5-month-old infant. (B) Girl with segmental facial

haemangioma associated with a stemal cleft (posterior fossa malformations—hemangiomas—arterial anomalies—cardiac defects—eye
abnormalities—sternal cleft and supraumbilical raphe syndrome (PHACES)). (C) H&E staining of a proliferating infantile haemangioma showing
immature capillaries with tiny lumens lined by plump endothelial cells with an outer concentric pericyte layer.

0.5% sodium borohydride (Sigma-Aldrich) prepared in TBS, and
the slides then blocked with 5% bovine serum albumin (Sigma-
Aldrich) prepared in TBS containing 0.1% Tween 20 for 1h.
Primary antibodies were incubated overnight at 4°C. Primary
antibodies used were CD34, 1:300; smooth muscle actin (SMA),
1:400; VEGFR-2, 1:300; CD133, 1:300; CD31, 1:400; p75, 1:200;
Sox-9, 1:300; Sox-10, 1:300; CD29, 1:300; vimentin, 1:400;
nestin, 1:200. Primary antibodies were obtained from Abcam
(Cambridge, Massachusetts). Bound antibodies were visualised
with the appropriate species-specific fluorochrome conjugated
secondary antibody (goat antimouse Alexaflor-488 or chicken
antirabbit Alexafluor-594 (Invitrogen, Auckland, New Zealand)),
with the exception of VEGFR-2, which was detected with an
antirabbit digoxigenin (Roche diagnostics, Auckland, New
Zealand) conjugate followed by an antidigoxigenin-Rhodamine
(Chemicon, Sydney, Australia). All slides were mounted in
Antifade Cold (Invitrogen) containing DAPI as counterstain
prior to visualisation.

Paraffin sections of uterine fibroid were used as appropriate
negative controls to confirm the specificity of staining for p75,
Sox 9, Sox 10 and brachyury. Control infantile haemangioma
samples in which the primary antibodies were omitted showed
minimal staining.

In vitro culture of tissue explants

Surgically resected proliferating infantile haemangioma
(figure 1A) biopsies from three patients, aged 3, 6 and 8 months,
were initially disinfected then cultured in a fibrin gel matrix as
previously described by Tan et al'? in 24-well plates (Raylab,
Auckland, New Zealand). The growth media were changed
every 3days, and following 3 weeks in culture, the cells
emanating from the haemangioma explants were harvested
from the fibrin gel using 50 caseinolytic units/well of Dispase
(Becton-Dickson, Auckland, New Zealand). Dispase activity was
quenched with dilution in MCDB (Sigma-Aldrich) media
containing 5% Penstrep (Invitrogen), 0.5 pg/ml Amphotericin
B (Sigma-Aldrich) and 5% foetal calf serum (Invitrogen) at
a dilution of 1:10. Viable cells were then plated and allowed to
adhere onto microscope slides divided into eight chambers

72

(Becton-Dickson) at a density of 1X10* cells/chamber prior to
fixation with ice<cold acetone/methanol (50:50) for 30 s.

Immunocytochemistry

Routine immunocytochemistry was performed using CD34,
p75, CD29, VEGFR-2 & CD31. Staining of HelLa cells and the
neuroblastoma cell line SY5Y were used as controls.

Microscopy

Staining was visualised and images captured using a Leica TCS
4D confocal laser-scanning microscope fitted with a krypton/
argon laser (Leica Lasertechnik, Heidelberg, Germany).

RESULTS

Proliferating infantile haemangima endothelium expressed
primitive markers of multiple lineages

Proliferating infantile haemangioma consisted of immature
capillaries with tiny lumens lined by plump endothelial cells
with an outer concentric pericyte layer (figure 1C). These
capillaries displayed an inner endothelium previously charac-
terised by the endothelial marker CD31" and the haematopoetic-
endothelial marker CD34,'® the outer pericyte layer confirmed
by immunoreactivity (IR) to either smooth muscle actin
(SMA)! * or nestin.'* Figure 2A shows IR for CD34 (green) in
the endothelium and for SMA (red) in the pericyte layer. It is
interesting to note that the IR for CD34 is predominantly
localised to the luminal side of the endothelium. The endothe-
lium characterised by IR for CD34 (green) in figure 2A,B also
revealed IR for the endothelial cell marker, VEGFR-2 (figure 2B,
red) and CD31 (figure 2C, green) as expected. Figure 2C shows
that IR for CD133 (red) is localised to the CD31-positive cells.
These cells that line the lumen also expressed the mesenchymal
stem cell markers; vimentin (figure 2D, green), whereas the
pericyte layer was confirmed by IR for SMA (figure 2D, red); and
CD29 (figure 2E, red), with the pericyte layer confirmed by IR
for nestin (figure 2E, green). The same luminal cells also showed
IR for proteins associated with stem cells of primitive origin.
The luminal cells demonstrated IR for the neural crest cell

J Clin Pathol 2010;63:771—776. doi:10.1136/jcp.2010.079368
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Figure 2 Immunohistochemical staining of representative proliferating haemangioma sections from 12 patients. (A—I) All images are counterstained
with DAPI (blue). Staining are as follows: (A) CD34 (green), SMA (red); (B) CD34 (green), VEGFR-2 (red); (C) CD31 (green), CD133 (red); (D) vimentin
(green), SMA (red); (E) CD29, (red), nestin (green); (F) p75 (red), nestin (green); (G) CD31 (green), brachyury (red); (H) CD34 (green) Sox 9 (red); (l)
CD34 (green), Sox 10 (red). Image 2A was taken at %400, whereas images (B)—{l) were taken at < 200.

surface marker, p75 (figure 2E red), from the outer also IR to the primitive mesoderm transcription factor,
pericyte layer, showing IR to nestin (figure 2F green). The brachyury (figure 2G, red). Consistent with this pattern of
endothelium staining positively for CD31 (figure 2G, green) was staining for primitive markers, the sections also showed IR for

J Clin Pathol 2010,63:771—776. doi:10.1136/jcp.2010.079368 73
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derived endothelial cells®® and angioblasts,”* * confirming the
primitive nature of these phenotypic endothelial cells.

Within proliferating infantile haemangiomas, we also
observed coexpression of CD29 and vimentin on the cells lining
the immature vessels. We infer that dual expression of CD29 and
vimentin identifies a mesenchymal stem cell phenotype,
consistent with the ability of haemangioma-derived mesen-
chymal stem cells to differentiate and form adipocytes in vitro,
suggesting that the fibro-fatty tissue seen in involuted infantile
haemangioma is derived from these mesenchymal stem cells.
Other studies have reported that neural crest cells express
CD29*" and vimentin.”® Cells staining for mesenchymal markers
in proliferating infantile haemangioma have been isolated and
shown to differentiate into mesenchymal-derived tissues, such
as bone and fat,'! as well as neuro-glial cells.’® These observa-
tions, combined with the demonstration of neural crest stem cell
markers on the luminal surface of the immature capillaries that
we report, infer that these cells are embryonic stem cell-derived
neural crest stem cells with the ability to form cells of both
mesenchymal and peripheral neuronal lineages as previously
described in the literature.””

Ex;)ression of CD34, a marker of haematopoietic-endothelial
cells,”® and CD133, a marker of haematopoietic stem/progenitor
cells?? suggests a primitive haematopoietic phenotype. The
coexpression of CD133, CD34 and VEGFR-2 is characteristic of
stem cells and progenitor cells that have the ability to differentiate
into mature endothelial cells® 3! Haemangioblasts have been
suggested as the common precursor of both haematopoietic and
endothelial cells™ through a haemogenic endothelium stage®™ *
and have been proposed to express CD34 and VEGFR2.% * We
have recently demonstrated the expression of haematopoietic
markers on the phenotypic endothelial cells of the immature
capillaries of proliferating infantile haemangioma lesions, and we
infer that the immature capillaries are structural haemogenic
endothelium®® The expression of brachyury by these same cells
indicates that they are derived from the primitive mesoderm and
have the ability to form haemangioblasts®” Foetal mesenchymal
stem cells, on the other hand, are dually positive for vimentin and
CD29 but are negative for both haematopoietic and endothelial
markers® Early embryonic vasculogenesis, however, involves the
formation of angioblasts from mesodermal cells,?* and the plas-
ticity of mesenchymal cells to differentiate into endothelial cells
requires various growth factors, among which, VECF plays
a prominent role?* 37 These data show that the endothelium of
proliferating infantile haemangioma expresses proteins associated
with the primitive mesoderm and neural crest stem cells, as well
as the previously reported markers of haematopoietic, endothelial
and mesenchymal stem cell lineages. It is interesting to speculate
that the expression of markers for all four lineages that we report
infers that infantile haemangioma has a primitive mesodermal
origin with a neural crest stem cell-like phenotype, and that this
primitive mesodermal neural crest phenotype has the ability to
potentially differentiate down all four lineages, but that is beyond
the scope of this paper.

The segmental migratory patterns of neural crest cells in early
embryogenesis*® may explain the segmental distribution of
infantile haemangioma including those occurring in PHACES
syndrome®. This distribution suggests that infantile haeman-
gioma is a developmental disorder of aberrant neural crest stem
cells. These cells we propose have the ability to give rise to both
the mature endothelial® and the mature mesenchymal deriva-
tives'' observed within involuted infantile haemangioma. We
suggest that the fibro-fatty tissue characteristic of involuted
infantile haemangioma is due to preferential differentiation of

J Clin Pathol 2010,63:771—776. doi:10.1136/jcp.2010.079368
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Figure 4 Model illustrating the origin of the cell lineages observed in
the progression of infantile haemangioma. Embryonic stem cells are
proposed to give rise to the haemangioma primitive mesodermal neural
crest stem cells. These cells are able to form mesenchymal stem cells,
haemangioblasts and neuro-glial cells. During the proliferative phase of
haemangioma, haemangioblasts give rise to the immature endothelial
cells that predominate the lesion. Haemangioblasts generate cells of
haematopoietic lineage such as mast cells that become highly prominent
during the involuting phase of infantile haemangioma. Later in the
involuting and involuted phases, the neural crest stem cells give rise
mainly to mesenchymal stem cells that are able to differentiate to form
the adipocytes that make up the fibro-fatty tissue in the involuted lesion.

these neural crest cells towards the mesenchymal lineage and
apoptosis of the endothelial component, possibly in response to
the low levels of VEGF' and/or other pro-angiogenic cytokines.
Whether these neural crest stem cells give rise to intermediary
cells such as haemangioblasts and the mesenchymal stem cells,
or whether they have the ability to differentiate directly to form
cells of all four lineages is the topic of further investigation.
Figure 4 shows a possible model to account for all the cell
types observed in infantile haemangioma that is consistent
with, and may be able to account for, the biological character-
istics of infantile haemangioma. In this model, we propose that
an embryonic stem cell gives rise to infantile haemangioma-
initiating primitive mesodermal neural crest cells that proliferate
and give rise to haemangioblasts, mesenchymal stem cells and
neuro-glial cells. During early tumour growth, haemangioblasts
and their progeny predominate, such that the lesion expresses
abundant endothelial and haematopoeitic markers. As infantile
haemangioma involutes, and levels of VEGF decrease, the
endothelial component is reduced, and the mesenchymal
component predominates. The mesenchymal stem cells

Take-home message

Infantile haemangioma endothelium is derived from primitive
mesoderm with a neural crest stem cell phenotype, and they
co-express proteins associated with haematopoietic, endothelial
and mesenchymal lineages.

75
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eventually terminally differentiate to form the adipocytes which
make up the fibro-fatty deposits within involuted lesions.
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Chapter 4: Expression of Haemogenic Endothelium
Markers In Infantile Haemangioma

4.1. Introduction and Overview

The expression of the haematopoietic markers, CD133 and CD34, and the
primitive mesoderm marker, brachyury, as previously described in Chapter 3
of this thesis has led us to investigate the expression of even more primitive

haematopoietic markers in proliferating IH.

Endothelial progenitor cells (EPCs) are a population of progenitor cells,
characterised by the expression of CD133, CD34 and VEGFR-2, that maintain
the ability to differentiate toward both endothelial and haematopoietic
lineages®. The presence of endothelial progenitor cells in proliferating IH has
previously been demonstrated. Previous reports have highlighted an
associated increased level of these cells within the circulation of affected

individuals®’, leading to the notion that IH arises from these progenitor cells®.

In this chapter data is presented to show that it is the same
endothelium that expresses these EPC-associated markers, and in an attempt
to unravel the link between primitive mesoderm and downstream EPCs we
elected to investigate the expression of the intermediate haematopoietic
associated markers. Intriguingly it was found that the endothelial layer also
expresses markers associated with haemangioblasts, the precursor to EPCs,
through the combined expression of angiotensin converting enzyme (ACE),
the EPC-markers and primitive mesoderm specific transcription factor,

brachyury. Given that haemangioblasts have been shown to generate
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haematopoietic cells through a haemogenic endothelium phenotype, the
expression of Tal-1/SCL, a transcription factor associated with the
haemogenic endothelium was undertaken. Data is presented to show that Tal-
1 is expressed on the same endothelium of proliferating IH demonstrating the

novel expression of this phenotype in this lesion.

These findings highlight a novel haemogenic endothelium phenotype
and provide a new understanding into the origin of IH. The data also leads to
our hypothesis that the increased levels of the downstream EPCs seen in the
peripheral circulation of these patients is a consequence of shedding of these
haematopoietic EPCs from the haemogenic endothelium phenotype but they

are not the cause of these lesions as previously proposed.

4.2. Contribution

All experiments and the drafting of the manuscript were carried out by myself

and edited appropriately by my supervisors.

4.3. Manuscript: Haemogenic Endothelium In Infantile

Haemangioma
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Haemogenic endothelium in infantile haemangioma

Tinte Itinteang,"** Swee T Tan,"*** Helen Brasch,>° Daren J Day'??

ABSTRACT

Background Proliferating infantile haemangioma (IH) is
a tumour of the microvasculature composed
predominantly of immature endothelial cells. The origin of
IH is unclear, but it has been shown to express markers
of both endothelial and haematopoietic lineages, and

a role for endothelial progenitor cells in the aetiology
of IH has been suggested. Haemangioblasts are
precursors of both endothelial and haematopoietic
cells, and their characterisation has identified the
expression of cell surface and intracellular proteins that
collectively can be used for assigning a haemangioblast
phenotype.

Methods The authors used immunohistochemical
staining to characterise the expression of primitive
haematopoietic-associated proteins in proliferating IHs.
Results and discussion The authors show that the
cells forming the capillary endothelium express markers
associated with primitive haematopoietic cells.
Additionally, many of these cells express the
transcription factors brachyury and GATA-2, indicating
a primitive mesodermal origin. They hypothesise that the
immature capilaries in [H are derived from primitive
mesodermal cells with haemangioblastic differentiation
capabilities. The expression of primitive mesodermal,
endothelial and haematopoietic markers by the cells
forming the endothelium suggests that the immature
capillaries that predominate in proliferating IH are

a haemogenic endothelium phenotype, derived from
haemangioblasts.

INTRODUCTION
Infantile haemangioma (IH), a primary tumour of
the microvasculature, is the most common tumour
of infancy, affecting about 10% of white children. It
typically undergoes postnatal growth during
infancy (proliferating phase) characterised by
excessive angiogenesis, followed by spontaneous
involution over the next 1-5years (involuting
phase) with continued fibro-fatty deposition that
replaces the cellular elements up to 10 years of age
(involuted phase).’® Proliferating IH is composed
predominantly of immature endothelial cells® with
a smaller component of myeloid haematopoietic
cells* * and mesenchymal stem cells.” The lesion
consists of immature capillaries with tiny lumens
lined by plump endothelial cells with an outer
concentric pericyte layer, characterised by its
immunoreactivity (IR) for smooth muscle actin
(SMA .l 2

Endothelial progenitor cells (EPCs) have been
termed haematopoietic stem cells with an innate
ability to differentiate into mature endothelial
cells.” There is increasing evidence of the presence
of an EPC population characterised by the expres-
sion of surface antigens CD133, CD34 and vascular
endothelial growth factor receptor2 (VEGFR-2)®

within proliferating IH, with a significant increase
in this population of cells in the peripheral blood of
affected patients.” These EPCs have been presumed
to be recruited into proliferating IH and contribute
to the formation of the endothelial component of
this tumour® We have recently shown that the
expression of these EPC-associated markers is
localised to the endothelium of the immature
capillaries in proliferating IH'® and that these same
capillaries have a primitive mesoderm neural crest
phenotype."*

Haemangioblasts are precursors of both haema-
topoietic and endothelial cells that have been
shown to express brachyury,'? TAL-1,"> VEGFR-2,”
GATA-2,"® CD31,"® ACE™ and CD34."® The
expression of brachyury,”® TAL-1," GATA-2'® and
ACE" on a subset of CD34+/VEGFR-2+ cells has
been proposed to delineate primitive precursors from
downstream EPCs. Previous reports describing the
expression of both haematopoietic and endothelial
markers in IH led us to investigate, in this
study, whether cells expressing markers consistent
with being haemangioblasts'” with the potential to
differentiate to cells of both the haematopoietic
and endothelial lineages, were present within [H.

METHODS

Biopsies of proliferating IH affecting the skin and/
or subcutaneous tissues (figure 1A) from 12
patients, aged 3—10 (mean 6) months, were
obtained according to a protocol approved by the
Wellington Regional Ethics Committee. The tissues
were formalin-fixed and paraffin-embedded using
standard procedures. H&E and immunohisto-
chemical (IHC) staining were performed on all
4 pym paraffin embedded serial sections. Routine
rehydration followed by antigen retrieval with
boiling 10 mM sodium citrate (Sigma-Aldrich, St
Louis, Missouri) was performed, and sections were
washed in Tris-buffered saline (TBS; 20 mM Tris
HCI buffer pH 7.6 containing 135 mM NaCl)
containing 0.1% Tween 20 (Sigma-Aldrich). Auto-
fluorescence was quenched with 0.5% sodium
borohydride (Sigma-Aldrich) prepared in TBS, and
the slides then blocked with 5% bovine serum

albumin  (Sigma-Aldrich) prepared in TBS
containing 0.1% Tween 20.
Immunolabelling with primary antibodies

specific for antihuman brachyury, VEGFR-2, CD34,
CD45, ACE, GATA-2, CD133, TAL-1, CD34, CD31,
SMA  and GLUT-1 (Abcam, Cambridge,
Massachusetts) were performed overnight. Bound
antibodies were visualised by incubation with the
appropriate species-specific fluorochrome-conju-
gated secondary antibody (goat antimouse Alexa-
flour 488 or chicken antirabbit Alexaflour 594
(Invitrogen, Auckland, NZ)) for 2h, with the
exception of VEGFR-2 and GATA-2 which were

J Clin Pathol 2010;63:982—986. doi:10.1136/jcp.2010.081257
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Figure 1 (A) Ulcerated proliferating IH on the left mastoid region in a 4-month-old boy. (B) H&E section of this lesion showing immature capillaries
with a small lumen lined by plump endothelial cells. Erythrocytes can be seen within the lumen of some, but not all, of the microvessels (*). (C)
Endothelium of the immature capillaries, readily identified and distinguished from the pericyte layer by the expression of CD34 (green). The pericyte
layer, but not the endothelial cell layer, expresses smooth muscle actin (SMA) (red). (D) Staining for GLUT-1 (red) and CD34 (green). The endothelial
cell layer (staining green), but not the pericyte layer, expresses GLUT-1. (E) CD34* cells (green) that form the endothelium are also immunoreactivity
(IR) for CD133 (red). (F) CD34" cells (green) also express vascular endothelial growth factor receptor 2 (red). (G) Endothelial cells forming the
endothelium that express CD31 (green) and are also IR for brachyury (red). (H) Staining for SMA (red) identifying the pericyte layer, and ACE (green)
which is confined to the endothelium. ACE is expressed only by the cells of the endothelium and not by the pericytes. (I) CD34* cells (green), also
express the haematopoietic transcription factor TAL-1 (red). Selected cells that show strong nuclear expression of TAL-1 are identified by white
arrowheads. (J) Staining for CD34 (green) and GATA-2 (red). GATA-2 is expressed by the CD34" cells. (K) CD31"* endothelial cells (green) forming the
endothelium do not stain for the mature haematopoietic marker CD45 (red). CD45 IR is restricted to scattered cells within the interstitium (white

arrowheads). All images are counterstained with 4',6-diamidino-2-phenylindole (blue).

detected with an antirabbit digoxigenin (Roche diagnostics,
Auckland, NZ) conjugate followed by an antidigoxigenin-
Rhodamine (Chemicon, Sydney, Australia) conjugate. Slides
were mounted in Antifade Gold (Invitrogen) containing 4',6-
diamidino-2-phenylindole as counterstain prior to visualisation.
PFaraffin sections of placental tissue were used as positive
controls for CD133,"® CD34," ACE?® and GATA-2.2! Negative
controls included staining of paraffin sections of tissue not
expected to be immunoreactive with the same series of anti-
bodies (human uterine fibroid), and also by omission of the
primary antibodies when staining selected proliferating IHs.
These controls showed the expected staining pattern consistent
with the previous reported specificity for the antibodies used.
Images were captured using a Leica TCS 4D confocal laser-
scanning microscope fitted with a krypton/argon laser (Leica
Lasertechnik, Heidelberg, Germany).

J Clin Pathol 2010;63:982—986. doi:10.1136/jcp.2010.081257

RESULTS

Endothelium of proliferating IH expresses endothelial,
haematopoietic and primitive mesodermal markers
Proliferating IH tissue taken from all 12 patients in this study
showed typical characteristics on H&E sections (figure 1B).
Erythrocytes can be seen within the lumen of some (*) but not
all microvessels. The microvessels are composed of an inner cell
layer that lines the endothelium and an outer concentric pericyte
layer. Figure 1C clearly shows that the cells forming the endo-
thelium are strongly immunoreactivity (IR) for CD34 (green),
whereas the cells that make up the outer pericyte layer shows IR
for SMA (red), as expected. The CD34 IR is restricted to the
lumen face of the cells forming the endothelium as has been
shown in other studies.?? Autofluorescent erythrocytes can also
be seen in some vessels (*). GLUT-1 is an IHC marker used to
distinguish IH from other vascular anomalies.® All samples

983
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analysed showed IR for GLUT-1 (figure 1D, red) on the cells
lining the endothelium. The GLUT-1 IR is predominantly
localised to the lumen face of the cells forming the vessels.
Costaining with CD34 (figure 1D, green) generated an orange
colour where IR for both CD34 and GLUT-1 occurred. Supple-
mentary figure 1D1-D3 shows the separated and overlayed
CD34 and GLUT-1 images presented in figure 1D.

To identify EPCs within the IH lesions, IHC staining for
VEGFR-2, CD34 and CD133 was undertaken, as this set of
markers has been shown previously to identify EPCs within the
circulation.” ® All proliferating IH sections showed strong IR for
VEGFR-2, CD34 and CD133. Figure 1E, F shows representative
immunostaining for these markers. Figure 1E shows IR for CD34
(green) to identify the endothelial cells that also expressed the
haematopoietic stem cell marker, CD133 (figure 1E, red). IR for
CD133 is predominantly expressed on the CD34 cells, with
a few cells in the interstitium also staining for CD133. Notably,
the cells of the pericyte layer do not express CD133. Supple-
mentary figure 1E1—E3 shows the CD133, CD34 and merged
images in separate panels to show more clearly that CD133 and
CD34 are expressed by the same cells that form the endothe-
lium. Figure 1F shows IHC co-staining? for VEGFR-2 (red) and
CD34 (green). Expression of CD34 is restricted to the plasma
membrane on the luminal side of cells lining the vessels, as also
shown in figure 1C—E. Figure 1F shows that VEGFR-2 is
expressed by the CD34 cells that line the microvessel lumen.
Supplementary figure 1F1—F3 presents the CD34 and VEGFR-2
staining in separate panels and shows that VEGFR-2 is expressed
in both the cytoplasm and nucleus of the CD34 cells. The white
arrowheads in the merged images presented in figure 1F identify
cells that strongly express VEGFR-2 and show that these cells
are also CD34* . Collectively, the staining presented in figure 1EF
shows that the endothelium expresses markers consistent with an
EPC phenotype.

As EPCs are derived from haemangioblasts,® we sought to
investigate whether the endothelium was also immunoreactive
for the primitive mesodermal marker brachyury,”> and for
ACE, also called CD143.™ IR for these markers, in conjunction
with markers for EPC can be used to identify haemangioblasts.
Figure 1E, F shows staining of representative IH sections for
brachyury and ACE. All proliferating IH sections analysed
showed strong IR for ACE and brachyury. Figure 1G shows
staining for CD31 (green) and brachyury (red). IR for brachyury
was restricted to the cells of the endothelium, which also stained
for CD31. Supplementary figure 1G shows the separate staining
for CD31 and brachyury and demonstrates that IR for
brachyury is restricted to the CD31* endothelial cells. Figure 1H
shows staining for ACE (green) and SMA (red). As shown
previously, SMA identifies pericytes and does not stain the
endothelium (figure 1C). Figure 1H shows that IR for ACE is
localised to the endothelium and is absent from the interstitial
cells and pericyte layer. The staining presented in figure 1 G&H
supports the notion that the expression of haemangioblast
associated proteins in the endothelium of IH as being potentially
haemogenic.

It has been previously shown that haemangioblasts generate
haematopoietic cells through a haemogenic endothelium stage
and that the transcription factor TAL-1 is essential for the
establishment of a haemogenic endothelium.” To confirm that
the IR demonstrated in figure 1G, H identifies a haemogenic
endothelium, staining for TAL-1 was undertaken and is
presented in figure 11. All proliferating IHs show strong IR for
TAL-1 (red) on the CD34" (green) cells that form the endo-
thelium (figure 1I). Both nuclear and cytoplasmic staining of
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TAL-1 was observed, with the cells forming the endothelium
showing the greatest IR for TAL-1 (white arrowheads). To
further support the presence of a primitive haemogenic endo-
thelium, staining for GATA-2, a transcription factor expressed
early in haematopoietic development, was undertaken. As for
TAL-1, all proliferating IHs showed strong IR for GATA-2.
Staining of a representative sample is presented in figure 1]. IR
for GATA-2 (red) was seen in both the nucleus and cytoplasm of
the CD34" (green) cells forming the endothelium. Supplemen-
tary figure 1J1—J3 shows the separate staining for GATA-2 and
CD34 that more clearly demonstrate the cytoplasmic and
nuclear staining seen for GATA-2. Figure 11,] shows that the
transcription factors TAL-1 and GATA-2, which have been
previously shown to identify primitive haematopoietic cells, are
expressed by the CD34" endothelium and are consistent with
the data presented in figure 1G, H. Collectively, the data
presented in both figure 1 and supplementary figure 1 show that
the microvessels in proliferating IH express proteins associated
with a haemogenic endothelium.

Once we had detected primitive haematopoietic markers in
IH, we sought to determine whether the endothelium also
expressed more mature haematopoietic markers. Figure 1K
shows staining of a representative section for the mature
haematopoietic cell marker, CD45.2* Figure 1K shows a repre-
sentative section stained for CD31 (green), and for CD45 (red).
The section shows the characteristic strong IR for CD31, as
expected. The white arrowheads indicate a selection of the
CDA45 cells, all of which are in the interstitial space between the
CD31" microvessels. IR for CD45, the mature myeloid cell
marker, was restricted to interstitial space and was not detected
on the endothelium of any of the proliferating IHs studied.

The specificity of the presented IR was confirmed by staining
of placenta, which showed IR for CD34, CD133, ACE and
GATA-2 (supplementary figure 2A—D) while there was no or
minimal IR when staining of uterine fibroid tissues was
performed as a negative control under identical conditions
(supplementary figure 2E, F). Similarly, omission of the primary
antibody when staining IH sections showed minimal IR
(supplementary figure 2G, H).

DISCUSSION

Haemangioblast had remained elusive until 1998, when its
presence as a common precursor for endothelial and haemo-
poietic cells was reported.®® Since its discovery, proteins associ-
ated with haemangioblast development have been described®
and subsequently used to identify cells with the same, or similar,
phenotype based upon the expression of transcription factors
and cell surface receptors. The nuclear transcription factor TAL-1
(also known as SCL) has been shown to be essential in specifying
the formation of haemangioblasts from the primitive meso-
derm,”” and is also a key regulator of haematopoiesis.”® Similarly,
the zinc-finger transcription factor, GATA-2, has been shown to be
atissue-specific transcription factor whose activity is essential for
cells with haematopoietic potential.” The nuclear and cyto-
plasmic localisation of this transcription factor in the cells of the
endothelium that we report suggests that, although present, some
of this transcription factor is not active and therefore localised
outside the nucleus. The brachyury gene, also known as T, codes
for a transcription factor thatis expressed by cells derived from the
primitive mesoderm,'? the cytoplasmic localisation of this tran-
scription factor has been previously reported in early develop-
ment.3® Haemangioblasts have previously been shown to express
VEGFR-2, ACE, CD133, CD34 and CD31. We report that the

J Clin Pathol 2010,63:982—986. doi:10.1136/jcp.2010.081257
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brachyury* cells lining the immature capillaries in proliferating
IH also demonstrate IR for TAL-1, VEGFR-2, CD133, CD34 and
CD31, indicating that the cells lining the capillary lumen are
derived from cells with haemangioblast capacity. The collective
expression of the aforementioned transcription factors and cell
surface markers is restricted to the cells lining the microvessel
lumen, supporting the presence of a haemogenic endothelium as
seen inblood islands of the developing human placenta.®! We have
also recently shown that cells derived from proliferating IH have
the ability to form blast colonies in vitro,'® which have been
shown to be derived from primitive mesoderm,® which in
haemangioma has a neural crest stem cell phenotype.' Consis-
tent with the primitive origin is the absence of staining for the
panhaematopoietic marker CD45 by the endothelium,? although
cells showing IR for CD45 are present in the interstitium between
vessels.

Our results confirm, and add to, previous reports showing
positive immunostaining in the immature capillaries of prolifer-
ating IH for markers associated with endothelial (VEGFR-2,®
TIE-2,% Ulex,* von Willebrands factor,'  CD31,' 4 3 3 CD34? )
and haematopoietic (CD133% and CD34? 3¥) lineages. Haeman-
gioblasts have been identified and generated from embryonic
stem cells,® and have been shown to have the dual ability to form
cells of both the endothelial and haematopoietic lineages. These
data are consistent with the notion that primitive mesoderm
gives rise to haemangioblasts that in turn generate the dense
network of immature capillaries lined by plump immature
endothelial cells within proliferating IH. To our knowledge, thisis
the first report demonstrating co-expression of brachyury, TAL-1,
ACE and GATA-2 in the cells lining the immature capillaries of
proliferating IH. The notion that haematopoietic cells are derived
from an endothelial phenotype has formed the basis for the
concept of the haemogenic endothelium,® 3 with the expression
of TAL-1 being a crucial transcription factor for both the estab-
lishment and development of this haemogenic endothelium from
haemangioblasts.'” It is interesting to speculate that the capil-
laries that predominate in proliferating IH are the structural
haemogenic endothelium based on the collective expression of
the primitive mesodermal and haematopoietic markers, used in
this study, on the endothelium of these capillaries.

EPCs within proliferating IH® have been suggested to be
associated with increased levels of these cells in the peripheral
circulation of affected patients.” This has led to the suggestion
that patients with IH have an inherent increased pool of EPCs
that are then recruited into their IH, resulting in subsequent
proliferation of the immature endothelial component of this
tumour.® This hypothesis implies that the establishment of IH
lesions from circulating EPCs would require upregulation of
primitive markers and dedifferentiation to a more primitive
phenotype to form the haemogenic endothelium. The dogma
that EPCs are primarily produced in the bone marrow; and
recruited for tumour growth, has come under increasing scru-
tiny.® The expression of haematopoietic markers on the endo-
thelium of proliferating IH shown in our study is more primitive
than the markers expressed by circulating EPCs,® ? supporting
our hypothesis that endothelial progenitors originate from
within the lesion. We infer that the more definitive downstream
EPCs arise from the haemogenic endothelium and are released to
the circulation. The expression of proteins associated with dual
endothelial and haematopoietic lineages, and the observation of
distinct mature endothelial cells' and myeloid cells’ in invo-
luting IH, have led us to speculate that the dual endothelial and
haematopoietic lineages seen during the development of [H may
be attributed to a common haemangioblast precursor giving rise

J Clin Pathol 2010;63:982—986. doi:10.1136/jcp.2010.081257

Take-home message

The expression of primitive mesodermal, endothelial and
haematopoietic markers by the cells forming the endothelium
of infantile haemangioma suggests that the immature capillaries
that predominate in proliferating lesions are a haemogenic
endothelium phenotype, derived from haemangioblasts.

to a haemogenic endothelium intermediate. We further propose
that the increased levels of circulating EPCs seen in patients
with [H are derived from the haemogenic endothelium de novo
and are released into the circulation.

The presence of the haemangioblast-derived haemogenic
endothelium in IH suggests that this tumour may be best
considered as a disorder of embryonic development, and that [H
is a disorder of primitive mesodermal differentiation and
proliferation. Our hypothesis is consistent with other studies
reporting the presence of cells expressing proteins associated
with embryonic haemangioblast progenitors in haemangio-
blastoma®®. Our recent observation that this haemogenic
endothelium expresses a primitive mesoderm with a neural crest
phenotype'® ' may provide a clue for the segmental distribu-
tion of a subgroup of IH including those that constitute
PHACES (posterior fossa malformations—haemangiomas—arte-
rial anomalies—cardiac defects—eye abnormalities—sternal cleft
and supraumbilical raphe) syndrome.!* Given that neural crest
cells undergo extensive migration during embryonic develop-
ment and that its derivatives are ubiquitous at birth, further
study may provide insights into the localised form of IH, either
single or multiple and/or extracutaneous involvement.

An understanding of the development of IH may not only
provide insights into haemogenic endothelium and downstream
human haematopoietic and vascular ontogeny but also provide
anovel human model for studying primitive haematopoiesis and
embryonic development in general.
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Chapter 5: Primitive Erythropoiesis in Infantile
Haemangioma

5.1. Introduction and Overview

The demonstration of a novel haemogenic endothelium phenotype within
proliferating IH as described in Chapter 4, by the expression of primitive
haematopoietic associated markers on an endothelium phenotype, suggest
the possibility of the functional capacity of IH to produce downstream
haematopoietic cells. In this chapter an investigation into the ability for

proliferating IH to undergo erythropoiesis was undertaken.

Erythropoiesis is the process through which differentiation of
multipotent haematopoietic stem cells produces downstream mature
enucleated erythrocytes’'. Functional erythropoiesis is further defined by the
ability to demostrate certain stages of erythroid differentiation. In this chapter
data is presented to show the in vitro stages of haematopoiesis, in which
initial blast-like cells are shown to arise from the cells emanating from
proliferating IH explants that then form blast colonies and eventually give rise
to erythrocytes. These are all key stages in erythropoiesis. It is intriguing that
we have previously confirmed the expression of the neural crest marker, p75,
and the EPC markers, CD133, CD34 and VEGFR-2, on these cells as
presented in Chapter 3 of this thesis. This chapter confirms the functional

capacity of this primitive phenotype to undergo functional erythropoiesis.

To understand erythropoiesis involves an understanding of the various

stages of in utero erythropoiesis. The stages of erythropoiesis are named
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according to the sites of each stage, namely, in chronological order,
mesoblastic, hepatic and eventual myeloid*®. Concomitant with the changes in
the embryonic sites of erythropoiesis are the developmental switches in the
expression of the various isoforms of haemoglobin (Hb) chain expressed. The
initial embryonic (C2e2) Hb switches to foetal (aoy2) Hb at about 6-7 weeks of

gestation and is eventually replaced by the adult (c2f2) Hb postnatally®'¢2.

This chapter reports the expression on the cells of the endothelium in
proliferating IH of the erythropoietin receptor (EPO-R), the receptor for
erythropoietin, which is the crucial cytokine required for erythropoiesis as well
as the embryonic HbC protein. The expression of these proteins suggests the
potential for proliferating IH to undergo primitive erythropoiesis. Data is
provided to demonstrate that the in vitro cultured IH biopsies are able to
undergo erythropoiesis, such that the cells emanating from the explants are

able to form erythrocytes in vitro.

The concept of primitive erythropoiesis, all in vitro and IHC experiments were
performed by myself. The RT-PCR experiements were performed by Dr
Vishvanath. The manuscript was drafted by myself and edited by my

supervisors.
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Background Infantdle haemangioma (IH) is a tumour of the microvasculature com-
posed predominantly of proliferating endothelial cells. It expresses markers asso-
ciated with endothelial, haematopoietic and mesenchymal lineages. We have
previously shown that the cells forming the capillary endothelium of proliferating
IH express cell surface markers and transcriptions factors consistent with it being
a haemogenic endothelium.

Objectives We wished to determine whether the expression of transcription factors
associated with the erythroid lineage was of physiological relevance and sufficient
for IH tissue culmred in vitno to undergo erythropoiesis.

Methods Immunohistochemical staining of paraffin-embedded sections of prolifer-
ating IHs was undertaken and expression of the embryonically associated haemo-
globin { (HBZ) chain and the erythropoietin receptor (EPO-R) was determined.
Relative expression of mRNA encoding these proteins was determined by quanti-
tative reverse transcription—polymerase chain reaction using snap-frozen biopsy
samples. Differentiation towards erythrocytes was investigated using freshly
resected tissue cultured as explants in Matrigel.

Results The endothelium of the microvessels, but not the pericyte layer, was
strongly immunoreactive for the EPO-R and the embryonically associated HBZ
chain. Abundant expression of wanscripts encoding these proteins was also
detected, comroborating the immunohistochemical staining. When tissue was
grown in culture the cells emanating from IH explants were able to generate
enucleated erythrocytes in vitm. The erythrocytes were immunoreactive for the
erythrocyte-specific marker glycophorin A.

Conclusions The microvessels in IH are a functional haemogenic endothelium that
expresses the embryonically associated HBZ chain and is able to form erythrocytes
in vitro. IH thus represents a possible extramedullary site for tumour-associated

primitive erythropoiesis.

Infantile haemangioma (IH) is a tumour of the microvascula-
ture characterized by excessive angiogenesis during infancy.
It affects about 10% of white infants with predilection for
female, white and premature infants.” It typiclly undergoes
rapid postnatal growth (proliferative phase) followed by
spontaneous involution over a period of up to 10 years, leav-
ing a fibrofatty residuum with a few mature capillaries."™

The emerging evidence for the role of primitive mesoderm®
and its haemogenic endothelium derivative® in proliferating
IH has led us to investigate the ability of IH to form cells of
the haematopoietic lineage.

Erythropoiesis is the process through which multipotential
haematopoietic stem cells differentiate to form enucleated
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erythrocytes.” Primitive erythropoiesis originates from primi-
tive mesodermal cells that develop into a haemogenic endo-
thelium, which sequentially give rise to blast colony forming
cells, erythroblasts, reticulocytes and definitive enucleated ery-
throcytes as development progresses.®'® The stages of in utem
erythropoiesis have been appropriately termed, in chronologi-
al order, mesoblastic, hepatic and myeloid stages correspond-
ing with each subsequent major site of hacmatopoicsis.”
Haemoglobin production also involves three corresponding
developmental switches. The initial embryonic ({2e2)
haemoglobin switches to fetal (22y2) haemoglobin from
about 6-7 weeks gestation, and to predominantly adult
(22pB2) haemoglobin at birth."?

1097
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Here we report that IH expresses mRNA and protein for
erythropoietin receptor (EPO-R) and embryonic haemoglobin
{ (HBZ), proteins assodated with primitive erythropoiesis,
and that cells that emanate from IH explants® are able to gen-
erate erythrocyctes in vitm. IH thus represents a possible extra-
medullary site for tumour-associated primitive erythropoiesis.

Materials and methods

Immunolabelling

Four-micrometre paraffin-embedded sections of IH biopsies
were obtained from 12 patients aged 3-10 months (mean 6),
according to a protocol approved by the Wellington Regional
Ethics Committee. Immunohistochemistry and immunocyto-
chemistry were performed as previously described.®*'? All
primary antibodies were obtained from Abcam (Cambridge,
MA, USA), and were used at the following dilutions:
glycophorin A (1 : 200), (D34 (1 :300), smooth muscle
actin (SMA; 1 : 400), EPO-R (1 : 200) and HBZ (1 : 200).
Negative controls included staining of parafiin sections of
tissue (human uterine fibroid) not expected to be immunore-
active with the same series of antibodies, and also by omission
of the primary antibodies when staining proliferating Hs
excised from three patients. These controls showed the
expected staining pattern consistent with the previous reported
specificity for the antibodies used®*® (data not shown).

Quantitative reverse transcription-polymerase chain
reaction

RNA was extracted from fresh proliferating IH biopsies of five
patients aged 3-8 months (mean 5), and quantitative reverse
transcription—polymerase chain reaction (qRT-PCR) was per-
formed using primers specific for EFO-R and HBZ. Expression
relative to that for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) is reported as ACt value. Primers for HBZ and GAPDH
have been previously reported.'* Primers for EPO-R were: for-
ward CTCATCCTCGTGGTCATCCT, reverse GCTGGAAGT-
TACCCTTGTGG. Amplification was achieved using an iQ qPCR
system (Bio-Rad Laboratories, Hercules, CA, US.A)) with an
initial denaturation at 95 °C for 3 min, followed by 35 cycles
of denaturation at 95 °C for 15 s, annealing at 60 °C for 20 s
and extension at 72 °C for 20 s. Data were collected during
the extension step and melt-curve analysis and agarose gel
electrophoresis performed to confirm the specificity of ampli-
fication (data not shown).

Cell culture

Fresh proliferating IH biopsies from five patients aged
3-8 months (mean 5), and two patients with involuted IH,
aged 8 and 10 years, were cultured using an in vito explant
model as previously described by Tan et a.* For all experi-
ments fibrin was replaced with Matrigel (Becton Didkinson,
Auckland, New Zealand). Erythrocytes formed in culture were

imaged using an Olympus IX51 inverted microscope
(upgraded to 1X71) fitted with phase contrast objectives and a
Colour View 1 camera (Olympus, Tokyo, Japan). Peripheral
blood from each patient was also cultured in parallel as a con-
trol. Erythrocytes were collected and processed for immuno-
cytochemistry as previously described.®

Results

The capillary endothelium of haemangioma expresses
erythropoietin receptor and haemoglobin {

The production of erythrocytes depends on the interaction
between EPO-R and its ligand, erythropoietin.'® The process
of erythropoiesis is intricately linked to haemoglobin produc-
tion and the expression of HBZ is associated with embryonic
haemoglobin production during the first trimester of preg-
nancy.'® Figure 1a shows that immature capillaries of prolifer-
ating IH consist of an inner endothelial layer that expresses
CD34 (green) and an outer concentric pericyte layer that
expresses SMA (red). Figure 1b shows that the cells of the
capillary endothelium express EPO-R (green), whereas the
cells of the outer pericyte layer that express SMA (red) do not.
Figure lc shows that the cells of the endothelium are immu-
noreactive for both EPO-R (green) and HBZ (red). qRT-PCR
of mRNA isolated from tissue confirmed the abundant expres-
sion of both HBZ and EPO-R transaripts relative to that for the
control reference gene GAPDH (mean * SEM: HBZ ACt=
45 * 08; EPO-R ACt =102 * 4).

Proliferating haemangioma explants generate
erythrocytes in vitro

The functional capacity of proliferating IH to generate erythro-
cytes was revealed following in vitro growth as explants. On
initial culturing of explants there were no cells visible within
the Matrigel (Fig. Sla; see Supporting Information) and
following 2 weeks in culture outgrowths could be seen in
most of the explants of proliferating IH (Fig. S1b; see Sup-
porting Information). Consistent with observations of Tan
eta.,® no visible outgrowths were seen in the involuted IH
explants (data not shown). We have previously shown that
the cells that form the explant outgrowths express haemato-
poietic-associated markers,® and here we report that following
1 month in culture blast-like cells can be seen arising from
these outgrowths (Fig. Sl¢; see Supporting Information), that
then go on to form blast colonies after 3 months in culture
(Fig. S1d; see Supporting Information). Following extended
periods of culture (5 months) biconcave cells resembling ery-
throcytes were visible within the Matrigel culture (Fig. 14, e,
arrows) of proliferating IH lesions. The biconcave cells were
present only in regions of Matrigel that had previously con-
tained regions of outgrowth. These biconcave cells were con-
firmed to be erythrocytes by the expression of the
erythrocyte-specific marker, glycophorin A (Fig. le, bottom,
green). Peripheral blood obtained from the same patient
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Fig 1. Erythropaiesis in proliferating infantlle haemangioma (IH). (2—) Representative immmnohistochemical st2ining of proliferating IH.
(2) The immature capillares of [H corsist of 2 CD34+ endothelium (green) swrrounded by 2 concentric layer of pericyte-like cells that are

immunoreactive for smooth muscle actin (SMA; red). (b) The endothelium is immunoreactive for erythropoietin receptor (EPO-R; green) but the
SMA+ pericyte kyer (red) is not. (c) The EPO-R+ cells (green) of the endothelium are also immunoreactive for haemoglobin £ (red). (d) After
S manths in culture biconcave cells marphologically similar to erythrocytes are observed (black arrows). (e) The boxed region containing
bicancave celk presented in (d) is shown mluged; the cells are enudeated and are immunareactive for the ery‘lhmcy*le-speclﬁc protein
glycophorin A (green; bottom). (2—<, e) Counterstained with 4',6-diamidino-2-phenylindole (blue) to identify cell nudei. Scale har (e), 10 pm.

cultured under identical conditions showed no surviving ery-
throcytes after 3 weeks (data not shown), confirming that ery-
throcytes that stained positively for glycophorin A were
formed d novo during culture of proliferating IH lesions rather
than originating from carry-over of peripheral blood contami-
nating the tissue piece.

Discussion

The capillaries of IH consist of an inner endothelial layer,
characterized by the expression of endothelial markers, and an

outer ncentric layer, characterized by the expression of

SMA.5®13 We have recently shown that this endothelial layer
of the apillaries reflects a primitive mesodermal phenotype,
with the expression of brachyury,” and with potential haemo-
GATA-2,
angiotensin-converting enzyme (ACE), (D133 and CD34.°

genic capacity, through the expression of TAL-1,

The concept of haematopoiesis originating from an endo-
thelial phenotype forms the basis of the concept of the haemo-
genic endothelium.'”"® Here we demonstrate the expression
of erythopoietic-associated proteins by the endothelium of the
capillaries of proliferating [H. It is intriguing that the expres-
sion of EPO-R, a receptor for the ligand cr)'thmpoiclin.]S
which is the major haematopoietic associated growth factor
responsible for the proliferation, survival and differentiation of
erythroid progenitor cells,™ is present on the endothelium of
proliferating IH. Reports have confirmed the expression of
EPO-R in extra-embryonic yolk sac blood islands,*® the site of
primitive haematopoiesis during the first trimester of preg-

nancy where HBZ is also cxpruxscd.m'“
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The morphological appearance of blast colony forming
units, the precursor to erythroblasts, after 3 months in culture
of IH explants, provides further evidence of the presence of
another aucial lineage in the overall process of erythropoiesis.
We have previously isolated and confirmed the formation of
this blast phenotype from IH, by the expression of CD34, vas-
ailar endothelial growth factor receptor-2, CD133 and ACE,"?
and here we show the functional ability of cultured H
explants to form enucleated erythrocytes in vitm. To the best of
our knowledge, our report is the first to show that IH is a
potential site of extramedullary erythropoiesis. We have also
previously speculated that it is the cells of the endothelial layer
in proliferating IH that form the cells in the explant out-
growths. This suggestion is consistent with the expression of
primitive mesoderm-associated proteins by the endothelium
and the cells of the outgrowths, but not the cells of the peri-
cyte layer.® We have now demonstrated that these cells have
the capacity to undergo functional extramedullary erythropoie-
sis, although the molecular mechanism and  pathway
involved require further investigation. Similarly, whether the
observed extramedullary erythropoiesis observed in culture
takes place in vivo within proliferating [H, and if it contributes
to the patient’s circulating erythrocytes, are yet to be deter-
mined.

We infer that the haemogenic endothelium of proliferating
IH has the capacity to form cells of the haematopoietic line-
age. Given the evidence for formation of erythrocytes and
myeloid cells during primitive blood island formation,™ it is
aso exciting to speculate that cells of the myeloid lineage, e.g.
found in abundance within IH™

mast  cells, may be
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downstream progenitors of the process of primitive haemato-
poietic differentiation.

This paper contributes to an emerging body of evidence
pointing to IH as a tumour involving the proliferation and
eventual differentiation of primitive mesodermal cells. This
finding gives new insights into the pathogenesis of H, as a
possible extramedullary site of haematopoiesis, and may form
the basis for a novel model for investigating the process of
human haematopoietic ontogeny.

What'’s already known about this topic?

® Cells of the endothelial, haematopoietic and mesenchy-
mal lineages have been identified in infantile haeman-
gioma (IH).

® The capillary endothelium of [H expresses transcription
factors associated with haematopoiesis.

What does this study add?

® We demonstrate that the endothelium of IH expresses
the embryonically assodated haemoglobin { chain and
the erythropoietin receptor.

* When cultured in vitm explanted IH tissue can be differ-
entiated to form enucleated erythrocytes.
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Supporting Information

Additional Supporting Information may be found in the online
version of the article:

Fig S1. (a-d) A representative proliferating infantile hae-
mangioma (IH) explant culture. (a) No cells are visible in the
Matrigel at the edge of the IH explant culture at day 0. (b)
After 2 weeks in culture cellular outgrowths are clearly visible
emanating from the IH explant. (¢) Following 1 month in cul-
ture blast-like cells are visible arising from the cellular out-
growths. (d) After 3 months in culture multiple blast colonies
are clearly visible.

Flease note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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5.4. Supplementary Figure 1

Supplementary Figure 1
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CHAPTER 6: Mesenchymal Stem Cells in Infantile
Haemangioma

6.1. Introduction and Overview

An understanding of the cellular and molecular events involved in the life
cycle of IH remains enigmatic, and the precise origin of the fibro-fatty
residuum during involution is unknown. The MSCs present within IH have
been presumed to be recruited from adjacent niches and have been proposed
to contribute to the fibro-fatty residuum seen during the involuted phase of this

tumour®.

However, that we have recently demonstrated a neural crest stem cell
and mesenchymal associated protein expression profile on the cells of the
endothelium of proliferating IH capillaries described in Chapter 3 of this thesis.
Further to this, in the same chapter we have also demonstrated that cells that
migrate out from proliferating IH explants, also express the same markers. We
have previously hypothesised that these cells form the downstream definitive
mesenchymal lineages that predominate in the fatty tissue seen in the

involuted lesions.

This notion that the source of the MSCs that ultimately give rise to the
fibro-fatty deposition of involuted IH is derived from the endothelium of

proliferating IH lesions is a novel concept.

In this chapter | propose that the source of the MSCs that ultimately

gives rise to the fibro-fatty deposition of involuted IH is derived from the cells
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that form the endothelium of the capillaries of proliferating IH lesions. This is a

novel concept that has not previously been proposed.

While the cells of the endothelium have many characteristics of
immature endothelial cells (e.g., expression of CD31 and CD34)?. | propose
that these endothelial-like cells are in fact a primitive population of cells with
the capacity to differentiate into both endothelial cells and into terminal
mesenchymal derived adipocytes. Such an unorthodox hypothesis raises the
question of what factors, if any, are regulating the terminal differentiation into
adipocytes. It is in this chapter that | discuss the involvement of pre-adipocyte
factor-1 (Pref-1)"? as one possible factor expressed during proliferation and is
lost during involution that may be crucial in regulating terminal mesenchymal

differentiation.

This chapter also demonstrates that it is the same cells that migrate out
from the proliferating IH explants, as previously characterised in Chapter 3,

that possess the potential to differentiate into terminal mesenchymal tissues.

The findings of a primitive phenotype of the endothelial layer of
proliferating IH with the ability to differentiate down mesenchymal lineages,
yet are inhibited from doing so during proliferation represents a significant

paradigm shift in the understanding of IH as a developmental disorder.
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The novel concept of the endothelium of proliferating IH as the source of the
adipocytes coupled with the expression of Pref-1 as a mesenchymal
differentiation inhibiting protein was conceived by myself. The IHC
experiments and the draft for the manuscript was written by myself and edited
by my supervisors. The RT-PCR and functional differentiation experiments

were performed by Dr Vishvanath.

6.3. Manuscript: Mesenchymal Stem Cells In Infantile

Haemangioma
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ABSTRACT

Background Fibro-fatty deposition commanly occurs
during involution of infantile haemangioma (IH).
Mesenchymal stem cells have been identified in this
tumour and have been proposed to be recruited from the
bone marrow and/or adjacent niches, and then give rise
to the fibro-fatty tissue. The authors have recently
demanstrated that the capilary endothelium of
proliferating IH co-expresses primitive mesodermal,
mesenchymal and neural crest markers and proposed
that this same endothelium has the ability to give rise to
cells of mesenchymal lineage that constitute the fibro-
fatty deposition.

Methods |mmunohistochemistry and real-time RT-FCR
were used to further characterise proliferating IHs and
haemangioma explant-derived cells (HaemEDCs).
Results The authors have further confirmed

expression of the mesenchymal-associated proteins
including preadipocyte factor-1, a mesenchymal
differentiation inhibition-associated cytokine. The
HaemEDCs could be differentiated into osteoblasts and
adipocytes, indicating their functional potential for
terminal differentiation.

Discussion The collective expression of neural crest,
masenchymal and mesenchymal differentiation
inhibition-associated proteins on the endothelium of
proliferating IH suggests that the cells in the capillary
endothelium within the lesion possess the ability to
undergo terminal mesenchymal differentiation during the
proliferating phase, but are inhibited from daing so.

INTRODUCTION
Infantile haemangioma (IH) typically exhibits rapid
postnatal growth during infancy (proliferative
phase) which is characterised by proliferation of
endothelial cells' ® and accumulation of other cell
types, such as myeloid cells* ¥ and mesenchymal
stem cells (MSCs)® The cellular elements are
gradually replaced by fibro-fatty tissue during the
next 15 years (involuting phase), with continued
improvement up to 12years of age (involuted
phase), often leaving a fibro-fatty residuum.' > 7

Despite considerable progress towards the
understanding of the cellular and molecular events
involved in its life cycle, IH remains enigmatic, and
the precise origin of the fibro-fatty residuum is
unknown. The MSCs observed in IH have been
proposed to be recruited from the bone marrow
and/or adjacent niches, and then contribute to the
fibro-fatty differentiation seen during the involuted
phase of this tumour®

We have recently shown expression of neural
crest and mesenchymal-associated proteins on the
cells of the endothelium of the capillaries of
proliferating IH.® We have also demonstrated that
cells that emanate from proliferating IH explants
retain the same markers, and we hypothesise that

these cells form the downstream adipocytes that
predominate in the fibro-fatty tissue of involuted
lesions.®

In this study, we identified cells expressing
mesenchymal-associated proteins within prolifer
ating IH, as well as isolating and characterising
the cells obtained from proliferating IH explants,
to investigate their MSC properties. We also
investigated the expression of preadipocyte factor-1
(Pref-1), also known as DLK, an epidermal growth
factor-like protein that is crucial in the prevention
of terminal adipogenesis.

We further investigated the ability of cells
derived from proliferating IH explants that co-
express endothelial, neural crest and mesenchymal
markers to form terminal mesenchymal cells.

MATERIALS AND METHODS

IH tissues

All IH rtissues were obtained from patients
according to a protocol approved by the Wellington
Regional Ethics Committee.

Immunolabelling

Biopsy specimens from six patients with prolifer-
ating [H, aged 3—10 months (mean 6), and three
patients, aged 6, 7 and 9 years with involuted IH,
were formalin-fixed and paraffin embedded using
standard procedures. H&E and immunohisto-
chemical (IHC) staining were performed on 4 pm
paraffin-embedded serial sections. Immunolabelling
was performed as previously described? with
primary antibodies specific for human Pref-1
(Abcam, MA; 1:200 dilution) and CD34 (Dako
Corp, Clostrup, Denmark; 1:200 dilution). Negative
controls used in this study included staining of
paraffin sections of tissue not expected to be
immunoreactive with the same series of antibodies
including adult human subcutaneous tissue, and
also by omission of the primary antibodies when
selected proliferating [Hs were being stained. These
controls showed the expected staining pattern
consistent with the previously reported specificity
for the antibodies used

IH tissue explant culture

Tissue pieces from five patients with proliferating
IH and two patients with involuted IH were
embedded in a thin layer of fibrin gel and cultured
as explants as described by Tan et al,"® and grown in
the presence of 10% foetal calf serum (Invitrogen,
Auckland, New Zealand). Capillary cutgrowth was
recorded during the culture period by capturing
images with an Olympus [X51 inverted microscope
(upgraded to IX71) fitted with phase-contrast
objectives and a Colour View 1 camera (Olympus

Corporation, Tokyo, Japan).

J Clin Pathol 2011;64:232—236. doi:10.1136/cp.2010.085209
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Figure 1 Immunohistochemical staining of representative sections. (A) Endothelium of proliferating infantile haemangioma (IH) capillaries shows
strong immunoreactivity (IR) for CD34 (green) and Pref-1 (red). (B) Cells forming the microvessel endothelium in involuted IH show IR for CD34 (green)
with minimal IR for Pref-1 (red). (C) shows the microvessels in adult subcutaneous tissue, identified by IR to CD34 (green), with no IR for Pref-1 (red).
The cell nuclei in all panels are counter stained with 6-diamidino-2-phenylindole (DAPI) (blue). Scale bar 50 um for (A,B) and 25 pum for (C).
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Determination of mRNA expression by gRT-PCR

To corroborate the IHC data on IH tissues presented in figure 1,
mRMNA expression for CD29'" and the cytokine Pref-1 in
proliferating IH biopsy specimens was determined by gRT-PCR.
In addition, mRNA expression for the mesenchymal cell
markers, CD44'® and CD90° was included even though these
were not used for the IHC study. Table 1 shows the abundance
of these transcripts relative to that for CAPDH and confirms the
abundant expression of the transeripts coding for the proteins
detected by IHC staining in proliferating [H.

We have previously shown that cells isolated from the
outgrowths that form when IH biopsy specimens are grown as
explants express endothelial, mesenchymal and neural crese-
associated proteins.® Table 2 shows the relative abundance of
mRMNA transcripts for CD29, CD44™ and CD90° determined
after increasing numbers of passage for HaemEDCs. The
HaemEDCs grow slowly in culture such that passage 3 repre-
sents approximately 3 weeks in culture and passage 9, 6 months.
The 3T3 cells and human umbilical vein endothelial cells
(HUVECs) used for comparison had been cultured for a similar
period of time but required more passaging. Table 2 shows that
the HaemEDCs isolated maintain expression of mesenchymal

markers even after extended periods of culture.

Differentiation of HaemEDCs

To determine the functional ability of the HaemEDCs to form
definitive mesenchymal-derived cells, we investigated the ability
of these cells to differentiate into adipocytes and osteoblasts.

HaemEDCs could be differentiated to form lipid-laden
adipocytes (figure 2A) that stained with Oil-Red-O (figure 2B).
HaemEDCs (figure 2C) could also be differentiated into osteo-
blastic cells (figure 2D) as determined by Alizarin Red staining
indicating calcification of the extracellular matrix. Extended
(5 months) culturing of the HaemEDCs resulted in spontaneous
differentiation of the majority of cells to lipid-laden adipocytes
that adhered to the bottom of the culture wells (data not
shown) even in the absence of the specific factors used to induce
adipocyte formation as in figure 2B.

In addition, the differentiation into adipocytes and osteoblasts
was supported by the expression of mRNA for peroxisome
proliferator-activated receptor (FPAR-y; a key regulatory gene of
adipogenesis'®) and osteonectin,®® respectively. Table 3 shows
the relative change in expression levels of these genes in undif-
ferentiated HaemEDC isolates compared with the corresponding
differentiated cells. mRNA expression is reported relative to
GAPDH (ACt), and as AACt for undifferentiated versus differ-
entiated cells. Expression of PPAR-y increased as expected (~ 16-
fold), whereas that of osteonectin did not alter significantly.

DISCUSSION
It has previously been suggested that MSCs identified in IH may
be recruited into the tumour from the bone marrow and/or from

Table 2 mRNA characterisation of haemangioma explant-derived cells
{HaemEDCs)

Cell type CD29 CDagq CD90
HaemEDCs-P1 (P3) 29 4.4 5.2
HaemEDCs-P1 (P9) 29 37 4.6
HaemEDCs-P2 (P3) 19 3.0 2.8
HaemEDCs-P3 (P3) 1.0 2.5 2.2
HaemEDCs-P4 (P3) 12 37 26

Table 1 Gene expression profile of proliferating infantile haemangioma
{IH) tissues

mRNA transcript ACt

CD29 245019
CD44 2.4920.95
D90 3.63+1.09
Pref-1 7.302054

mRNA expression for CO29, CO44, CO90 and Pref-1 was analysed by gRT-PCR from five
proliferating IH biopsy specimens. Expression of transcripts was determined relative to
glyceraldehyde-3- phosphate dehydrogenase (ACt). Values are mean ACt obtained for each
gene= SEM.

234

mRNA expression for the mesenchymal stem cell-specific markers, CD29, CD44 and CD90,
was analysed from four proliferating infantile haemangioma (IH) cell isolates (P1—P4). RNA
was extracted from 1:<10° cells, reverse-ranscribed imo cDNA, and analysed by
quantitative real-time (gRT-PCR. Expression of transcripts was determined relative to

aly ceraldehyde-3-phosphate deby drogenase (ACt). The table gives the ACt values obtained
for each gene. The passage number is given in parentheses; '— shows no amplification and
therefore the absence of mANA transcript. The mean ACt value (= SEM) across the four IH
cell isolates (P3) for CO29, CD44 and CDO0 was 1.75 (+0.4), 3.4 (=0.4) and 3.2 (£0.7),
respectively.

the adjacent stem cell niches®. In this study, we have confirmed
our previous data showing the expression of multiple proteins
associated with cells of the mesenchymal lineage within [H.
Here we show that CD29,% a cell surface marker associated with
MSCs;® ** and vimentin,” an intermediate filament associated
with cells of the mesenchymal lineage*" ** In this study we
have also demonstrated the expression of Pref-1, a member of
the epidermal growth factor-like family which prevents terminal
adipocyte differentiation in pre-mesenchymal cells, by the cells
forming the endothelial layer of the capillaries in proliferating
IHs. The IHC findings are supported by the qRT-PCR experi-
ments, which show abundant expression of mRNA coding for
these mesenchymal-associated proteins, even after extended
periods of culture. We have also shown that the cells emanating
from the IH explant culture express the same mesenchymal-
associated proteins® and mRNA as that found within the
lesions. These data, combined with the functional ability of
these cells to differentiate into adipocytes and ostecblasts,
collectively confirms the presence of an abundant MSC popu-
lation within proliferating IH. The expression of the MSC
markers and mesenchymal-associated proteins on the cells of the
capillary endothelium of proliferating IH supports the hypoth-
esis that the endothelium is the origin of the fibro-fatty material
seen during spontaneous involution, and is supported by the loss
of Pref-1 expression in the endothelium of microvessels as the
lesions involute.

We have demonstrated a neural crest stem cell with primitive
mesoderm phenotype in both the endothelium of the capillaries
of proliferating IH and the cells migrating out of the explant
tissue culture.” We have also recently presented data to support
a haemogenic endothelium phenotype of the capillaries of
proliferating [H.” These same neural crest phenotypic cells also
express proteins associated with cells of the endothelial and
mesenchymal lineages recently shown by us® and others'® It
is intriguing and unexpected that the cells of the capillary
endothelium express markers identified with the primitive
streak (brachyury) and neural crest (p75), as well as the more
mature mesenchymal, endothelial and haematopoietic lineages.
Here we provide functional data in support of our recent find-
ings that the cells of the endothelium with the neural crest stem
cell phenotype are the same as cells isolated from cultured
explants that have the ability to terminally differentiate down
the mesenchymal lineage. Previous reports highlighting neural
crest phenotypic cells derived from embryonic stem cells as
being the precursors to cells of the mesenchymal lineage™ are in
concordance with our findings and point to a very primitive
origin for IH. The finding that explants of the involuted [H
lesions used in this study did not exhibit ocutgrowth after

J Clin Pathol 2011;64:232—236. doi: 10.1136/cp.2010.085209
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Figure 2 Haemangioma explant-
derived cells (HaemEDCs) isolated from
proliferating infantile haemangiomas
{IHs) were plated on to glass coverslips
at 210" cells/em? and cuttured in
osteoblastic or adipocytic differentiation
medium. HaemEDCs from proliferating
IHs were readily differentiated into lipid-
laden adipocytes. (A) A phase-contrast
image of HaemEDCs differentiated into
adipocytes. (B) Cytoplasmic lipid-filled
vacuoles were identified by staining
with Qil-Red-0. (C) HaemEDCs from
proliferating IH differentiated into
osteoblastic cells. The formation of
calcium deposits was confirmed by
Alizarin Red staining (D). Scale bars:
50 pm.

0

2 weeks in culture is consistent with our previous observation.!
It probably reflects the paucity or absence of immature capil-
laries within involuted IHs.

Pref-1is a pre-adipocyte marker and there is strong evidence
to support its role in preventing terminal adipocyte differentia-
tion.?* It has been shown that, in pre-mesenchymal cells, Pref-1
exerts some of its inhibitory effect on adipogenesis via PPAR-v,
which is an important adipocyte differentiation factor.”” This is
consistent with our data showing expression of Pref-1 mRNA
and upregulation of PPAR-y after differentiation of HaemEDCs
towards adipocytes. The collective expression of neural crest,
MSCs and mesenchymal differentiation inhibition-associated
proteins on the endothelium of proliferating IH is consistent
with the cells of the endothelium being of very primitive origin,
and they are inhibited from terminal mesenchymal differentia-
tion by the action of Pref-1 during the proliferating phase. We
have also recently suggested that the high levels of angiotensin 11

Table 3 Change in peroxisome proliferator-activated receptor
(PPAR-y) and osteonectin mRNA expression in haemangioma
explant-derived cells {HaemEDCs) before and after differentiation

AACE PPARY AMCE osteonectin
Haem-P1 4.7 34
Haem-P2 43 1.5
Haem-P3 5.5 1.7
Haem-P4 44 0.2
Haem-P5 29 1.0
Mean difference in gene expression 4.7 05
SEM 0.4 0.9

Cell isolstes from explant culture of five proliferating infantile haemangiomas (His),
designated HaemEDCs-1, HaemEDCs-2, HaemEDCs-3, HaemEDCs-4 and HaemEDC 55,
were differentiated into adipocytes and osteoblasts. Quantitative real-time (QRT)-PCR was
performed to identify changes in PPAR-y and osteonectin mRNA expression in
undifferentiated cells versus differentiated cells (AACT).

J Chin Pathol 2011,64:232—236. doi:10.1136/cp.2010.085209

during infancy have the ability to inhibit terminal mesenchymal
differentiation in proliferating IH." The ability of HaemEDCs
to form adipocytes in culture, in the absence of differentiation
medium after extended periods in culture highlights adipo-
genesis as a possible default pathway in the absence of mesen-
chymal differentiation-inhibiting cytokines. The exact roles of
Pref-1 and angiotensin Il in adipogenesis regulation during IH
progression remain to be conclusively determined.

The expression of both mesenchymal-associated proteins and
endothelial markers'® # by the same cells has not been
demonstrated previously, except in cells of the primitive meso-
derm ?® The latter are precursors to both mesenchymal and
haematopoietic lineages*® *® This study therefore adds to an
increasing body of evidence supporting a primitive mesodermal
origin for the endothelium of capillaries in proliferating [H, and
identifies cells with a novel phenotype that express haemato-
poietic and endothelial markers with the ability to differentiate
into definitive mesenchymal cells.

We suggest that proliferating IH possesses innate mesen-
chymal precursors that are able to perform, or may account for,
the terminal fibro-fatty differentiation that occurs during invo-
lution. The contribution of MSCs from adjacent niches and the
bone marrow to the fibro-fatty deposition® remains to be

The cells forming the endothelium of IH are primitive in origin and
express mesenchymal stem cell markers and the mesenchymal
differentiation inhibition factor Pref-1. Cells isolated from IH retain
the ability to undergo terminal mesenchymal differentiation after
extended periods of culture.
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conclusively determined. However, in the light of these results,
we feel that it is unlikely to be the major source, given the
abundance of pre-mesenchymal cells that undergo differentia-
tion to adipocytes by default innately from within proliferating
IH.

IH provides a unique model system for studying primitive
pathways of mesenchymal differentiation from a novel cell
phenotype that co-expresses haematopoietic, endothelial and
mesenchymal markers.
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Chapter 7: Osteoprotegerin and Receptor for Nuclear
Factor kf8 in Infantile Haemangioma

7.1. Introduction and Overview

The expression of OPG and its ligand TRAIL in IH was previously
demonstrated by Vishvanath et al'’ who suggest that OPG was part of a
critical pathway in the maintenance of anti-apoptosis seen during cellular
accumulation of the proliferating phase of IH. Further to this OPG, has also
been demonstrated to be critical in the recruitment and differentiation of
osteoclasts via its actions on RANK, acting on RANKL to inhibit osteoclastic

bone resorption, presumably through inhibition of osteoclast differentiation®’.

This chapter discusses the novel implications of OPG and TRAIL in
anti-apoptosis within IH. Interesting, however, is the observation that RANKL-
positive cells are located within the interstitium of these proliferating lesions.
This unique and exclusive expression pattern of the expression of RANKL
highlights a potential primitive macrophage population within proliferating 1H.
As to whether these cells are recruited into the tumour or whether they are a
population derived from the haemogenic endothelium remains to be

conclusively determined.

7.2. Contribution
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Demonstration of the presence of RANKL-positive cells and its incorporation
into the body of the manuscript were performed by me, all other experiments
in this manuscript and the concept of OPG and TRAIL together with the
drafting of the manuscript was done by Dr Vishvanath. Final editing was done

by my supervisors.
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7.3. Manuscript: Infantile Haemangioma Expresses Tumour
Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL),
TRAIL Receptors, Osteoprotegerin And Receptor Activator For

Nuclear Factor Kf§ Ligand (RANKL)
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Introduction

Tumour necrosis factor-related apoptosis-inducing
ligand (TRAIL), also known as Apo2L, is a membrane
protein that is cleaved from the cell surface to form a
soluble ligand that can induce apoptosis in a large
number of cancer cell lines.~* There are five known
TRAIL receptors (TRAILRs) consisting of two trans-
membrane death receptors, DR4 and DR 5, also known
as TRAIL-R1 and TRAIL-R2, respectively: two trans-
membrane decoy receptors, DcR1 and DcR2: and a
soluble decoy receptor, osteoprotegerin (OPG).* that is
thought to protect cells from TRAIL-induced apopto-
sis.>> There is a growing body of evidence supporting a
role for TRAIL and OPG in vascular biology.® TRAIL is
expressed by the cells of the smooth muscle layer of the
aorta and pulmonary artery and may be a survival and
proliferation factor for endothelial cells (ECs).® Expres-
sion of all the different TRAIL receptors by ECs from
different vascular regions has also been reported.
Regulation of bone remodeling by OPG acting through
the receptor activator for nuclear factor kB
(RANK)/receptor activator for nuclear factor kB ligand
(RANKL) system is well established, but there is also
increasing evidence supporting a role for OPG in
promoting EC survival. OPG has been shown previ-
ously to colocalize with von Willebrand factor (vWF)7
in Weibel—Palade bodies, the contents of which are
released in response to inflammatory cytokines during
vascular injury. Additionally, high expression of OPG
by tumour ECs in breast cancer has been shown to
correlate with a high tumour grade.” In this study, we
investigated whether TRAIL, its receptors, decoy
receptors including OPG and/or RANKL are expressed
in infantile haemangioma (IH), a tumour of the
microvasculature®~'? that involutes spontaneously
during early childhood. Proliferating IHs are composed
of small densely packed capillaries lined by plump
mitotically active ECs. During involution the ECs
flatten the microvessel lumen dilates, and there is a
progressive deposition of fibro-fatty tissue in the
insterstitium.5 11

Materials and methods
IH SPECIMENS

Infantile haemangioma specimens were obtained
according to a protocol approved by the Wellington
Regional Ethics Committee. All lesions were categorized
clinically into proliferating, involuting and involuted
phases, confirmed by histological analysis as described
previou :~:ly.8‘l !

ISOLATION AND CULTURE OF HAEMANGIOMA
EXPLANT-DERIVED CELLS

One-millimeter® proliferating TH tissue explants were
embedded into a single fibrin gel layer (1-mm depth)
and cultured as described previously'? in the presence
of 10% fetal calf serum (FCS; Invitrogen, Auckland,
New Zealand). Tissue pieces were cultured for 10 days
then removed carefully and discarded. The fibrin gel
was digested in serum-free RPMI-1640 media (Invitro-
gen) containing 1 mg/ml elastase (Worthington
Biochemicals Corporation, Lakewood, NJ, USA) at
37°C for 2—5 min or until the gels had dissolved.
Enzyme activity was quenched with cell culture media
(RPMI-1640 media containing 10% FCS, 100 pg/ml
streptomycin sulphate and 100 pg/ml penicillin G:
Invitrogen) to obtain a final concentration of 10% FCS.
The haemangioma explant-derived cells (HaemEDCs)
were recovered by centrifugation and washed prior to
plating at 1 x 10* cells/cm? in cell culture media.

IMMUNOHISTOCHEMISTRY

Immunohistochemical (IHC) staining was performed
on paraffin-embedded sections of [Hs. The sections were
deparaflfinized using standard methods and antigens
retrieved by immersing slides in boiling 10 mmM citrate
buffer pH 6.0 for 10 min. Autofluorescence was
quenched with 0.5% (w/v) sodium borohydride, and
slides blocked with 5% bovine serum albumin (BSA)
prepared in 20 mm Tris—HCI buffer pH 7.6 containing
135 mm NaCl and 0.1% (v/v) Tween 20 (TBST) for
1 h. Slides were incubated overnight at 4°C with
primary antibodies diluted appropriately (OPG,
5 mg/ml; R&D Systems, Minneapolis, MN, USA;
vWEF, 1:100; Dako Corporation, Glostrup, Denmark;
DR4, 1:100: Imgenex, San Diego, CA, USA:
DRS, 1:200: Imgenex: DcR1, 1:100: Imgenex: DcR2,
1:200; Imgenex: RANKL, 1:200; Abcam, Cambridge,
MA, USA). Bound antibodies were detected with
an appropriate species-specific secondary antibody
conjugated to either AlexaFluor 488 (Invitrogen) green
staining or digoxigenin (DIG; Chemicon International,
Temecula, CA, USA) followed by an anti-DIG rhoda-
mine conjugate (Roche Diagnostics, Auckland, New
Zealand) red staining. Cell nuclei were counterstained
with either 20 pg/ml 4’6-diamino-2-phenylindole
(DAPIL; Sigma Aldrich, Auckland, New Zealand) or
10 pg/ml propidium iodide (PI: Sigma) and mounted
in Antifade (Vectorshield, Burlingame, CA, USA).
Staining of HaemEDCs plated on 13-mm diameter
borosilicate glass coverslips (Biolab, Auckland, New
Zealand) was performed as for paraffin sections, except

@ 2011 Blackwell Publishing Ltd, Histopathology
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that the cells were fixed in a mixture of 50% methanol:
50% acetone for 10 min at —20°C and washed three
times with TBST and the borohydride treatment was
not performed.

RNA EXTRACTION AND QUANTITATIVE REVERSE
TRANSCRIPTASE ~POLYMERASE CHAIN REACTION
(RT—~PCR)

All reagents were purchased from Invitrogen unless
specified otherwise. RNA was isolated from snap-frozen
IH tissue (approximately 1-2 mg) or 1 x 10° Hae-
mEDC (1 x 10° cells) using Trizol according to the
manufacturer’s instructions until the phase separation
step, following which the aqueous phase was mixed
with an equal volume of 70% ethanol, applied to a high
pure tissue extraction column (Roche Diagnostics) and
eluted according to the manufacturer's instructions.
Total RNA (approximately 200500 ng) was reverse-
transcribed using Superscript III and oligo-dT (2.5 pm)
as primer. Amplification was performed in an iQ gPCR
system (Bio-Rad Laboratories, Hercules, CA, USA)
using 10% of the reverse transcription mix, platinum
SYBR green gqPCR supermix-UDG, gene-specific primers
(0.1 um) and fluorescein (10 nm) in a final volume of
20 pl. The threshold-cycle (Ct) was detected using the
software and adjusted manually as appropriate. All
reactions were performed in duplicate and controls
included a no-template (water) control, as well as
amplification of an equivalent amount of untranscribed
RNA. Amplification was achieved with an initial
denaturation at 95°C for 30 s, followed by 35 cycles
of denaturation at 95°C for 15 s, annealing at 60°C for
20s and extensions at 72°C for 20s. Melt-curve
analysis and agarose gel electrophoresis was performed
to confirm the absence of spurious amplification
products. All primer sequences used are listed in
Supplementary Table S1. Expression levels of mRNA
are relative to glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and are expressed as ACt values.
Changes in gene expression between IH tissue samples
and HaemEDCs are expressed as AACt values * stan-
dard error of the mean (SEM).

WESTERN BLOTTING

Total protein was extracted from HaemEDCs and IH
tissues by solubilizing in lysis buffer (50 mm Tris—HCI
pH 6.8 containing 5 mm ethylenediamine tetraacetic
acid (EDTA), 2.5 mm NaF, 2 mm NaO;V, 2 mM phe-
nylmethylsulphonyl fluoride (PMSF) and 2% sodium
dodecyl sulphate (SDS) and boiling for 10 min, fol-
lowed by centrifugation to clear insoluble material. The

@ 2011 Blackwell Publishing 1td, Histopathdogy
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conditioned media used to maintain HaemEDCs in
culture for 96 h was centrifuged to remove particulate
matter, concentrated approximately 50-fold using a
centricon-20 (Millipore Pty Ltd, North Ryde, Australia)
and then precipitated using the ProteoExtract protein
precipitation kit (Chemicon International) as per the
manufacturer’s instructions. Protein concentration
was determined using the bicinchoninic acid protein
assay kit (Pierce Biotechnology Inc.., Rockford, IL,
USA). Total protein (40 pg from HaemEDCs condi-
tioned media, 100 ug from HaemEDCs and 100 pg
from IH tissue) was combined with loading buffer
[50 mm Tris pH 6.8, 2% (w/v) SDS, 0.1% (w/v)
bromophenol blue, 10% (v/v) glycerol, 10% B-merca-
poethanol] and boiled at 100°C for 10 min. Samples
were subjected to electrophoresis on 1.5-mm thick, 8%
SDS polyacrylamide gels using a 4% stacking gel
alongside 7 pl of prestained molecular weight markers
(Invitrogen) in SDS running buffer (0.3% Tris—HCI,
1.4% glycine, 0.1% SDS, pH 8.3) at 100 V for 2 h.
Samples were also boiled with Nupage lithium dodecyl
sulphate (LDS) sample buffer (Invitrogen) at 70°C for
10 min prior to electrophoresis through precast
4-12% gradient MES NuPAGE™ Bis—Tris gels (Invi-
trogen) according to the manufacturer’s instructions.
Protein from all samples were then transferred onto
Immobilon low fluorescence polyvinylidene fluoride
(PVDF) membranes (Millipore Pty Ltd) using a Trans
Blot® cell (BioRad Laboratories) for 4 h at 100 V in
Western transfer buffer (0.3% Tris—HCI, 1.4% glycine,
0.38% SDS. pH 8.3 containing 15% methanol) and
blocked with 5% BSA in TBST for 1h at room
temperature. Immunoblots were incubated overnight
at 4°C with antimouse OPG (5 pg/ml) and anti-mouse
GAPDH (1:1000; Abcam Ltd, Cambridge, MA, USA)
antibodies. Membranes were washed in TBS and bound
antibodies were detected by incubation with an anti-
mouse AlexaFluor 488 conjugate for 2 h at room
temperature. Membranes were then washed three
times in TBST and scanned using a Fujifilm FLA-
5100 imaging system (Fuji Photo Film Co Ltd., Tokyo,
Japan). Image analysis was performed using the Image
] software (National Institute of Health, Bethesda, MD,
USA).

STATISTICAL ANALYSIS

Statistical analysis for qRT—PCR was performed using
the R package (R Development Core Team, 2005). The
linear mixed effects method of analysis was used to
allow for repeated measures on subjects,’* and for each
transcript a sequential Bonferroni adjustment was
made for multiple testing. To test for changes in mRNA
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expression between HaemEDCs and IH biopsies, the
non-parametric Friedmann's test for paired samples
was applied to the AACt values obtained for each gene.

Results

IMMUNOHISTOCHEMICAL DETECTION OF TRAIL
RECEPTORS IN PROLIFERATING IH

Figure 1 shows typical IHC staining of paraffin-embed-
ded sections of proliferating [Hs for TRAILRs. Immu-
noreactivity (IR) for DR4 (Figure 1A, red), DR5
(Figure 1B, green), DcR1 (Figure 1C, green), DcR2

(Figure 1D, green) and OPG (Figure 1E, green) was
observed predominantly within the cytoplasm of the
immature ECs that line the capillaries. The endothe-
lium of IH showed minimal expression of RANKL
compared with a small population of RANKL-positive
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cells (Figure 1F, red staining and white arrows) located
within the interstitium between microvessels.

OPG IS EXPRESSED ONLY BY THE ENDOTHELIUM OF
IMMATURE CAPILLARIES OF IH

Figure 2 shows [HC staining for vWF and OPG in
representative proliferating (Figure 2A—C) and invo-
luting (Figure 2D —F) IH lesions. Staining for vWF (red)
was punctate and was restricted to the plump ECs
lining the immature microvessels (Figure 2A, red
staining, yellow arrowheads). These same cells showed
intense IR for OPG that was restricted to the endothe-
lium (Figure 2B, green). Figure 2C contains the over-
layed images. Figure 2D—F shows staining of an
involuting IH for vWF (Figure 2D, red), OPG (Fig-
ure 2E, green) and the overlayed image (Figure 2F),
respectively. In contrast to the proliferating lesions

Figure 1. Confocal immunohistochemical cytoplasmic localization of tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) receptors
in infantile haemangioma (IH). Paraffin-embedded proliferating IH tissue sections were stained with primary antibodies against death
receptor (DR )4 (red staining, A), DR5 (green staining, B), DcR1 (green staining, C), DcR2 (green staining, D) and osteoprotegerin (OPG) (green

staining, E).

F, Double-immunolabelling with CD34 (green) to identify the endothelium of vessels, and receptor activator for nuclear factor kB

ligand (RANKL) (red staining). A small population of RANKL-positive cells located within the interstitium between microvessels are present
(white arrowheads). Cell nuclei were counter-stained with either 4’6-diamino-2-phenylindole (DAPI) (blue, A EF) or propidium iodide (PI)

(red, A—D). Scale bars: 50 pm.

9 2011 Blackwell Publishing Ltd, Histopathology
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Figure 2. Immunohistochemical (IHC) staining for von Willebrand factor (vWF) and osteoprotegerin (OPG) in representative proliferating
(A—C) and involuting (D-F) infantile haemangioma (IH) lesions. A, staining for vWF (red) was punctate and was restricted to the plump
endothelial cells (ECs) lining the immature microvessels (vellow arrowheads). B, These same cells showed intense immunoreactivity (IR) for
osteoprotegerin (OPG) (green) that was restricted to the endothelium. C, The overlayed images presented in A and B. D, IR for vWF (red);
E, OPG (green) in a representative involuting IH. The lesion contains mature microvessels with dilated lumen that stained strongly for vWF
(white arrowheads) as well as immature microvessels with punctate vWF staining (vellow arrowheads). F, Overlayed images presented in

D and E and shows clearly that the immature capillaries with punctate vWF staining predominantly express OPG.

(Figure 2A—C), mature microvessels in Figure 2D—F
with dilated lumen stained strongly for vWF (white
arrowheads) as well as immature microvessels with
punctate vWF staining (yellow arrowheads). Figure 2F
shows the overlayed images of the vWF and OPG
staining, and illustrates clearly that only the immature
capillaries with punctate vWF staining, expressed OPG
(Figure 2E, green).

IMMUNOSTAINING OF HAEMEDCS FOR OPG AND
OTHER TRAIL RECEPTORS

To determine if the staining observed on paraffin-
embedded IH sections was recapitulated on HaemEDCs,
staining for OPG and other TRAILRs was performed on
primary cultures of HaemEDCs fixed on coverslips.
Figure 3 shows strong IR (green) for DR4 (Figure 3A),
DRS (Figure 3B), DcR1 (Figure 3C) and DcR2

© 2011 Blackwell Publishing 1td, Histepathdogy

(Figure 3D) of HaemEDCs, corresponding with the
IHC staining of these receptors in IH tissue sections
presented in Figure 1A—D. Figure 3E shows that OPG
(green staining) was secreted by HaemEDCs when
grown in culture. Staining of HeLa cells as a positive
control for OPG (green) is shown in Figure 3F.

EXPRESSION OF MRNA FOR TRAIL AND TRAIL
RECEPTORS AND RANKL IN IH TISSUE

To confirm the expression of TRAIL and its receptors
as determined by immunohistochemistry, gRT—PCR
analysis was performed on RNA extracted from
proliferating and involuting IH tissues. Preliminary
experiments determined that GAPDH was the most
suitable internal reference gene to use in QRT—PCR of
those we tested (18SrRNA, hypoxanthine ribotrans-
ferase and cyclophilin A), as its expression did not
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Figure 3. Confocal immunohistochemical localization of tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) receptors on
haemangioma explant-derived cells (HaemEDCs). Cells were fixed and stained with antibodies against death receptor (DR)4 (green staining,
A), DR5 (green staining, B), DcR1 (green staining, C) and DcR2 (green staining, D). E, Osteoprotegerin (OPG) is secreted (green staining) by
HaemEDCs. F, Staining of HeLa cells as a positive control for OPG (green). Cell nuclei were counterstained with propidium iodide (PI) (A-D,
F, red) or 4’6-diamino-2-phenylindole (DAPI) (E, blue). Scale bars: 50 pm.

vary significantly between the proliferating and invo-
luting phases. The mean Ct value for GAPDH was 18
(SEM = 1.0) when the equivalent of 50 ng of RNA
was amplified. The Ct values for 11 proliferating, four
involuting and six involuted IH samples are presented
in Table 1. The expression profile for TRAIL and the
TRAILRs was similar for the proliferating, involuting
and involuted samples, with all mRNAs being slightly
more abundant in the proliferating samples. DR4
mRNA was most abundant and was expressed at
greater levels than DR5. The decoy receptors, DcR1,
Dcr2 and OPG, were detected at lower but comparable
levels.

EXPRESSION MRNA FOR TRAIL AND TRAIL
RECEPTORS IN HAEMEDCS

gRT—PCR was used to compare the mRNA expression
profiles for TRAIL and its receptors, DR4, DR 5, DcR1,
DcR2, and OPG in HaemEDCs with the original tissue

samples from which the HaemEDCs were isolated.
Relative expression to GAPDH is presented as ACt
values in Table 2. The difference in mRNA expression
between the HaemEDCs and matched original tissues is
shown graphically as the average AACt values for six
biopsies analysed in Figure 4A. Small differences in
expression of mRNA for DR4, DR5 and DcR1 were
found, but there was a large induction of OPG
expression (P < 0.001) and DcR2 (P < 0.01) in the
HaemEDCs. This increase in decoy receptor expression
was also matched by a similar decrease in TRAIL
expression (P < 0.001) by the HaemEDCs.

HAEMEDCS SECRETE OPG

In proliferating IH tissue sections, OPG expression
(Figure 1E, green staining) was detected predominantly
in the cytoplasm. However, when HaemEDCs were
grown in culture for 7 days extracellular OPG (Figure
5B, green) was detected at significantly higher levels

© 2011 Blackwell Publishing Ltd, Histopathology
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Table 1. Expression of tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) and TRAIL receptors mRNA in infantile
haemangioma

Phase TRAIL DR4 DR5 DcR1 DcR2 OPG

Proliferating (n = 11) 43+ 05 81+02 143+ 07 95+ 07 95+ 03 10.7 £ 05
Involuting (n = 4) 52+03 99+03 >18 13.6+ 0.3 121+ 04 1.7 £ 07
Involuted (n = 6) 3414 8334 13656 102+ 42 10+ 4.1 88x36

Relative expression levels of mRNA for TRAIL and TRAIL receptors were determined in 11 proliferating, four involuting and six
involuted IH specimens by quantitative reverse transcription—polymerase chain reaction (QRT—PCR) using glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) as the internal house-keeping reference gene.
Values are expressed as the average ACt value obtained for each gene + standard error of the mean.
Lesions from all phases expressed high levels of TRAIL mRNA and moderate levels of death receptor (DR)4, DcR1, DcR2 and

osteoprotegerin (OPG) mRNA.
Low levels of DR5 mRNA were detected in all samples.

Table 2. Differences in mRNA levels for tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) and TRAIL receptors
in proliferating infantile haemangioma (IH) tissue and haemangioma explant-derived cells (HaemEDCs)

TRAIL DR4 DR5 DcR1 DcR2 OPG
IH tissue 5.1 7.6 12.6 84 8.7 10.7
HaemEDCs 15.9 11.3 14.7 10.9 57 4.3

OPG, Osteoprotegerin; DR, death receptor.

mRNA levels for TRAIL and TRAIL receptors were determined in six proliferating IH biopsies and the corresponding HaemEDC

isolates from each tissue sample.

The table gives the average ACt values obtained for each gene from tissue pieces (IH tissue) and cell isolates (HaemEDCs).

compared with that within the cytoplasm of cells
(Figure 3E).

To confirm that the HaemEDCs secrete and release
OPG when cultured in vitro, Western blot analysis
(Figure 4B) was performed on culture media (M) in
which HaemEDCs had been cultured, as well as the
HaemDC cell lysates (CLs) and tissue lysates (TLs). IR
bands corresponding to monomeric OPG of Mr 60 kDa
(Figure 4 A, lane M, *) and an oligomeric glycosylated
form of Mr 220 kDa (Figure 4 A, lane M, black arrow)
was detected in the culture medium, consistent with
previous reports.”* No immunoreactive bands were
detected in unconditioned media analysed in the same
manner (data not shown). Analysis of 100 pg of total
protein extracted from HaemEDCs and proliferating [H
tissue showed that OPG protein expression correlated
with the mRNA study, in that higher levels of OPG
were detected in HaemEDCs compared with proliferat-
ing IH tissues. Figure 4B shows that monomeric OPG
was detected in HaemEDCs CLs, but not in IH TLs. The
second immunoreactive band at 220 kDa identified in
culture media (M, black arrow) was also detected in
HaemEDCs (lane CL, black arrow) but not in extracts
from proliferating IH tissue (lane TL, black arrow).

@ 2011 Blackwell Publishing 1td, Histapathdogy

Immunoblotting for GAPDH (Figure 4B, lower panel)
showed that GAPDH was not detected in the media but
was detected in the TLs and CLs, confirming that the
OPG in media was secreted and did not arise from lysed
cells in the culture dish.

Discussion

There is now a significant body of literature that
demonstrates a role for OPG in the regulation of EC
function, in bone remodelling, and also as a regulator
of TRAIL-induced apoptosis.® In this study, we show
that proliferating IH expresses all five TR AIL receptors
including OPG, and that OPG is expressed by the
immature mitotically active ECs that line the capillar-
ies. We have shown recently that the immature ECs
that form the capillary endothelium in proliferating IH
express primitive markers and transcription factors
consistent with a haemogenic endothelium.’® Here we
confirm the immature nature of the endothelium by
showing that that mature capillaries with wide lumen
express VWF factor strongly, as expected, whereas the
immature capillaries with narrow lumen show weaker
punctate vWF slainingw'ls'"’ (Figure 1).



8 A Vishvanath et al.

A
5-
N DR4 DR5
1) DcR2  OPG
3
-5
_10.
B TL CL M Laddell'(D
a
-+ Y 220
‘s “ ey 100
. “ — 60
L : = 40
TL  CL_ M LadderkDa
GAPDH w40

.

Figure 4. Expression of tumour necrosis factor-related apoptosis-
inducing ligand (TRAIL), TR AIL receptors (TRAILRs) and osteopro-
tegerin (OPG) ininfantile haemangioma (IH) tissues and HaemEDCs. A,
Relative expression of TRAIL, TRAILRs and osteoprotegerin (OPG)
mRNA from six haemangioma explant-derived cell (HemEDC) isolates.
Relative expression was determined by quantitative reverse transcrip-
tion—polymerase chainreaction (gRT ~PCR) on mRNA extracted from
matched proliferating IH tissue and the biopsy from which the cells
were isolated. Expression was normalized to that for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and calculated as a ACt. Differ-
ences between cell lines relative to tissues were determined as AACt
values. Data presented show the average AACt value obtained for each
gene between tissue and cells. A low value indicates higher expression
of the gene in the tissue, while a high value shows higher mRNA
expression of that gene by HaemEDCs. Significant differences in gene
expression between [H tissues and cells were detected using Fried-
mann's non-parametric test for paired samples, where ** represents
significance at P < 0.01 and ***at P < 0.001. B, Inmunoblot for OPG
from a proliferating IH tissue lysate (TL), a cell lysate (CL) from cell
matched to the tissue, and the conditioned culture medium (M) in
which the cells were grown. Approximately 100 pgoftotal protein was
loaded in each lane. The Mr for monomeric OPG is indicated by *, and
that for the oligomeric glycosylated is shown by the black arrow. The
lower panel shows the results of immunoblotting for GAPDH and
confirms that the OPG present in the media was secreted and did not
arise from dead lysed cells.

Our finding that OPG is expressed strongly by the
immature cells of the vessel endothelium in IH is
consistent with the growing body of evidence for a role
for OPG in tumour cell biology and EC function.'*171%
A functional role for OPG in EC is supported further
by the demonstration of physical association of OPG
and vWF in Weibel —Palade bodies of ECs,'® and also
in platelets.”” The inverse relationship between the
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expression of OPG and the expression of vWF that we
show (Figure 1) supports an anti-apoptotic and pro-
angiogenic role for OPG in IH. This assertion is in
agreement with the study of Kobayashi-Sakamoto
et al.'® showing that OPG protects ECs from undergo-
ing apoptosis and detachment as well as promoting
angiogenesis via Src signalling. The anti-apoptotic
effects of OPG are thought to be mediated via binding
of OPG to TRAIL and inhibiting TRAIL-induced apop-
tosis, such that OPG is a pro-tumour survival factor.?!
The inverse relationship for the expression of OPG and
the expression of vWF in proliferating [H that we report
supports the notion that the ECs lining the endothelium
are resistant to TRAIL-induced apoptosis. As the
capillaries in IH mature and vWF expression increases
there is a concomitant decrease in the expression of
OPG that we reason makes the ECs more sensitive to
TRAIL-induced apoptosis and less sensitive to pro-
angiogenic stimuli. This mechanism may account for
the increase in apoptosis and decreased angiogenesis
that take place as the IH tissue remodels and becomes
fibro-fatty during involution.

Reid et al.'” show that OPG enhances the pro-
angiogenic effects of VEGF and that breast cancer cells
increase OPG expression and secretion via a mecha-
nism involving ligation of the integrin «,f; and NFxB
activation. The report of the expression of the same
integrins in the endothelium of proliferating IH>?
supports a possible role for OPG and «,f; in the
aggressive angiogenesis seen during proliferation of IH.

We show that HaemEDCs express abundance of OPG
protein that is secreted into the extracellular matrix. We
also detected OPG protein in the conditioned media of
HaemEDCs. Atkins et al.>* have shown a similar pattern
of extracellular OPG expression in human osteoblast-like
cells and correlated increased OPG expression with
TRAIL resistance. There is now mounting evidence
suggesting that the interaction of OPG with TRAIL is
biologically important in in-vitro culture systems where
OPGactsas acell-survival factor. OPG has beenshown to
protect serum-starved ECs and fibroblast-like synovial
cells from TRAIL-triggered cell death.’*?° Binding of
OPG to TRAIL also promotes the survival of prostate
cancer cells,? breast cancer cells,?® multiple myeloma
cells® and ameloblastoma cells.>27

It is possible that HaemEDCs express high levels of
OPG as a stress response when in culture in vitro.
Previous studies have shown an up-regulation of OPG
mRNA in response to stress.”®?? High concentrations
of OPG protein have also been detected in the condi-
tioned medium of osteoblastic cells subjected to cyclic
tensile strain.*® The presence of secreted OPG in the
conditioned media of HaemEDCs detected in our study

@ 2011 Blackwell Publishing Ltd, Histopathology



is consistent with these findings. Western blotting of [H
tissue extracts, HaemEDCs and their conditioned media
shows that the HaemEDCs express significantly more
OPG protein than the tissue extracts and that the
excreted high molecular weight OPG found in the
extracellular matrix and media is most probably
glycosylated., as reported previously in other systems.

While the physiological regulator of OPG/vWF
release is yet to be determined in IH it is interesting
to note that angiotensin II, the pro-angiogenic peptide
of the renin—angiotensin system (RAS), has been
shown to promote secretion of OPG.>! We have also
demonstrated recently a critical role for the RAS in the
pathogenesis of IH*? which has led us to speculate that
the angiotensin II levels that are presumed to be high
during the proliferation phase of IH, due to physiolog-
ical high levels of rennin,*’> may contribute to
increased secretion of OPG and thus preventing apop-
tosis seen during proliferation.

Osteoprotegerin is also a ligand for RANKL, and acts to
inhibit the effects of RANKL on its receptor RANK.?!
Given that the expression of RANKL is restricted to cells
of the interstitium away from the endothelial OPG-
producing cells, we infer that OPG acts via the TRAIL but
notthe RANKL/R ANK pathway during IH proliferation.
However, the role of the OPG and the RANKL/
RANK in IH progression warrants further investigation.

This novel observation of the involvement of the
OPG/TRAIL pathway in proliferating IH infers a
critical role for this anti-apoptotic pathway during
proliferation, and may account for the accumulation of
cells seen during the proliferating phase of IH.
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Chapter 8: Renin-Angiotensin System and Infantile
Haemangioma

8.1. Introduction and Overview

Chapter 4 describes the expression of angiotensin converting enzyme (ACE)
on the putative haemogenic endothelium of the capillaries of proliferating IH.
The demonstration of the expression of ACE is significant as it suggests a
possible role of the renin-angiotensin system (RAS) in the biology of IH, and
a potential mechanism to account for the action of B-blockers, such as

propranolol, in accelerating involution of proliferating IH.

In this chapter | have demonstrated the expression of angiotensin
receptor 2 (ATR2), but not angiotensin receptor 1 isoform within the capillaries
of proliferating IH. This is intriguing as recent studies have demonstrated
critical involvement of ATR2 during primitive haematopoiesis with the

angiotensin Il (ATII) being the active peptide’”.

Additionally, data is presented to show that the administration of ATIl to
cells derived from proliferating IH explants causes them to form blast colonies
during cell culture. The blasts express similsr proteins to those seen in EPCs
that have been demonstrated to be involved in IH progression. It is intriguing
to suggest that these EPCs/blasts are indeed downstream effects of

excessive ATIl production.

Interestingly white, female, and premature infants who have higher
incidence of IH also have higher levels of physiological renin compared with

black, male, and full-term infants’*"®. Renin is known to convert
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I”” which is then converted to the vaso-active

angiotensinogen to angiotensin
ATII within the tumour to act in an autocrine/paracrine fashion to promote
proliferation of the EPC phenotypic haemogenic endothelium, as previously

discussed in Chapter 4.

This chapter also hypothesises that IH is governed by the RAS. High
levels of renin during the proliferative phase of IH, lead to elevated levels of

ATII which causes proliferation of the haemogenic endothelium.

All experiments were performed by myself, the manuscript was written by

myself and edited by my supervisors
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8.3. Manuscript: Expression Of Components Of The Renin-
Angiotensin System In Proliferating Infantile Haemangioma May
Account For Propranolol May Account For Propranolol-Induced

Accelerated Involution
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we show that the CD34 " endothelial progenitor cells of the microvessels in proliferating infantile
haemangioma express angiotensin-converting enzyme and angiotensin |l receptor-2, but not
angiotensin |l receptor-1. We have also shown using our in vitro explant model that the cells
emanating from proliferating haemangioma biopsies form blast-like structures that proliferate
in the presence of angiotensin |l. We present here a plausible model involving the renin-angio-
tensin system that may account for the propranolol-induced accelerated involution of prolifer-

ating infantile haemangioma.

© 2010 British Association of Plastic, Reconstructive and Aesthetic Surgeons. Published by
Elsevier Ltd. All rights reserved.

Infantile haesmangioma is a primary tumour of the micro-
vasculature. It is the most common tumour of infancy
affecting 10% of white children, with preponderance in
Caucasian, female and premature infants.'™* Infantile
haemangioma is characterised by rapid proliferation during
infancy (proliferative phase), followed by slow spontaneous
involution (involuting phase) with continued improvement
up to 12-years of age (involuted phase)."

Until recently, high-dose steroid therapy was the main-
stay treatment for problematic proliferating infantile
haemangioma.sq In 2008, a French group serendipitously
observed accelerated involution of a large facial prolifer-
ating haemangioma in an infant following treatment with
propranolol for steroid-induced hypertrophic cardiomyop-
athy.s Propranolol, a commonly used non-selective
B-blocker, is now the preferred treatment for problematic
proliferating infantile haemangioma.’ "2 Figure 1 A—C
demonstrates our experience with this novel use of
propranolol in a 3-month-old infant with a proliferating
haemangioma involving the mid-face.

The mechanism of action of propranolol in proliferating
infantile haemangioma is unknown® with recent reports,
suggesting a role for direct inhibition of (-adrenergic
receptor.'® In this report, we propose that propranolol acts
via the renin—angiotensin system (RAS) in regulating accel-
erated involution of proliferating infantile haemangioma by
inhibiting the proliferation of CD34" /VEGFR-2" endothelial
progenitor cells (EPCs).

Methods

Immunohistochemistry

From 10 patients, aged 3—10 (mean 6) months, 4-um
of proliferating

paraffin-embedded sections infantile

haemangioma biopsies were obtained, according to
a protocol approved by the Wellington Regional Ethics
Committee.

Routine rehydration and antigen retrieval procedures
were performed with 10 mM sodium citrate buffer pH 6.0
(Sigma-Aldrich, Melbourne, Australia) and the slides were
incubated overnight with primary antibodies appropriately
dilutedin 15 mM Tris—HCl pH 7.6 containing 136 mM NaCland
0.01% Tween (TBST). The antibodies used were GLUT-1,
1:500; CD34, 1:300; smooth muscle actin (SMA), 1:400;
VEGFR-2, 1:300; CD133, 1:300; angiotensin-converting
enzyme (ACE), 1:200; angiotensin receptor 1 (ATR1), 1:200;
and angiotensin receptor 2 (ATR2), 1:100, all were obtained
from Abcam, MA. Slides were washed and bound antibodies
detected with an appropriate secondary antibody for 2 h
(Goat anti-Mouse alexa-488 or Chicken anti-Rabbit alexa-
594; Invitrogen, Melbourne, Australia), with the exception of
VEGFR-2 and ATR2, which were detected with an anti-rabbit
digoxigenin (Roche diagnostics, Auckland, NZ) conjugate
followed by an anti-digoxigenin-Rhodamine (Chemicon,
Sydney, Australia). Cell nuclei were counterstained with 4',6-
diamidino-2-phenylindole (DAPI) in Gold Antifade (Invi-
trogen) prior to cover slip mounting. Negative controls
included staining of paraffin sections of tissue not expected
to be immunoreactive with the same series of antibodies
(human uterine fibroid), and also by omission of the primary
antibodies when staining selected proliferating infantile
haemangiomas. These controls showed the expected stain-
ing pattern, consistent with the previous reported specificity
for the antibodies used.

Response of haemangioma cell culture to
angiotensin Il treatment

Fresh proliferating infantile haemangioma biopsies from
three patients, aged 3, 6 and 8 months, were cultured using

Figure 1
treatment.

An infant with a proliferating haemangioma at (A) 3 months of age, (B) 3 days and (C) 3 months after propranolol

(2010), doi:10.1016/].bjps.2010.08.039
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Figure 2

Immunohistochemical staining of representative paraffin sections of proliferating (A—F) and involuted (G—H) infantile

haemangiomas. A, GLUT-1 (red) and CD34 (green); B, CD34 (green) and SMA (red); C, CD34 (green) and VEGFR-2 (red); D, CD133 (red);
E, ACE (green) and SMA (red); F, (green) and ATR2 (red); G, ACE (green) and ATR2 (red); H, CD31 (green) and CD133 (red) Original
magnification x400. |, staining of HeLa cells for ATRZ (red) was taken at x200 magnification. Cell nuclei are counterstained with DAPI
(blue). (Forinterpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

anin-vitro explant model previously described by Tan et al'
in 24-well plates (Raylab, Auckland, NZ). Cells werereleased
from the solid matrix after 3 weeks in culture by treatment
with 50 caseinolytic units/well of dispase (Becton-Dickson,
Auckland, NZ)for 2 hat 37 °C. Dispase activity was quenched
by diluting in MCDB medium (Sigma-Aldrich, Melbourne,
Australia) containing 5% Penstrep (Invitrogen), 0.5 ug ml !
Amphotericin B (Sigma-Aldrich) and 5% foetal calf serum
(Invitrogen) media at a dilution of 1:10. Viable cells were
plated at a density of 13 10° cells per well, in triplicate, in
a 96-well plate (Raylab, Auckland, NZ) and maintained with
MCDB media as described above, but without the foetal calf
serum. Angiotensin Il (ATIl) (Sigma-Aldrich) was added to
a final concentration of 0 (controls), 25, 100 and 150 g ml !

and the cultures were maintained at 37 °Cin 3% CO,/97% air
in a Heracell incubator (Kendo Laboratory Products, Lan-
genselbold, Germany). The media was replaced every 3 days
(with the appropriate amount of ATl added) for a total of 6
days. The number of blast-like structures in each well was
counted using an Olympus IX51 inverted microscope (upgra-
ded to IX71) fitted with phase contrast objectives and
a colour view 1 camera (Tokyo, Japan).

Immunocytochemistry

The blast-like structures were collected from culture plates
and cytospun onto slides using Cytospin™3 (Thermo Shan-
den, Cheshire, UK) prior to drying out on the bench for

(2010}, doi:10.1016/1.bjps.2010.08.039
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Blast Count vs Angiotensin Il Concentrations At Day 6
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Figure 3  ATIl induces blast formation. A, blast-like struc-

tures that form in culture in cells isolated from cultured hae-
mangioma explants. B, that ATIl stimulates blast formation in
a dose dependent manner (*p < 0.05).

30 min at room temperature. Slides were blocked with TBST
containing 5% bovine serum albumin (Sigma-Aldrich) for 1 h
prior to incubation overnight with primary antibodies
(CD34, CD133, VEGFR-2 and ACE) diluted as for the immu-
nohistochemistry (IHC) staining. Slides were washed in TBST
and bound primary antibody detected with an appropriate
secondary antibody (Goat anti-Mouse alexa-488 or Chicken
anti-Rabbit alexa-594) prior to visualisation as for IHC.

Image processing

Images were captured using a Leica TCS 4D confocal laser-
scanning microscope fitted with a krypton/argon laser
(Leica Lasertechnik, Heidelberg, Germany).

Statistical analysis
Aone-way analysis of variance (ANOVA) with Bonferroni’s post

hoc test was used to test for an effect of ATl on cell growth.
Changes where p < 0.05 were considered significant.

Results
Immunohistochemistry

All proliferating infantile haemangioma obtained from the 10
patients showed immunoreactivity (IR) for GLUT-1
(Figure 24, red), an established IHC marker used to differ-
entiate infantile haemangioma from other vascular anoma-
lies.™ Similarly, the endothelium of the haemangioma
microvessels showed IR for the haematopoietic and endo-
thelial cell marker CD34 (Figure 2 A—C, green), which was
distinct from the pericyte layer identified by IR for SMA
(Figure 2B, red) as previously reported.”? The endothelium
of the microvessels also showed IR for the endothelial
markers, VEGFR-2 (Figure 2C, red) and CD31 (Figure 2D,
green) as expected. Regions with IR for both VEGFR-2 and
CD34 appear orange/yellow in the overlaid images.

The endothelium of these same microvessels also
showed IR for ACE (Figure ZE, green) in contrast to the cells
in the pericyte layer, which showed IR for SMA (Figure 2E
red). In addition to expressing ACE, the endothelium also
showed IR for ATR2. Figure 2F shows an overlay of staining
for CD34 (green) to identify the endothelium, and ATIIR2
(red) staining. Involuted infantile haemangiomas showed
minimal IR for ACE (Figure 2G, green) and ATR2 (Figure 2G,
red) and diminished IR for CD133 (Figure 2H, red) compared
with the proliferating haemangiomas (Figure 2E). These
involuted lesions demonstrated IR for the endothelial
marker, CD31 (Figure 2H, green) as expected.

Figure 2 A—F thus demonstrates the co-expression of
ATR2/CD34/CD31/VEGFR-2/CD133 in the cells of the endo-
thelium of proliferating infantile haemangioma. IR for ATR1
was not detected on similarly processed haemangioma
sections (data not shown). IHCstaining of tissue that is known
not to express ATRZ and ACE (uterine fibroid) and controls in
which the primary antibodies were omitted showed minimal
IR compared with the haemangioma test samples (data not
shown). Specificity for ATR2 antibody was confirmed by
positive staining of Hela cells (Figure 21, red).

Response of haemangioma cell culture to ATII
treatment

Having demonstrated the expression of ATRZ by the cells
forming the endothelium in proliferating infantile hae-
mangioma, we sought to determine whether ATIl was able to
induce proliferation of cells extracted from explanted tissue
as previous studies have shown that ATIl can induce prolif-
eration of CD34" cells. Figure 3A shows that treatment with
ATllinduces the formation of blast-like structures in cultured
cells similar to those seen when haematopoietic progenitors
were cultured on semi-solid media. Treatment with
concentrations of 25, 50, 100 and 150 ug ml~" ATIl induced
increased formation of blast-like structures in a dose-
dependent manner (p < 0.05) (Figure 3B).

Immunocytochemistry

To confirm that the blast-like structures obtained from
infantile haemangioma cell cultures treated with ATII had
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Figure 4

Immunocytochemical staining of blast-like structures. A&B, IR for ACE (green) and VEGFR-2 (red) respectively; C,

merged image indicating showing the cells co-expressing both ACE and VEGFR-2. D&E, IR for CD34 (green) and CD133 (red)
respectively; F, merged image indicating the cells co-express both CD34 and CD133. Cell nuclei are counterstained with DAPI
(blue).Scale bars are 50 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article)

the same phenotype as the cells forming the endothelium
within proliferating infantile haemangioma, staining for
ACE and VEGFR-2 was undertaken on the blast-like struc-
tures. The cells within the structures showed IR for ACE
(Figure 4A, green) and VEGFR-2 (Figure 4B, red), with the
overlaid image in Figure 4C showing the cells expressing
both markers. These same cells also demonstrated IR for
CD34 (Figure 4D, green) and for CD133 (Figure 4E, red).

Discussion

Our immunofluorescence data show that proliferating
infantile haemangioma expresses two essential components
of the RAS, namely ACE and ATR2. This is the first report
demonstrating the expression of ACE and ATR2 in the cells
of proliferating infantile haemangioma.

The CD34, CD133 and VEGFR-2 staining patterns in our
study confirm previous reports of the presence of this
population of cells, previously referred to as EPCs, within
proliferating infantile haemangioma.'® It has been previ-
ously shown that EPCs have the morphological appearance
of colonies of cells when grown in culture.' Taken together
with the expression of CD34/CD133/VEGFR-2, we infer that
the blast-like colonies that form from cells cultured from
explants have an EPC-like phenotype. The capillary-like
structures emanating from the infantile haemangioma

explants grown in semi-solid media are consistent with an
endothelial phenotype and the differentiation potential of
EPCs."” The CD34" population of cells has been previously
shown to proliferate in the presence of ATII'®® and we
have shown increased blast counts with increasing
concentrations of ATII.

As white adipose tissue is a significant source of both
local and circulating angiotensinogen, and it also contains
all the components of the RAS,2® we speculate that the RAS
may modulate the natural progression of infantile hae-
mangioma. Figure 5 illustrates a potential model for the
proposed interactions and functioning of the RAS in infan-
tile haemangioma. We have shown that the CD34'/
CD133'/VEGFR-2" cells present within the immature
capillaries of proliferating infantile haemangioma are
responsive to ATII, as they express ATRZ and ATII induces
blast formation. We suggest that (-blockers, acting
primarily on the kidney, reduce renin activity,z' thereby
decreasing the conversion of angiotensinogen to angio-
tensin I, and ultimately to ATIl by ACE. High levels of renin
are found in infants (compared with adults),z' Caucasians
(compared with blacks),?? females (compared with males)*
and premature (compared with full-term) infants.”! We
propose that the high renin levels in these groups, coupled
with the local expression of ACE in proliferating infantile
haemangioma, sustain a high local concentration of ATII
that drives proliferation. Mesenchymal stem cells, which

(2010), doi:10.1016/j.bjps.2010.08.039
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Figure 5 A model for infantile haemangioma showing regulation of endothelial progenitor cell proliferation and differentiation

by the renin-angiotensin system (see text).

are present in infantile haemangioma,™ when stimulated
with ATIl secrete vascular endothelial growth factor
(VEGF).2® We reason that high levels of VEGF, together with
ATII, drive both the proliferation and differentiation of the
EPCs into the mitotically active endothelial cells that
characterise infantile haemangioma.

Treatment with p-blockers such as propranolol results in
decreased ATIl and VEGF production favouring involution,
rather than proliferation. The trigger for spontaneous
involution of infantile haemangioma may be due to
a combination of either depletion of stem cells/progenitor
cells, and/or the rapid decline of renin activity that occurs
at the end of infancy.?® Late in the involuting phase, the
mesenchymal stem cells differentiate into adipocytes and
the fibrous tissue characteristic of involuted lesions.

The RAS can thus account for both the action of
B-blockers and the process of spontaneous involution of
infantile haemangioma. The role of the RAS in infantile
haemangioma is supported by the clinical observation of
a higher incidence of haemangioma in premature babies,
female infants and in the Caucasian population.’ Premature

birth is associated with higher circulating renin activity,?’
black infants have lower renin levels than white infants,?
and female infants have higher renin levels than age-
matched males.?* Our model for infantile haemangioma
progression represents a significant shift in thinking with
regard to the biology of EPCs and stem cells in angiogenesis.
The model for the action of p-blockers has obvious impli-
cations for the role of other anti-hypertensive agents such
as ACE inhibitors and angiotensin receptor blocking drugs
for the treatment of proliferating infantile haemangioma.
In addition, our model predicts that these same anti-
hypertensives will inhibit angiogenesis and vasculogenesis
through blocking proliferation of CD34"/CD133"/VEGFR-2"
endothelial precursor cells and predicts a potential role of
inhibitors of ACE and ATR2 in the treatment of proliferating
infantile haemangioma. The ability of proliferating hae-
mangioma to form blast colonies with an EPC phenotype,
coupled with our recent data showing the involvement of
primitive mesoderm with a neural crest phenotype? and
downstream haemogenic endothelium?® in the biology of
infantile haemangioma, suggest that this tumour is

(2010), doi:10.1016/].bjps.2010.08.039
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a developmental disorder of primitive mesodermal prolif-
eration and differentiation governed by RAS.
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Control Figures demonstrating immunoreactivity (IR): for Angiotensin Il receptor 2 (A, red)
and minimal IR for Angiotensin Il receptor 1 (A, green) in a proliferating IH specimen;
absence of IR for Angiotensin Converting Enzyme (ACE) and Angiotensin Il receptor 2 (B & C,
red respectively) in human uterine fibroid specimens. Appropriate negative controls with
ommission of the primary antibodies and with use of the alexa flour 488 and 594 only (D & E,
respectively) in proliferating IH specimens. All specimens were counterstained with DAPI to
identify the cell nuclei.
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Chapter 9: Embryonic Stem Cell Markers in Infantile
Haemangioma

9.1. Introduction and Overview

We have previously proposed an ESC origin for IH, as discussed in Chapter 3
of this thesis. This has led us to further investigate the expression of ESC-

associated markers within IH.

ESCs are pluripotent cells typically derived from the inner cell mass of
the blastocyst’®’®, and the identification of the unique signature profile of
ESCs has enabled the demonstration of the expression of certain proteins
associated with an ESC phenotype. Further characteristics of ESCs are their

ability to form all three germ layers in vitro, and teratomas in vivo®.

Proteins associated with ESCs include Oct-4, a POU transcription
factor which has been demonstrated in pluripotent primitive embryonic cells®";
STAT-3, a signal transducer and activator transcription factor critical in ESC
82

renewal®®; SSEA-4, a cell surface marker associated with ESCs’®; and Nanog,

a transcription factor crucial for the maintenance of ESC pluripotency83.

In this chapter | report the expression of Oct-4, STAT-3 and SSEA-4 on
the endothelium of the capillaries within proliferating IH. Interestingly Nanog is

not expressed by the cells of the endothelium, but by cells in the interstitium.

The expression of only some, but not all ESC-associated markers on
two different populations of cells within proliferating IH suggests a cellular

origin of IH downstream of ESCs. The two possibilities discussed in this
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chapter to account for this finding are that the Nanog-positive cells are a
derivation from the more primitive endothelium, or alternatively there may be

two different populations of primitive cells in proliferating IH.

These findings reveal novel primitive populations of stem cells within
proliferating IH, that are downstream of ESCs, as determined by the
expression profile of ESC and confirmed by their inability to form teratomas in

affected patients.

9.2. Contribution

All IHC experiments, apart from the stat-3, and drafting of the manuscript
were performed by myself, and edited by my supervisors. The stat-3
experiment was performed by Dr Vishvanath and the RT-PCR experiements

were performed by Dr Steel and H Best.

9.3. Manuscript: Expression Of Embryonic Stem Cell Markers In

Infantile Haemangioma
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What is already known about this topic?

A primitive mesodermal phenotype origin of infantile haemangioma (IH) with the

ability to differentiate down erythropoietic and terminal mesenchymal lineages.

What does this study add?

The unique expression of human embryonic stem cell (hESC) associated
transcription factors on two different populations of cells in proliferating IH suggests a

cellular origin downstream of hESC.

Aspects of this work were presented at the Australian and New Zealand Head &
Neck Cancer Society, Manly, Australia, September 2-4, 2010; the American Society
of Plastic Surgeons’ Meeting, Toronto, Canada, 1-5 October 2010; and the New
Zealand Association of Plastic Surgeons’ Annual Scientific Meeting, Auckland, New

Zealand, 26 & 27 November, 2010.
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Abstract
Background: The origin of infantile haemangioma (IH) remains enigmatic. A primitive
mesodermal phenotype origin of IH with the ability to differentiate down erythropoietic

and terminal mesenchymal lineages has been demonstrated recently.

Obijectives: To investigate the expression of human embryonic stem cell (hESC)

markers in |H.

Methods: Immunohistochemistry and real-time RT-PCR were used on IH biopsies to

investigate the expression of hESC markers.

Results: The hESC markers, Oct-4, STAT-3, and SSEA-4 were collectively
expressed on the endothelium of proliferating IH lesions while Nanog was only

expressed by cells in the interstitium.

Conclusion: The novel finding of the expression of hESC on two different populations

of cells in proliferating IH suggests a cellular origin downstream of hESC, for |H.

Keywords: Infantile haemangioma, embryonic stem cells, haemogenic endothelium,

primitive mesoderm
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Introduction

Infantile haemangioma (IH), the most common tumour of infancy, affects about 10%
of infants with a predilection for white, female and premature infants'™. It typically
undergoes rapid growth during infancy, characterised by the proliferation of immature
capillaries that spontaneously involute to form a fibro-fatty residuum over the next 10-
12 years'™.

We have recently shown that proliferating IH expresses brachyury, a marker of
the primitive mesoderm, as well as markers associated with a neural crest
phenotype®. We have proposed that this primitive mesoderm gives rise to a
haemogenic endothelium phenotype characterised by the collective expression of
CD133, angiotensin converting enzyme (ACE), GATA-2, Tal-1 and CD34°
Additionally, in support of being a haemogenic endothelium, we have demonstrated
that when IH biopsies are grown in vitro the cells emanating from the explants,
express similar proteins as those of the endothelial layer, and have the ability to
undergo primitive erythropoesis’ and mesenchymal differentiation®, and that peptides
derived from angiotensinogen are crucial regulators of IH proliferation and
differentiation®.

Human embryonic stem cells (hESCs) are pluripotent cells derived from the
inner cell mass of blastocyst'™"" that have the ability to differentiate into all three
embryonic germ layers. hESCs have been identified by the collective expression of
transcription factors and cell surface receptors including Oct-4'2, STAT-3"%, stage
specific embryonic antigen-4 (SSEA-4)" and Nanog'®. The presence of tumours
derived from embryonic stem cells (ESC) is characterised by their ability to form cells
of all three germ layers in vitro and teratoma in vivo'®. As hESCs have been

proposed as precursors of hemangioblasts'’ that give rise to endothelial and
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haematopoietic stem cells, we proposed a model for IH with a hESC origin that gives

Tissues Biopsies

Biopsies of proliferating IH lesions affecting the skin and the underlying
subcutaneous tissues in six patients (aged 3-10; mean, 6 months) and involuted
lesions from three patients (aged 8, 9 and 11 years) and normal subcutaneous fat
from two adults undergoing elective surgery were obtained according to a protocol

approved by the Wellington Regional Ethics Committee.

Immunolabelling

Biopsies of proliferating IH lesions from six patients and involuted IH lesions from
three patients were formalin-fixed and paraffin embedded using standard procedures.
H&E and IHC analyses were performed on 4um serial sections and processed as

previously described®®*?

. Immunolabelling was performed with primary antibodies
specific for anti-human CD34 (1:200), GLUT-1 (1:300), SMA (1:400), Oct-4 (1:300),
SSEA-4 (1:300), STAT-3 (1: 200), PCNA (1:100) and Nanog (1:300). Negative
controls included staining of normal adult human subcutaneous fat, and omission of

the primary antibodies when staining I|H tissues.

Quantitative RT-PCR
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For the analysis of relative mRNA expression of Oct-4 and Nanog, RNA was
extracted from fresh proliferating IH biopsies of five patients, aged 3-8 (mean, 5)
months and qRT-PCR was performed using specific primers for Oct-4 and Nanog.
Primers used for Oct-4 were as previously reported'®, whereas the primer sequence
for Nanog were: forward GATTTGTGGGCCTGAAGAAA, reverse
AAGTGGGTTGTTTGCCTTTG. Expression relative to that for glyceraldhye 3-
phosphate dehydrogenase (GAPDH) is reported as ACT values. Data was collected
during the extension step and melt-curve analysis and Agarose gel electrophoresis

was performed to confirm the specificity of amplification (data not shown).

Results

Immunohistochemistry

The endothelium of all proliferating IHs was immunoreactivity (IR) for the endothelial
associated marker, CD34 (Figures 1 A-C) and the CD34" cells were surrounded by
an outer concentric pericyte layer showing IR for smooth muscle actin (SMA) as
previously described®®'®. The endothelium of all IH lesions also showed IR for the
IH marker, GLUT-1, as expected®?° (data not shown).

Expression of the hESC associated markers Oct-4, STAT-3, SSEA-4 and
Nanog was investigated in proliferating and involuted IHs. Figure 1 demonstrates
representative proliferating IH sections showing strong IR for Oct-4, STAT-3, SSEA-4
and Nanog. Figure 1A, shows that the CD34~ cells (green) that form the endothelium
also show strong IR for Oct-4 (red). IR for SSEA-4 (green) is also localised to the
endothelium and is sparse on the cells in the interstitium (Figure 1B). However, only
a sub-population of cells within the interstitium show strong IR for Nanog (Figure 1B,

red). Figure 1C confirms that the cells that stain intensely for Nanog (red) are not
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those of the endothelium that stain positively for CD34 (green). Figure 1D shows that
IR for STAT-3 (red) is predominantly localised in the cells that form the endothelium
of the microvessels. Regions that show the strongest IR for STAT-3 also demonstrate
the strongest IR for PCNA (green), indicating that STAT-3 is expressed in
proliferative regions of IH. IR for PCNA is predominantly localised to the endothelium
of the microvessels (yellow arrow heads). To determine whether the expression of
these ESC-associated markers are lost as the tumour involutes, staining of involuted
IHs was undertaken using the same parameters for IHC used for the proliferating IHs.
Figures 1 E&F show that there are fewer CD34™ microvessels (green staining) and
minimal IR for Nanog (Figure 1E, red) and Oct-4 (Figure 1F, red). As with involuted
IHs, IR for CD34 (green) was detected in normal adult subcutaneous fat which
showed no IR for Nanog (Figure 1G, red)

Figures 1 A-C shows expression of CD34 (green) that identifies the
endothelium of the capillaries of proliferating IH. Figures 1 A&B show that the CD34~
endothelium also expresses hESC markers, Oct-4 (red) and STAT-3, respectively
(red). Figure 1C demonstrates that cells showing IR for Nanog (red) are located in
the interstitium but not the endothelium of the microvessels. Figure 1D confirms dual
expression of the Oct-4 (green) and SSEA-4 (red) by cells of the capillary
endothelium.

Figures 2 A&B confirm that the expression of Oct-4 and SSEA-4 are localised
to the endothelium by counterstaining with SMA to identify the pericyte layer. Figure
2A shows that the IR for Oct-4 (red) and SMA (green) do not overlap, similarly Figure
2B shows that the endothelium stains for SSEA-4 (green) while the pericyte layer

stains for SMA (red).
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Quantitative RT-PCR

To corroborate the staining presented in Figures 1 & 2, gRT-PCR of mRNA isolated
from proliferating IH tissues was undertaken. Expression levels for Oct-4 and Nanog
were determined relative to that for glyceraldehyde dehyrogenase that is abundantly
expressed within IH®. Both Oct-4 and Nanog were abundantly expressed with the

relative expression for Oct-4 being ACt = 6.72 and that for Nanog being ACt = 1.51.

Discussion
We have previously demonstrated the expression of primitive mesodermal
(brachyury)® and primitive haematopoietic-associated (CD133, ACE, GATA-2, Tal-1,
and EPO-R)®" markers and embryonic-associated haemoglobin ( chain)’ on the
haemogenic endothelium of capillaries of proliferating IH and that the mature
haematopoietic associated marker, CD45, is only expressed by cells in the
interstitium®. We have also shown that this haemogenic endothelium possesses the
ability to undergo primitive erythropoesis in vitro ” and mesenchymal differentiation®.
The isolation of hESCs from the inner cell mass of the blastocyst has enabled
the identification and study of the pluripotent nature of hESCs'', Oct-4, also known
as POUSF1, is a mammalian POU transcription factor, which is expressed by
pluripotent early embryonic cells'?. STAT-3, a member of the signal transducer and
activator transcription factor family, has been shown to be crucial in ESC renewal and
blockage of differentiation’®. SSEA-4 is a cell surface marker expressed by hESCs'".
Nanog, a homeobox-containing transcription factor, is essential for the maintenance
of pluripotency's. The hallmark of ESC-derived tumors is their ability to form teratoma

both in vivo and all three germ layers in vitro®.
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To the best of our knowledge this is the first report demonstrating the
expression pattern of ESC-associated markers in IH. It is interesting that the
expression of Oct-4, STAT-3 and SSEA-4 are localised to the endothelium of the
capillaries in proliferating IH. It is equally intriguing that the expression of Nanog is
limited only to cells in the interstitium, away from the endothelium. We hypothesise
that the endothelium of proliferating IH is derived from hESC-phenotypic cells, and
that the expression of the more primitive ESC-associated marker, Oct-4, resemble
the most primitive population within proliferating IH, and which gives rise to cells
expressing the down-stream transcription factor, Nanog'®. Alternatively there maybe
two different hRESC-phenotypic populations within proliferating IH lesions, one giving
rise to the haemogenic endothelium and the other to the Nanog+ population in the
interstitium. It is equally intriguing that IH derived cells do not possess the ability to
form teratoma in SCID/NOD mice, as shown by Khan et al in which CD133"
proliferating IH derived cells were used®’. We have previously shown that the CD133*
cells are localised to the endothelium of the capillaries of proliferating IH*¢, and this
study confirms the expression of the hESC markers Oct-4, SSEA-4 and STAT-3, but
not Nanog, by the same population of cells. Results of these experiments are further
supported by the clinical observation of the absence of teratoma formation in patients
affected by IH**. We therefore conclude that the expression of some, but not all, of
the hESC markers used in this study by a single cell population in proliferating IH
does not indicate the presence of true ESCs. It appears that this population of cells
resemble a phenotype at a differentiation stage downstream of hESCs, and that
these downstream cells may reflect the true origin of IH, although this is currently the

topic of further investigation.
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The novel identification of hESC markers within proliferating IH provides
further evidence that IH is a developmental anomaly. The 10% incidence of IH in the

Caucasian population implies a potential source of ex-utero cells downstream of

oo~ N =

1 hESCs, and IH as a unigue model for studying human development.
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Figure Legends

Figure 1. Immunohistochemical staining of IH for hESC markers. Panels A-D show
staining of representative sections of proliferating IHs. Panel A, the endothelium of
vessels are immunoreactive (IR) for CD34 (green staining). The same CD34" cells
are also IR for Oct-4 (red staining). Panel B, the cells of the endothelium are IR for
SSEA-4 (green staining) but not for Nanog (red staining). A sub-population of cells
within the interstitium show IR for Nanog but do not stain for SSEA-4. Panel C shows
staining for CD34 (green) to unequivocally identify the endothelium, and Nanog (red
staining). The staining in panel C corroborates the staining pattern present in panel B
as none of red Nanog® cells are IR for CD34. Panel D shows staining for the
transcription factor, STAT-3 (red staining) and the proliferation marker PCNA (green)
that identifies the nuclei of replicating and recently replicated cells. STAT-3 is
expressed predominately on the endothelium, with weaker IR being detected on cells
within the interstitium. The PCNA IR nuclei are also predeminantly found on the cells
of the endothelium. Selective doubly-stained STAT-3 and PCNA IR nuclei are
indicated with yellow arrow heads. Panels E&F show staining of a representative
involuted IH lesion. Panel E shows staining for CD34 (green) and Nanog (red).
Larger blood vessels with a CD34" endothelium are readily detected as expected but
no Nanog IR is detected when compared with the Nanog staining of proliferating IH
presented in Panels B&C. Similarly, Panel F shows staining for CD34 (green) and
Oct-4 (red) in an involuted IH lesion. No Oct-4 IR is detected compared with that
seen in proliferating lesions as described in Panel A. Panels G&H show staining for
CD34 (green) and Nanog (red, panel G) and Oct-4 (red, panel H) on normal adult
subcutaneous fat. The staining pattern for the adult subcutaneous fat is very similar

to the involuted IH samples presented in Panels E&H, and is markedly different from
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that seen in the proliferating lesions presented in Panels A-C. Cell nuclei are
counterstained with DAPI (blue) in all panels. The scale bar is 10mm for all panels

except panel D on which it is 20 mm.

Figure 2. The pericyte layer in proliferating IH does not express Oct-4 or SSEA-4.
Panels A&B show representative IHC staining of proliferating IH in which the pericyte
layer is identified by IR for smooth muscle actin (SMA, green staining). Panel A
shows that the SMA™ pericyte layer (green staining) shows minimal IR for Oct-4 (red
staining) but the endothelium shows strong IR for Oct-4 consistent with the data
presented in Figure 1, Panel A. Similarly, the IR for SSEA-4 is greatest on the
endothelium with only weak staining being detected on the SMA* (red staining)
pericyte layer. Cell nuclei are counterstained with DAPI (blue) in both panels. Scale

bars are 10mm.
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Figure 1

Immunchistochemical staining of IH for hESC markers. Panels A-D show staining of representative
sections of proliferating IHs. Panel A, the endothelium of vessels are immunoreactive (IR) for CD34
(green staining). The same CD34+ cells are also IR for Oct-4 (red staining). Panel B, the cells of the
endothelium are IR for SSEA-4 (green staining) but not for Nanog (red staining). A sub-population
of cells within the interstitium show IR for Nanog but do not stain for SSEA-4. Panal C shows
staining for CD34 (green) to unequivocally identify the endothelium, and Nanog (red staining). The
staining in panel C corroborates the staining pattern present in panel B as none of red Nanog+ cells
are IR for CD34. Panel D shows staining for the transcription factor, STAT-3 (red staining) and the
proliferation marker PCNA (green) that identifies the nuclei of replicating and recently replicated
cells. STAT-3 is expressed predominately on the endothelium, with weaker IR being detected on
cells within the interstitium. The PCNA IR nuclei are also predominantly found on the cells of the
endothelium. Selective doubly-stained STAT-3 and PCNA IR nuclei are indicated with yellow arrow
heads. Panels E&F show staining of a representative involuted IH lesion. Panel E shows staining for
CD34 (green) and Manog (red). Larger blood vessels with a CD34+ endothelium are readily
detected as expected but no Nanog IR is detected when compared with the Nanog staining of
proliferating IH presented in Panels B&C. Similarly, Panel F shows staining for CD34 (green) and
Oct-4 (red) in an involuted IH lesion. No Oct-4 IR is detected compared with that seen in
proliferating lesions as described in Panel A. Panels G&H show staining for CD24 (green) and Manog
{red, panel G} and Oct-4 (red, panel H) on normal adult subcutaneous fat, The staining pattern for
the adult subcutaneous fat is very similar to the involuted IH samples presented in Panels E&H, and
is markedly different from that seen in the proliferating lesions presented in Panels A-C. Cell nuclei
are counterstained with DAPI (blue) in all panels. The scale bar is 10mm for all panels except panel
D on which it is 20 mm.
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Chapter 10: Placental Chorionic Villous Mesenchymal
Core Cells and Infantile Haemangioma

10.1. Introduction and Overview

Chapter 9 demonstrates the expression of hESC markers on two distinct
populations of cells, suggesting a possible cellular origin downstream of hESC.
This knowledge coupled with previous reports highlighting the similarities in

6,84-86

protein expression of proliferating IH and placenta pointed to the

trophoblast® as a possible cellular origin of this enigmatic condition.

This chapter demonstrates the expression of the trophoblast-
associated proteins namely human placental lactogen (hPL)® and human
chorionic gonadotrophin (hCG)SB, but not human leucocyte antigen-G (HLA-G)
or cytokeratin 7 (CK7)89 on the haemogenic endothelium layer of proliferating
IH. These observations confirm that trophoblasts are possibly not the origin of
IH, which in turn focused our attention on the mesenchymal core cells of the
placental chorionic villi. These cells, which are derived from extra-embryonic
primitive streak have been reported to express hCG* and hPL but not HLA-G
or CK7%', similar to the expression profile of proliferating IH endothelium. In
support of this placental chorionic mesenchymal core cellular origin of IH, is
the ability for these cells to undergo vasculogenesis and the formation of a
haemogenic endothelium®, consistent with the findings presented in Chapters

3 to 5. This is fascinating as it may explain the higher incidence of these
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tumours in infants that have undergone in utero procedures, such as
aminiocentesis® or chorionic villous sampling®. This observation suggests
that trauma associated with in utero samplings results in shedding of the
placental chorionic villous mesenchymal core cells and is consistent with
previously described similarities in protein expression between IH and the

placenta.

10.2. Contribution

The novel concept of the placental chorionic mesenchymal core cell origin of
IH was conceived by myself. The initial IHC experiments and the draft for the
manuscript was written by myself and edited by my supervisors. Cofirmation
of the expression of the placental by repeating the IHC experiements on other

IH specimens were performed by C Tan & S Guthrie.

10.3. Manuscript: A Placental Chorionic Villous Mesenchymal

Core Cellular Origin For Infantile Haemangioma
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ABSTRACT

Aims To investigate the expression of the placental cell-
specific associated proteins in infantile haemangioma
(IH).

Methods Immunohistochemical staining was used to
investigate the expression of human chorionic
gonadotrophin (hCG), human placental lactogen (hPL),
human leucocyte antigen-G (HLA-G), cytokeratin 7 (CK7)
and smooth muscle actin in paraffin-embedded sections
of proliferating and involuted IHs.

Results The proteins hCG and hPL were expressed by
the endothelium but not the pericyte layer of proliferating
IH, but these proteins were not detected in involuted
lesions. There was no expression of CK7 and HLA-G in
H.

Conclusions The expression of hCG and hPL, but not
CK7 or HLA-G, by the endothelium of proliferating IH
supports a placental chorionic villous mesenchymal core
cellular origin for IH rather than a trophoblast origin.

INTRODUCTION
Infantile haemangioma (IH), the most common
tumour of infancy, affects 10% of Caucasian
infants with preponderance in white, female and
premature infants.'~* IH typically undergoes rapid
proliferation during infancy followed by slow
spontaneous involution over the next 5—10 years,
often leaving a fibro-fatty residuum.!~®

IH is considered a primary tumour of the
microvasculature; however, recent data support
a primitive mesoderm derived haemogenic endo-
thelium phenotype for the microvessels of prolif-
erating IH.® 7 This is further substantiated by the
observation that cells from proliferating IH have
the ability to undergo erythropoietic'® and mesen-
chymal'" differentiation. The demonstration of
embryonic stem cell associated proteins in prolif-
erating IH suggests that this lesion contains cells
with an early embryonic origin,'? and is more
consistent with the notion that IH is a develop-
mental anomaly rather than simply an aberrant
proliferation of immature endothelial cells.

Consistent with this, and in support of the
suggestion that IH has a placental origin, is the
recent report by our laboratory that the endothe-
lium of proliferating IH expresses embryonic
haemoglobin {.!° This haemoglobin chain is only
expressed during the haematopoetic stage of
erythropoiesis that occurs exclusively during the
first trimester3® Additionally, a unique microvas-
cular phenotype, which includes the expression of
GLUT-1,% is shared by IH and human placenta’®
and has led to the proposed placental embolic origin

Itinteang T, Tan ST, Guthrie S, et &l J Clin Pathol (2011). doi:10.1136/clinpath-2011-200191

of IH® ' The unique co-expression of proteins
common to placenta and IH has been further
supported by mRNA expression studies.'*1¢ In
2001 Bree et al'’ speculated a placental tropho-
blastic origin for IH, although they failed to
demonstrate the expression of trophoblast markers
in this condition. Clinically, a placental origin is
supported by the observation of an increased inci-
dence of IH following chorionic villous sampling
and, to a lesser extent, amniocentesis. '

A human placenta consists of two distinct
populations of cells derived from two different
stem/progenitor cell populations. Trophoblasts are
established at the blastocyst stage and are the first
cells to undergo differentiation from the totipotent
blastomeres.'® ' They are specialised embryonic
epithelial cells constituting the trophoectoderm,
which gives rise to the mural and the polar troph-
ocectodermal layers.'® 2% The trophoblasts of the
polar layer ultimately give rise to the synctio-
trophoblasts and trophoblast giant cells of the
placenta, and these are responsible for the invasion
of and absorption of nutrients from the maternal
uterine circulation.’® ? 2! Trophoblasts can be
identified by the combined expression of human
chorionic gonadotrophin (hCG), human placental
lactogen (hPL), cytokeratin 7 (CK7) and human
leucocyte antigen-G (HLA-G).Z~% Trophoblasts
ultimately give rise to the cells forming the outer
layer of the placental chorionic villi. In contrast the
inner mesenchymal core of the placental villi is
formed from the extraembryonic primitive meso-
derm that arises from the primitive streak located
at the caudal end of the embryonic plate. This
extraembryonic primitive mesoderm also gives rise
to the mesodermal layer of the yolk sac, amnion,
placental chorion and the body stalk.? The inner
mesenchymal core cells of the placental chorionic
villi are responsible for the de novo vasculogenesis
and have been shown to express hCG? and the
mesenchymal marker vimentin,®® but not CK7 or
HLA-G. These observations have led us, in this
report, to investigate the expression of the
placenta-associated proteins hCG, hPL, CK7and
HLA-G in IH in an attempt to clarify the cellular
origin of IH. We have previously demonstrated that
the endothelium of IH expresses vimentin.'!

METHODS

Immunohistochemistry

Paraffin sections (4 pm) of proliferating IH from 12
patients (age 3—10 months; mean, 6 months), and
involuted lesions from three patients (age 8, 9 and
11 years) were obtained according to a protocol
approved by the Wellington Regional Ethics

10of5
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Committee. All primary antibodies used for immunolabelling
were purchased from Abcam (Cambridge, Massachusetts, USA),
and were used diluted as indicated: CD34 (1:200), GLUT-1
(1:300), hPL (1:300), hCG (1:300), HLA-G (1:300), CK7 (1:300)
and smooth muscle actin (SMA; 1:400). Immunolabelling was
performed as previously described.5'° Bound antibodies for hPL,
hCG, HLA-G and CK7 were detected using a digoxigenin-
rhodamine tertiary cascade amplification, as previously
described.” ® Term human placental tissue and normal subcuta-
neous fat from two adult patients were used as controls to
confirm antibody specificity.

RESULTS

Immunohistochemistry

The microvessels of proliferating IH are characterised by an
inner endothelial layer expressing CD34 and an outer concentric
layer showing immunoreactivity (IR) for SMAS 7 The expres-
sion of GLUT-1, the marker for IH,’ by the endothelial layer was
demonstrated in all IH lesions studied (figure 1A, red) and was

distinct from the outer concentric pericyte layer showing IR for
SMA (figure 1A, green).

Figure 1A—C shows that the cells of the endothelium of IH,
identified by IR for CD34 (green staining), also show IR for hCG
(red staining, B) and hPL (red staining, C). To confirm that the
IR for hCG and hPL was localised to the capillary endothelium
rather than the concentric outer pericyte layer, staining for SMA
was undertaken in conjunction with that for hCG and hPL
Figure 1D,E shows that IR for SMA (green staining) is localised
to the pericyte layer, and that the pericytes show weak IR for
hCG and hPL (red staining in D and E, respectively). In contrast,
figure 1F shows that the CD34+ endothelium (green staining)
does not show IR for CK7. Similarly, figure 1G shows minimal
IR for HLA-G (red staining) with the pericyte layer being iden-
tified by IR for SMA (green staining). In contrast to the IR for
hCG and hPL detected on proliferating lesions (figure 1B,C),
minimal IR was found in similarly processed involuted IH
lesions. Figure 1H,I shows IR for hCG and hPL, respectively, in
a representative involuted lesion (red staining). The capillary
endothelium is identified in figure 1H,I by IR for CD34 (green

Figure 1

Immunohistochemical staining of infantile haemangioma for placental-associated proteins. (A—G) Staining of representative proliferating

lesions, and (H,I) involuted lesions. (A) The endothelium of the microvessels shows immunoreactivity (IR) for GLUT-1 (red staining) that is distinct from
the outer concentric pericyte layer which shows IR for smooth muscle actin (SMA; green staining). (B) Human chorionic gonadotrophin (hCG; red
staining) and (C) human placental lactogen (hPL; red staining) IR is located on the CD34 + (green staining) cells that form the endothelium. (D) hCG (red
staining) and (E) hPL (red staining) are not expressed by the pericyte layer that shows IR for SMA (green staining). (F) IR for cytokeratin 7 and (G)
human leucocyte antigen-G (HLA-G; red staining respectively) were not observed on the endothelium of the microvessels. Pericytes were identified by
IR for SMA (green staining). All sections are counterstained with 4 ,6-diamidino-2-phenylindole (DAPI; blue staining).

20f5 Itinteang T, Tan ST, Guthrie S, et al. J Clin Pathol {2011). doi:10.1136/jclinpath-2011-200191
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staining). Similar to the proliferating lesions, no IR for CY7 or
HILA-G was observed for the involuted lesions (data not shown).
To ¢ m the specificity of the IHC staining, the same anti-
bodies were used to stain term placental tissue as a positive
control. Figure 2 shows IR for hCG (A, red staining), hPL (B, red
staining), CK7 (C, red staining) and HLA-G (D, red staining). IR
for all the above markers is clearly visible on the outer epithelial
layer of the placental chorionic villi, while the endothelium of the
villi is identified by IR for CD34 (A—D, green staining). As
expected, adult subcutaneous fat does not show IR for either hCG
or hPL (red staining in E and E respectively), but IR for CD34 on
the endothelium of blood vessels (green staining) can be seen.

DISCUSSION
The demonstration that IH is a developmental anomaly
involving proliferation of a haemogenic endothelium® derived
from a primitive mesoderm/mesenchymal phenotype’ ! repre-
sents a paradigm shift in the understanding of this enigmatic
condition. Our previous demonstration of expression of
haemoglobin { and the erythropoietin receptor by the cells
forming the capillary endothelium is consistent with our current
report demonstrating expression of placental-specific proteins,
and our report showing that explanted proliferating IH tissue
can undergo primitive haematopoiesis when cultured in vitro.'?
The observation of the unique co-expression of GLUT-1,
FcyRII, Lewis Y antigen and merosin in both IH and placental
® and the expression of the type 3 iodothyronine
se enzyme by placental tissue®! in IH,'* has led us to re-
he suggestion that IH may be derived from the
placenta.’” Furthermore, our recent report of the expression of
embryonic haemoglobin chain { and primitive haematopoies:
proliferating IH' is consistent with the same processes also
taking place within the first trimester placental tissues.3?

chorionic villi;”
deiodi
examine

The expression of placenta-associated proteins has provided
a unique identification signature of placental trophoblasts. hCG,
a hormone secreted by trophoblasts, with the exception of
cyLoLrophohla\sLs,22 is responsible for maintaining progesterone
release from corpus luteum.® hPL is also expressed by tropho-
blasts, with the exception of cytotropholasts,?? and is respon-
sible for the growth and development of the fetus during
gestation 3* Likewise CK7 is a keratir 1t type expressed in
all trophoblast sut gopulatioz)s,z" and HLA-G is a major histo-
compatibility gene expressed in the placenta throughout the
three trimesters of pregnancy by trophoblast lineages.?

As far as we are aware, this is the first study demonstrating
the expression of hCG and hPL, but not CK7 or HLA-G, by the
endothelium of the capillaries of proliferating IH, and that these
markers are lost as IH involutes. Bree et al'” hypothesised that
placental trophoblasts are the precursor cells for IH, but failed to
demonstrate the expression of the trophoblast markers hCG and
hPL, as we have been able to do in this study. This difference is
most likely attributable to better antibodies being available for
our study and the use of a tertiary amplification cascade with
fluorescent detection for the IHC analysis. We were, however,
able to corroborate the finding of Bree et al in that we were also
unable to demonstrate IR for CK7 or HLA-G in IH. This is
i:migui:lgq gi\;c.) that placental trophoblasts also express these
proteins.” ** This observation focused our attention to the
placental chorionic villous mesenchymal core cells being the
possible origin of IH.

The placental chorionic villi are formed from two different
populations of cells, with the epithelial layer derived from
trophoblasts and the inner mesenchymal core derived from the
extraembryonic primitive mesoderm. The placental chorionic
villous meser )v':nal core cells have been shown to express
hCG? and hPL? but not CK7 or HLA-G > *® This observation
is supported by reports demonstrating that these mesenchymal

Figure 2

Immunohistochemical staining on a term placenta for placenta-associated proteins. (A—D) Staining for human chorionic gonadotrophin

(hCG), human placental lactogen (hPL), cytokeratin 7 and human leucocyte antigen-G, respectively (red staining). The endothelium of the placental
chorionic villi is identified by immunoreactivity (IR) for CD34 (green staining). (E,F) Adult subcutaneous fat shows no IR for hCG or hPL (red staining),
but some blood vessels show IR for CD34 (green staining). All sections are counterstained with 4 ,6-diamidino-2-phenylindole (DAPI, blue staining).

Itinteang T, Tan ST, Guthrie S, et al. J Clin Pathol (2011). doi:10.1136/jclinpath-2011-200191 3of5
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Human placental villous
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fetal circulation 4
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Figure 3 Schema showing a possible placental chorionic villous
mesenchymal core cellular origin of IH. Shedding of the human placental
lactogen positive and human chorionic gonadotrophin positive but
cytokeratin 7 negative and human leucocyte antigen-G negative primitive
mesoderm derived cells from the primitive capillaries of the placental
chorionic villous core into the fetal circulation may occur spontaneously
during early pregnancy or following obstetric interventions. The
postnatal extrauterine environment with high levels of plasma renin
during infancy and early childhood provides an environment for the
development of infantile haemangioma.

core cells are derived from extraembryonic primitive mesoderm
that is able to undergo de novo vasculogenesisvia the formation
of a haemogenic endothelium and blood islands.’ 7 % This is
further substantiated by the mesenchymal staining patterns
reported for first trimester placental chorionic villous mesen-
chymal core cells that show IR for vimentin and CD34.2% These
properties are strikingly similar to our previous reports that IH
has a primitive mesodermal/mesenchymal phenotype’ '! with
a haemogenic capability.® 1 Collectively, these data are consis-
tent with IH being derived from placental chorionic villous
mesenchymal core cells rather than from trophoblasts.

Our results, along with the observation of increased incidence
of IH in pre-eclamps‘la or following chorionic villous sampling
or amniocentesis,'® suggest that shedding of primitive meso-
derm derived cells from the primitive capillaries of the placental
chorionic villi, via the umbilical vein, into the fetal circulation
(figure 3) occurs spontaneously during early pregnancy or
following the obstetric interventions. The extrauterine envi-
ronment, with high levels of plasma renin during infancy and
early childhood, may then provide an environment for the
development of IH.% This hypothesis is consistent with ldea that
the renin-angiotensin system regulates IH progression®

An adequate explanation of why some IH are segmental and
others present as discrete foci has been lacking. The identifica-
tion of IH being derived from the inner mesenchymal core cells
of the placental chorionic villi, along with the increased inci-
dence of IH being associated with placental trauma, have led us
to hypothesise that embolisation of placental chorionic villous
mesenchymal core cells prior to the neural crest somite migra-
tion stage of fetal development may result in integration of
these cells into the migrating neural crest cell wave, resulting in
the segmental distribution of IH, some of which constitute
PHACE syndrome3®® ® Embolisation of these cells into the fetal
circulation later in pregnancy may result in discrete lesion(s).

The results of our study suggest the critical involvement of
placental chorionic villous mesenchymal core cells in the aeti-

» Our recent data have shown a primitive mesoderm derived
haemogenic endothelium phenotype for the microvessels of
proliferating infantile haemangioma (IH).

» Our observation that cells from proliferating IH have the ability
to undergo erythropoietic and mesenchymal differentiation,
and the demonstration of embryonic stem cell associated
proteins in proliferating IH, suggest that this lesion contains
cells with an early embryonic origin, supporting the notion
that IH is a developmental anomaly.

» The expression of human chorionic gonadotrophin and human
placental lactogen, but not cytokeratin 7 or human leucocyte
antigen-G, by the endothelium of proliferating IH supports
a placental chorionic villous mesenchymal core cellular origin
for IH.

ology of IH, and they explain previous observations of the
unique similarities between IH and placental tissue. Addition-
ally, we propose a rational explanation to account for the origin
of segmental and focal IH.
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Chapter 11: Treatment of Infantile Haemangioma

11.1. Introduction and Overview

There is a need for intervention in about 10% of IHs, as there is an inherent
risk to the infant’s life or function due to either tissue distortion or destruction.
The mainstay of intervention for problematic proliferating IH is
pharmacological therapy, High-dose corticosteroids being the first line of
therapy, until the serendipitous discovery of the dramatic effect of propranolol
in this condition®. Propranolol has become the preferred treatment for this

condition?”:%47

In this chapter | describe our research group’s experience with the use
of propranolol in this group of patients, and further to this, we attempt to
explain the observed effect of this pharmacologic agent with regard to the
results presented in earlier chapters. In particular | attempt to identify critical
pathways governing the stem cell biology of these tumours in an attempt to
identify safer alternatives to this particularly ‘vulnerable’ population affected by
this condition. These findings have led to a trial in the use of captopril, an ACE

inhibitor, and the effect of this novel use of this medication is also reported.

11.2. Contribution
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My involvement in the clinical reports involved analysis and editing of the
manuscripts, whereas for the review paper the manuscript was drafted by

myself and edited by my supervisors.

11.3. Manuscript: Low-Dose Propranolol For Infantile

Haemangioma
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KEYWORDS Summary In 2008, propranolol was serendipitously observed to cause accelerated involution
Haemangioma; of infantile haemangioma. However, the mechanism by which it causes this dramatic effect is
Involution; unknown, the dosage empirical and the optimal duration of treatment unexplored. This study
Propranolol; determines the minimal dosage and duration of propranolol treatment to achieve accelerated
Renin—angiotensin involution of problematic infantile haemangioma.

system; Consecutive patients with problematic proliferating infantile haemangioma treated with
Angiotensin II; propranolol were culled from our prospective vascular anomalies database. The patients were
Angiotensin-converting initially managed as inpatients and commenced on propranolol at 0.25 mgkg ' twice daily, and
enzyme closely monitored. The dosage was increased to 0.5 mgkg ' twice daily after 24 h, if there was

no cardiovascular or metabolic side effect. The dosage was increased further by 0.5 mgkg '
day " until a visible effect was noticed or up to a maximum of 2 mgkg ' day ', and was main-
tained until the lesion had fully involuted or the child was 12-months old.

A total of 15 patients aged 3 weeks to 8.5 months (mean, 11 weeks) underwent propranolol
treatment for problematic proliferating infantile haemangioma, which threatened life (n = 1)
or vision (n = 2) or nasal obstruction (n = 3) and/or caused ulceration (n = 6) and/or bleeding
(n = 2) and/or significant tissue distortion (n = 12). The minimal dosage required to achieve
accelerated involution was 1.5-2.0mg kg " day . Rebound growth occurred in the first patient
when the dose was withdrawn at 7.5 months of age requiring reinstitution of treatment. No
rebound growth was observed in the remaining patients. No other complications were observed.

Propranolol at 1.5—2.0 mg kg " day ', administered in divided doses with gradual increase in
the dose, is effective and safe for treating problematic proliferating infantile haemangioma in
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our cohortof patients. Treatment should be maintained until the lesion is completely involuted or
the child is 12-months old. Larger scale studies confirming the safety and efficacy of propranolol
may broaden the indications of treatment of proliferating infantile haemangioma.

© 2010 British Association of Plastic, Reconstructive and Aesthetic Surgeons. Published by
Elsevier Ltd. All rights reserved.

Infantile haemangioma is the most common tumour of
infancy with a preponderance in Caucasian, female and
premature infants.”? It is characterised by rapid prolifer-
ation during infancy (proliferative phase), followed by slow
but inevitable involution over the next 1-5 years (invo-
luting phase) with continued improvement up to 10 years
(involuted phase), when the cellular elements are gradually
replaced by fibro-fatty deposition.>

Approximately 10% of infantile haemangioma require
intervention during infancy because the lesion poses
a threat to life or function or causes tissue distortion or
destruction.>® The mainstay treatment during the prolif-
erative phase has been pharmacologic therapy with high-
dose steroid being the first-line treatment,?”? since its
serendipitous discovery to cause accelerated involution of
infantile haemangioma in the 1960s."®"" A dramatic
response occurs in 30—55% of cases, equivocal results are
seen in 40% and continued growth is observed in the
remainder of the cases.®' The side effects of systemic
steroid therapy in association with the treatment of prob-
lematic haemangioma are well documented.® ™

The second-line pharmacologic treatment for problematic
proliferating infantile haemangioma has been interferon with
a 90% response rate.'® However, it is associated with signifi-
cant adverse effects including spastic diplegia for up to 25% of
patients.”™ " More recently, vincristine has become an alter-
native to interferon in steroid-resistant cases.’”'® Surgical
excision remains a useful treatment in selected patients with
problematic localised lesions®®® and pulsed-dye laser has
been used to expedite healing of ulceration.®'*~2!

Because there has been no effective treatment for
infantile haemangioma, a conservative management
approach has generally been adopted for proliferating
lesions with surgery and/or laser therapy being used to
address the residuum before the child goes to school.?®

Propranclol was discovered serendipitously by Léatué-
Labrézeet al.? in 2008 to induce accelerated involution of
a large problematic facial proliferating haemangioma,
when it was used to treat steroid-induced hypertophic
cardiomyopathy.?? A limited number of case series have
confirmed the dramatic effect of propranolol on prolifer-
ating infantile haemangioma.?>~%¢

Although there has been a long and vast experience in
the use of f-blockers in the paediatric population for
tetralogy of Fallot?” and hypertrophic obstructive cardio-
myopathy,?® the experience with their use for infantile
haemangioma is limited and concerns about their potential
cardiovascular and metabolic side effects have been
expressed.29 The mechanism of action of propranolol on
infantile haemangioma is unknown and treatment remains
empirical and the optimal dose and duration of treatment
unexplored. This study documents our observation of the
minimal dosage required to initiate accelerated involution
of infantile haemangioma by propranolol and the optimal
duration of treatment.

Patients and methods

Consecutive patients with problematic proliferating infan-
tile haemangioma treated with propranolol at our Vascular
Anomalies Centre were culled from our prospective
vascular anomalies database 2008—2010.

The patients were routinely managed initially as inpa-
tients and commenced on propranolol at 0.25 mgkg ™’
orally twice daily. A 4-hourly heart rate, blood pressure and
pre-prandial (30 min) blood glucose level monitoring was
performed. The patients were reviewed at 24 h for visible
changes in the haemangioma and for any cardiovascular (e.
g., hypotension) and metabolic side effects (e.g., hypo-
glycaemia). If the observations were stable, the dosage was
increased by 0.5mgkg " twice daily every 24h until
a response was observed, or up to 2 mgkg 'day .

The patients were routinely followed up in the outpatient’s
clinic within 1 week and the dose was further increased, if
necessary. The dosage required to trigger accelerated invo-
lution was continued until the lesion had completely involuted
or until the child was 12 months of age, when the medication
was withdrawn over 2 weeks. The patients were followed-up
for 6.5—18.0 (mean, 11.8 months) months.

Results

A total of 15 consecutive patients (5 male and 10 female)
aged 3 weeks to 8.5 months (mean, 11 weeks) with prob-
lematic proliferating haemangioma were treated with
propranolol. Six infants were born 2.5—6 (mean 4.2 weeks)
weeks, prematurely. The haemangioma affected the nose
(n = 2), nose and upper lip (n = 2), nose and cheek (n = 1),
medial canthus (n = 1), medial canthus and cheek (n = 1),
ear and parotid area (n = 1), breast (n = 1), scapular area
(n=1), peri-anal area (n = 2), shoulder (n = 1) and hand
(n = 1). Four of these patients had lesions elsewhere in the
body. Another patient had multiple cutaneous and hepatic
haemangioma causing severe liver dysfunction with
obstructive jaundice. The haemangioma threatened life
(n = 1) or vision (n = 2) or caused nasal obstruction (n = 3)
and/or ulceration (n = 6) and/or bleeding (n = 2) and/or
significant tissue distortion (n = 12).

Propranolol at 1.5 mgkg 'day " in 13 patients and at
2mgkg "day " in two patients was required to achieve
accelerated involution of the haemangioma. The markedly
deranged liver function in the patient with multiple hepatic
and cutaneous haemangioma normalised with correspond-
ing dramatic shrinkage of the liver lesions, within 3 months
of treatment. A similar dramatic response was observed in
all other cases, except in one premature infant, who had
borderline asymptomatic diastolic hypotension initially
requiring slow increments of Propranolol to 2 mg kg ! day !
over 2 months, which resulted in accelerated involution of
the haemangioma.

(2010), doi:10.1016/1.bjps.2010.06.010
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Rebound growth occurred in the first patient treated in
this series when the dose was withdrawn at 7.5 months of
age requiring  reinstitution  of  propranolol  at
1.5mgkg "day ', which was continued until the child was
12 months old. No rebound growth was observed in the
remaining patients, who were maintained on the treatment
until 12 months of age or earlier when the lesion had
completely involuted. The treatment was then withdrawn
over a 2-week period. No complications were observed.

Figures 1-=5 show some of the cases treated with
propranolol.

Case 1

A 9-week-old boy presented with a proliferating hae-
mangioma involving the upper lip and nose (Figure 1A and
B) causing ulceration and bleeding with feeding and
breathing difficulties. He was treated with high-dose
systemic steroid for 1 month without effect and was
admitted to the local hospital because of poor weight gain
and requiring nasogastric feeding. The patient was referred
to our Vascular Anomalies Centre and was commenced on
propranolol at 0.25 mgkg ' twice daily for 24 h, increasing
to 1.5mgkg ' twice daily. There was visible shrinkage of
the haemangioma within 24h (Fig. 1C), with ongoing
accelerated involution over the next 6.5 months (Fig. 1D).
The treatment was tapered over 2 weeks when he was 7.5
months old. Rebound growth occurred requiring reinstitu-
tion of propranolol at 1.5mg 'kg ', which was dis-
continued at 12 months of age.

Case 2

A 7-week-old girl presented with a rapidly growing hae-
mangioma occupying almost the entire nose with nasal
obstruction (Figure 2A) and a separate lesion on the
abdomen and mastoid skin. The patient was commenced on
propranolol and the dose was increased to
1.5mgkg "day ', resulting in accelerated involution. A
dramatic effect was noted with marked reduction of the
size at 3 weeks (Figure 2B), and continued improvement at
3.5 months (Figure 2C) and virtual complete involution at 8
months (Figure 2D) after treatment. The dose was main-
tained until 1-year of age.

Case 3

A 3-week-old girl, born 4 weeks prematurely, presented
with a proliferating haemangioma in the parotid area and
ear with ulceration causing pain and distortion of the ear
(Figure 3A). Accelerated involution was noted within 48 h
(Figure 3B) as was ongoing improvement over the next 8
months’ (Figure 3C and D) treatment with propranolol at
1.5mgkg ' day .

Case 4

An 8.5-month old boy, born 3.5 weeks prematurely, pre-
sented with a haemangioma distorting the nose and causing
nasal obstruction (Figure 4A). Accelerated involution was
following

observed propranolol treatment at

Figure 1
6.5 months (C) after propranolol treatment.

A 9-week-old boy with a steroid-resistant proliferating haemangioma involving the upper lip and nose (A). 24 h (B), and

(2010), doi:10.1016/j.bjps.2010.06.010
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Figure 2 A 7-week-old girl with a proliferating haemangioma involving the nose (A) and a separate lesion on the abdomen and
mastoid skin. Dramatic response to propranolol treatment at 2 weeks (B) and continued improvement at 6 weeks (C) and virtual
complete involution 8 months (D) after treatment.

1.5mgkg "day ' (Figure 4B and C). The treatment was accelerated involution and ongoing improvement over the
continued until he was aged 15 months. next 5 months (Figure 5 B—D).

Case 5 Discussion

A 4-month- old girl presented with a large haemangioma on Since steroids were serendipitously discovered to induce
the right breast causing significant distortion (Figure 5A). accelerated involution of proliferating infantile hae-
Treatment with propranololat 1.5 mgkg 'day 'resultedin ~ mangioma,'®""3® they have remained the first-line

Please cite this article in press as: Swee T Tan, et al., Low-dose propranolol for infantile haemangioma, J Plast Reconstr Aesthet Surg
(2010), doi:10.1016/j.bjps.2010.06.010
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Figure 3 A 3-week-old girl with a proliferating haemangioma in the parotid area and ear with ulceration causing pain and
distortion of the ear (A). Accelerated involution was noted 2 days (B), 7 weeks (C), and 6 months (D) after treatment with
propranolol.
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Figure 4 An8.5-month old boy with a haemangioma distorting the nose and causing nasal obstruction (A). Accelerated involution
was observed 3 weeks (B) and 6 months (C) after propranolol treatment which was continued until he was aged 15 months.

Figure 5 A 4-month old girl with presented with a large haemangioma on the right breast causing significant distortion (A).
Accelerated involution at 1 week (B), 1 month (C), and 3 months (D) after treatment with propranolol.

Please cite this article in press as: Swee T Tan, et al., Low-dose propranolol for infantile haemangioma, J Plast Reconstr Aesthet Surg
(2010), doi:10.1016/j.bjps.2010.06.010
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treatment for problematic proliferating lesions.?3:"% 12

Vincristine has emerged as an alternative to interferon as
a second-line treatment for steroid-resistant cases because
of significant adverse side effects.’”'®

In 2008, Léatué-Labréze et al. serendipitously discov-
ered the dramatic effect of Propanolol in inducing accel-
erated involution of infantile haemangioma.? Similar
results of treatment with propranolol at an empirical
dosage of 2—3mgkg 'day ' have been reported by oth-
ers.>72% We confirm, in this report, the efficacy of
propranolol and show that the minimal dosage required to
achieve accelerated involution is a sub-cardiovascular dose
of 1.5-2.0 mgkg " day ' and that the treatment should be
continued until the lesion is fully involuted or the child is
1-year of age.

Historically, g-blockers have been used in infants for
cardiac indications such as tetralogy of Fallot® and
hypertrophic cardiomyopathy.zs Although the experience
with 5-blockers in the paediatric population is extensive, its
safety profile is not well established for this new indication.
The side effects of g-blockers are well known and include
transient bradycardia, hypotension and bronchospasm in
patients with underlying reactive airways. Reduction in
lipolysis, glycogenolysis and gluconeogenesis by [-blockers
predispose the patients to hypoglycaemia, and is particu-
larly relevant in very young infants with potential adverse
neurological sequelae.”

We find that low-dose propranolol administered in
divided doses with gradual increase is safe. However, the
potential side effects of propranolol necessitate particular
care when initiating treatment and during dose escalation,
especially in very young infants. Larger-scale studies con-
firming the safety and efficacy of propranolol may broaden
the indications of treatment of proliferating infantile
haemangioma.

The processes leading to accelerated involution of
proliferating infantile haemangioma induced by propranolol
are unknown. Hypotheses regarding the effect of
@-blockers on infantile haemangioma include vasoconstric-
tion, which is immediately visible as a change in colour and
palpable softening of the haemangioma; 2* decreased
expression of vascular endothelial growth factor and basic
fibroblast growth factor genes through the down-regulation
of the RAF-mitogen-activated protein kinase pathway; '
and apoptosis of capillary endothelial cells.***

Renin levels in the newborns are 14 times that of the
adults, and these levels are halved by 1-year of age with
gradual tapering to the adult levels by age 10.% Black
infants have lower renin levels than white infants*®> and
female infants have higher renin levels than age-matched
males.*® Premature birth is also associated with higher
circulating renin activity.>”

We have shown a crucial role for the renin—angiotensin
system (RAS) in infantile haemangioma,38 which is sup-
ported by the clinical observation of a higher incidence of
this tumour in Caucasian, female and premature infants. "%

We have also recently shown that infantile haemangioma
is a developmental anomaly of primitive mesoderm-derived
haemogenic endothelium® with a neural crest phenotype. '
We further show that the endothelial progenitor cells within
proliferating haemangioma are governed by the RAS.® We
propose that RAS can account for both the action of

@-blockers and the process of spontaneous involution of
infantile haemangioma and we speculate upon the possibility
of using inhibitors of angiotensin-converting enzyme and that
of angiotensin Il receptor 2 as alternative therapeutic
regimes.®
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We report here the case of an infant with multiple hepatic and cutane-
ous infantile hemangiomas (IHs) associated with deranged liver func-
tion who was treated successfully with low-dose propranolol. We also
discuss our recent data that show that IH is a developmental anomaly
of hemogenic endothelium derived from primitive mesoderm with a
neural crest-cell phenotype. We previously presented evidence that
this hemogenic endothelium is governed by the renin-angiotensin sys-
tem, which we propose can account for both the action of propran-
olol and the process of spontaneous involution of IH. We further
speculate on the possibility of using inhibitors of angiotensin-
converting enzyme and that of angiotensin Il receptor 2 as potential
alternative therapies. Pediatrics 2011;127:e000
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Infantile hemangioma (IH) is the most
common tumor of infancy with a pre-
ponderance in white, female, and pre-
mature infants.! It is characterized by
rapid proliferation during infancy fol-
lowed by slow involution over the next
1 to 5 years with continued improve-
ment up to 10 years when the cellular
elements are gradually replaced by fi-
brofatty deposition 22

[H usually presents as a solitary lesion
that affects the skin and/or subcutane-
ous tissue.'4 A subgroup of [Hs are dis-
tributed in a regional fashion? and
some are associated with midline
structural anomalies and constitute
PHACES syndrome (posterior fossa
malformations, hemangioma, arterial
anomalies, cardiac defects, eye abnor-
malities, and supraumbilical raphe).f
Multiple cutaneous lesions are not un-
commaon, and the incidence of hepatic
involvement is related to the number
of cutaneous lesions.”

Approximately 10% of |Hs require in-
tervention during infancy, because the
lesion poses a threat to life or function
or causes tissue distortion or destruc-
tion.8® The mainstay treatment during
the proliferative phase has been phar-
macologic therapy. High-dose steroid
is the first-line treatment,''"'2 and its
adverse effects are well recognized.”
The second-line treatment for prob-
lematic proliferating IH has been
interferon.'® Because interferon is as-
sociated with significant adverse ef-
fects," 1 vincristine has emerged as
an alternative for steroid-resistant
cases. 1817

Severe cases of hepatic |H are often
associated with a high mortality rate
despite aggressive and combined
treatments.!® Subcategorization of this
condition and its treatment algorithm
were proposed more recently'® to pro-
vide a rational approach and indica-
tions for active treatment.

Propranolol was discovered serendipi-
tously in 2008 to induce accelerated in-
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FIGURE 1

A and B, A 3week-old boy with multiple cutaneous and hepatic |Hs associated with deranged liver
function. G, An MRI scan shows multiple hepatic lesions. Also shown are accelerated involution of the
cutaneous lesions (D) and marked reduction in size of the hepatic lesions (E) after 4 weeks of

treatment. F, The patient 8 months after treatment.

volution of a large problematic facial
proliferating |H; it was used to treat
steroid-induced hypertrophic cardio-
myopathy.!® A limited number of case
reports and case series have con-
firmed this biological effect of pro-
pranolol on proliferating IH %1 and
we have shown that a subcardiovascu-
lar dosage with gradual increase
seems to be effective and safe.™

We present here a case inwhich treat-
ment with low-dose propranolol for an
infant with multiple hepatic and cuta-
neous IHs associated with deranged
liver function was successful.

CASE REPORT

A 3-week-old boy was referred to the
Centre for the Study and Treatment of
Vascular Birthmarks with multiple cu-
taneous (Fig 1 A and B) and hepatic IHs
associated with increasing liver dys-
function (total serum bilirubin: 269 U/L
[69% conjugated]; elevation liver en-
zyme levels) (Fig 2). He was born at
39.5 weeks by cesarean delivery and

developed mild jaundice at day 7 with
60 ¢ of weight loss having regained his
birth weight of 3.1 kg. Examination
showed thatthe liver was enlarged at 2
cm below the costal margin. An ultra-
sound scan of the abdomen revealed
an enlarged liver with multiple hypo-
echoic areas with increased blood
flow. There was no clinical or echocar-
diographic evidence of cardiac failure,
and electrocardiogram results were
normal. A full blood count revealed a
hemoglobin level of 101 g/L and a white
cell count of 5.7 (neutrophils: 1.4 X
10%/1), and the results of clotting stud-
ies were normal. Results of thyroid-
function tests were normal on several
occasions. An MRI confirmed multiple
high-flow hepatic IHs causing enlarge-
ment of the liver (Fig 1C). The patient
was commenced on propranolol at
0.25 mg/kg orally twice daily as an in-
patient; his heart rate, blood pressure,
and preprandial blood glucose level
were measured every 4 hours. There
were no cardiovascular or metabolic
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Rapid improvement of liver-function test results after commencement of propranolol. Deterioration in
liver function occurred when propranolol was stopped (red arrow) for 4 days during an intercurrent
bronchiolitis, 17 days after commencement of propranaolol. Liver function improved rapidly when the
treatment was recommenced (blue arrow) and virtually normalized after 3 months of treatment
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aminotransferase.

adverse effects observed, and there
was a visible involution of the cutane-
ous IHs within 24 hours. The dosage
was increased by 0.5 mg/kg daily every
24 hours to 1.5 mg/kg per day. The pa-
tient was maintained on this dosage
and then followed up in the outpatient
clinic at 1 week, every 2 weeks for 3
months, and then every 2 months
afterward.

Liver-function test results improved
within 3 days of commencing on pro-
pranolol and virtually normalized after
3 months of treatment (Fig 2). The ac-
celerated involution of the cutaneous
lesions (Fig 10} mirrored the marked
reduction in size of the hepatic lesions
on repeat MRI scan after 4 weeks of
treatment (Fig 1E). Seventeen days af-
ter commencing on propranolol, the
patient developed apneic episodes and
brief runs of sinus bradycardias dur-
ing an intercurrent bronchiolitis that
required hospital admission. Deterio-
ration in his liver-function test results
was noted when propranolol was
stopped for 4 days but improved rap-
idly when the treatment was recom-
menced (Fig 2).

PEDIATRICS Yolurne 127, Number 3, March 2011

A repeat MRl showed that the hepatic
lesions, along with the cutaneous le-
sions, had virtually disappeared after
4 months of propranolol treatment
There was ongoing improvement, and
the dosage was maintained until the
child was 12 months of age, at which
time the medication was withdrawn
over 4 weeks. We did not observe any
adverse effect of propranoclol includ-
ing bradycardia, hypaotension, hypogly-
cemia, or cold periphery during the
treatment period. Rebound growth
was not observed during the 16-month
follow-up (Fig 1F)

DISCUSSION

Since steroids were serendipitously
discovered to induce accelerated invo-
lution of proliferating IHs in the
1960s,'9212 they have remained the
first-line treatment for problematic
proliferating lesions 18191223 ingris-
tine®25 has emerged as an alternative
second-line  therapy for steroid-
resistant cases because of significant
adverse effects of interferon, including
dysplastic diplegia, which occurs in
25% of cases 242

Not all patients with multiple cutane-
ous and/or hepatic IHs require active
treatment. Severe cases of hepatic IH
are associated with a high mortality
rate despite aggressive and, often,
combined treatments.'® Subcategori-
zation and a treatment algorithm for
this condition were developed more
recently'® to provide a rational ap-
proach and indications for active
treatment for this condition. The im-
portance of excluding severe hypothy-
roidism caused by induction of type
3-iodothyronine deiodinase in he-
patic IH, and to institute thyroid hor-
mone replacement therapy, is well
recognized.®

In 2008, propranolol was serendipi-
tously observed to induce acceler-
ated involution of IH."® Similar re-
sults of treatment with propranolol
at an empirical dosage of 2 to 3
mg/kg per day have been reported by
others. 1417

Historically, fB-blockers have heen
used in infants for cardiac indications
such as tetralogy of Fallot® and hyper-
trophic cardiomyopathy.2” Although
the experience with 3-blockers in the
pediatric population is extensive, its
safety profile has not been well estab-
lished for this new indication. The ad-
verse effects of B-blockers are well
known and include transient bradycar-
dia, hypotension, and bronchospasm
in patients with underlying reactive
airways. Reduction in lipolysis, glyco-
genolysis, and gluconeogenesis by
-blockers predispose patients to hy-
poglycemia, which is particularly rele-
vant in very young infants with poten-
tial adverse neurologic sequelae?® A
divided dosing and nonprecipitous es-
calation to the dose regimen may add
a margin of safety and provide an op-
portunity to use a minimal dosage to
achieve the desired effect of propran-
olol.® We recently showed that a sub-
cardiovascular dose of 1.5t0 2.0 mg/kg
per day administered in divided doses
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with gradual increase is effective and
safe, and we have recommended that
treatment be continued until the lesion
is fully involuted orthe child is 1 year of
age.1s

Multicenter clinical trials are cur-
rently underway to confirm the
safety and efficacy of propranolol in
the treatment of IH, which may
broaden its indications for the treat-
ment of proliferating [H.2

We have proposed a crucial role forthe
renin-angiotensin system in the biol-
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Background: Infantile hemangioma is the most common tumor of infancy. The
majority of cases are managed conservatively, but intervention is necessary in
approximately 10 percent of cases because of the threat to life or function or
because of tissue distortion or destruction. The mainstay treatment for these
problematic proliferatng infantle hemangiomas is pharmacologic therapy,
mostly discovered serendipitously.

Methods: This review examines the rational basis of the hitherto empirical
pharmacologic therapies for the enigmatic infantile hemangioma, in light of
new knowledge regarding its biology, including the critical roles of stem cells
and the renin-angiotensin system.

Results: Steroids have remained the first-line therapy for problematic infantile
hemangioma for over 40 years despite their known side effects and failure rates.
Vincristine has emerged as an alternative to interferon for steroid-resistant cases
because of interferon’s adverse effects, especially neurotoxicity. B-Blockers are
now the preferred first-line therapy for problematic cases. There is increasing
evidence that infantile hemangioma is a disorder of aberrant proliferation and
differentiation of primitive mesoderm-derived neural crest phenotypic cells.
This primitive phenotype that gives rise to a hemogenic endothelium interme-
diate has the ability to undergo primitve erythropoiesis and terminal mesen-
chymal differentiation.

Conclusions: The recent discovery of the crucial role of stem cells and the
inferred role of the renin-angiotensin system in the biology of infantile hem-
angioma underscores the possibility of even more targeted therapies, by using
modulators of the renin-angiotensin system, on infantle hemangioma. The
observation of the potential role of these traditional antihypertensive agents in
stem cell biology may lead to better understanding of developmental biology
and tumor stem cell growth.  (Plast. Reconstr. Surg. 128: 499, 2011.)

mor of infancy, affects 10 percent of infants, with

a female-to-male ratio of 3:1 and a preponder-
ance in premature infants and Cauasians.'~* Infan-
tile hemangioma is characterized by rapid growth
during infancy (proliferating phase), typified by
excessive angiogenesis. This is inevitably followed
by spontaneous involution over 1 to 5 vears (in-
voluting phase) when the cellular elements are

Inf'antile hemangioma, the most common tu-
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gradually replaced by fibrofatty deposition with
continued improvement up to the age of 12 years
(involuted phase).'~** Proliferating infantile hem-
angioma is composed of a heterogeneous popu-
lation of cells of different lineages, predominantly
immature endothelial cells,?” and a lesser abun-
dance of cells of the myeloid®” and mesenchymal
lineages.®*

There is increasing evidence that infantile
hemangioma is a disorder of aberrant prolifer-
ation and differentiation of primitive meso-
derm-derived neural crest phenotypic cells.!”
This primitive phenotype that gives rise to a he-
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mogenic endothelium intermediate!’ with the
ability to undergo primitive erythropoiesis'? and
terminal mesenchymal differentiation” is poten-
tially governed by the renin-angiotensin system. '
The identification of this primitive population
within proliferating infantile hemangioma infers a
possible embryonic stem cell origin for infantile
hemangioma.'"

This article reviews current pharmacologic
therapies for problematic proliferating infantile
hemangioma. We present the increasing evidence
of various cell surface receptors and cytokines gov-
erning embryonic stem cell-derived primitive me-
soderm differentiation pathways. Our data pro-
vide some insights into the mechanism of action
of current therapeutic agents that explain and
rationalize their observed clinical responses.

GLUCOCORTICOID THERAPY

Glucocorticoids were serendipitously discov-
ered to induce accelerated regression of prolifer-
ating infantile hemangioma in the 1960s'>'% and
have remained the mainstay treatment for prob-
lematic proliferating infantile hemangioma for
over 40 years.'” There are two forms of glucocor-
ticoid therapy. High-dose systemic oral predni-
sone (or an equivalent dose of prednisolone) is
administered typicallyat 2 to 3 mg/kg/day, usually
as a single dose!'™'® over an average duration of 2
months,”” followed by a rapid taper over 2
months."” Intralesional corticosteroid administra-
tion is preferred for localized nonperiorbital le-
sions. Intralesional triamcinolone acetonide is
usually administered singly,'® although it has been
used in combination with dexamethasone sodium
phosphate for high-risk lesions.'® Injections usu-
ally consist of 20 mg of triamcinolone acetonide
and 3 mg of betamethasone in 1 ml total volume,*
although there have been other reports of this
dose being doubled.” A “eight based protocol of

up to 3 o 5 mg/ kg per IIIJE(‘thlI has also been
e 22 Thals .
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used and different selection criteria, an overall
good response rate of 35 to 90 percent to intral-
esional steroid therapy has been reported.”

The side effects of systemic glucocorticoid
therapy are well documented'™* and are relatively
common, even for short treatment periods. These
include cushingoid facies, weight gain, hyvperten-
sion, cataracts, glucose intolerance, and adrenal
suppression. Growth retardation is more common
if treatment is started before 3 months of age or
continued for 6 months or longer, presumably
because of decreased somatomedin and therefore
collagen synthesis. However, accelerated catchup
growth occurs, reassuming pretreatment growth,
following cessation of systemic steroid therapy.'™=
There is also increasing evidence of reduced brain
growth with steroid use in premature infants.”
Intralesional steroid therapy is associated with
fewer systemic side effects compared with systemic
administration.”-** However, reports of central
retinal artery occlusion following steroid injection
of periorbital infantile hemangiomas has been
reported.”

The demonstration of mesenchymal stem cells
in infantdle hemangioma® and the presumed
mesenchymal/mesodermal® origin of infantile
hemangioma has led to the assumption that these
cells through differentiation form a crucial role in
the formation of the fibrofatty residuum, typically
seen in involuted lesions. The recent discovery of a
neural crest phenotypic precursor in proliferating
infantile hemangioma that coexpresses mesen-
chvme-associated cell proteins'” has led us to pro-
pose that these neural crest phenotypic cells have a
mesenchymal and thus adipocytic differentiation ca-
pacity, corroborating previous reports.*+

Glucocorticoids have been implicated in the
acceleration, but not the initiation, of adipocytic
differentiation.™ The effect of glucocorticoids on
promoting apoptosis by means of up-regulation of
|hp,‘;-mlmrhnndn,l] cytnch
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Another possible action of glucocorticoids in-
volves its effect on peroxisome proliferator-acti-
vated receptor-y, a transcription factor regulating
adipocyte differentiation from preadipocytes.™
Glucocorticoids have been shown to induce per-
oxisome proliferator-activated receptor-y gene ex-
pression during conversion of mesenchymal stem
cells into adipocytes.® Considered together, we
speculate that glucocorticoids exert a dual effect
by negating the antiadipocytic differendation ef-
fect of preadipocyte factor-1 and promoting adi-
pogenesis through increasing the expression of
peroxisome proliferator-activated receptor-y. Re-
cent evidence has shown a critical role for angio-
tensin II, not only in proliferation of infantile
hemangioma capillaries but also in the mainte-
nance of vascular endothelial growth factor
(VEGF) secretion by mesenchymal stem cells
and preventing terminal adipocytic differentiat-
ion during the proliferation phase of infantile
hemangioma.’”” These observations have been sup-
ported by recent data from Greenberger et al.™
demonstrating a role for corticosteroids in sup-
pressing VEGF-A secretion in infantile hemangi-
oma-derived stem cells.™ These authors suggest a
direct inhibitory effect of dexamethasone on vas-
culogenesis. The relative effects of steroids on ad-
ipogenesis and vasculogenesis remain a topic for
further investigation. We propose that these
mechanisms account for the variable clinical re-
sponse of infantile hemangioma to glucocorticoid
therapy with respect to the stage of differentiation
of infantile hemangioma and the time point at
which treatment is initiated.

INTERFERON THERAPY

During investigation into the antiviral agent inter-
feron a-2a for the treatment of human immunodefi-
clency virus, it was noted that there was improvement
of the patients’ Kaposi sarcomas.” Anecdotal re-
ports on the response of infantile hemangioma to
interferon**! and subsequent clinical trials*** have
led to its use as a second-line treatment for steroid-
resistant infantile hemangiomas.*

Two forms of interferon therapy are used for
problematic proliferating infantile hemangioma,
namely, interferon a-2a and interferon «-2b. In-
terferon o-2a is administered as daily subcutane-
ous injections at a starting dose of 1 million IU/m?
body surface area, increasing to 3 million IU/m?
during the first month of treatment, for a period
of 2 to 12 months.*****° The response rate to in-
terferon is 90 percent in steroid-resistant infantile
hemangiomas. However, the response is less dra-
matic and takes longer than steroid therapy.** Pre-

mature withdrawal of interferon is associated with
rebound growth, necessitating reintroduction of
the treatment.

Side effects of interferon therapy include fe-
ver, flu-like symptoms, rash, gastrointestinal symp-
toms, transient neutropenia, and elevated liver
enzymes.*%47 The most serious complication of
interferon therapy is neurotoxicity affecting
mainly higher cortical function and, to a lesser
extent, motor function.* There have also been
reports of peripheral neuropathy.* These side ef-
fects are usually reversible following cessation of
therapy. The most serious neurotoxic side effect of
interferon is spastic diplegia, which affects up to 20
percent of patients.* Of concern are reported cases
of persistent spastic diplegia® despite cessation of
interferon @-2a. The underlying mechanism of in-
terferon toxicity is unknown but appears to be re-
lated to the duration of treatment and not the max-
imal daily dosage, as they appear late during
treatment. Regular monitoring with neurologic as-
sessment, full blood count, and liver function testing
should be performed during treatment.

The successtul use of topical imiquimod®**! in
treating proliferating infantile hemangioma, has
been attributed to its ability to induce interferon
« production,”* suggesting a common final path-
way in the observed effect of interferon and imi-
quimod therapy.

Interferon-induced genes have been shown
to be up-regulated during the involuting phase
of infantile hemangioma.® Thus, the induc-
tion of these genes provides the basis of inter-
feron therapy. Interferon a-2a inhibits the lo-
comotion of endothelial cells in vitro, inhibits
fibroblast growth factor-2, and has been shown to
inhibit angiogenesis.”** It has also been shown
that the epidermis overlying proliferating infan-
tile hemangioma expresses less interferon B than
the normal epidermis.® This may indicate a role
for paracrine effects of nonendothelial cells in the
pathogenesis of infantile hemangioma. Further
work with in vitro human models® may allow the
study of its precise mechanism of action.

Although interferon a-2a is effective in treat-
ing massive or life-threatening steroid-resistant in-
fantile hemangiomas, its potential serious side ef-
fects have limited its use, and vincristine has
emerged as an alternative second-line therapy. Be-
cause of its toxicities and the emergence of more
effective therapeutic options, interferon should
be used as a last-resort therapy for problematic
infantile hemangiomas.
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VINCRISTINE THERAPY

Vincristine belongs to the vinca alkaloids
class of drugs, which act predominantly as in-
hibitors of mitosis.’” The use of vincristine for
adult and pediatric malignancies is well docu-
mented. [ts application in infantile hemangi-
oma, although limited, has been documented in
life-threatening steroid- and/or interferon-re-
sistant infantile hemangiomas.”*

The dosage of vincristine for infantile hem-
angioma is 0.05 mg/m” in infants weighing less
than 10 kg, and 0.75 to 1.5 mg/m* for infants
weighing more than 10 kg, given intravenously
through a central venous line once weekly for
three to four doses,” - with dosing intervals
varving 1 to 3 weeks.

Side effects of vincristine include neurotoxic-
ity, with irritability, loss of deep tendon reflexes,
constipation, abdominal pain, paralytic ileus, cra-
nial nerve palsies, and bone pain (commonly of
the jaw) reported.” Neurotoxicity is usually not as
marked in children or infants, as observed in
adults. Other side effects include alopecia, rash
and, uncommonly, myelosuppression.” Vincris-
tine is a vesicant, and the risk of extravasation
necessitates administration through a central ve-
nous line or cautious administration through a
peripheral line. Supervision by a pediatric oncol-
ogist with regular neurologic examination with
full blood count during treatment is essential.*

Vincristine inhibits angiogenesis by prevent
ing cell proliferation through inhibition of cell
mitosis.”” This occurs at metaphase by preventing
tubulin polymerization and thus not allowing mi-
crotubule formation, and the induction of micro-
tubule depolymerization leading to Bel-2 phos-
phorylation, resulting in loss of its ability to form
heterodimers with Bax leading to eventual induc-
tion of cellular apoptosis.”™® It is interesting that
during involution of infantile hemangioma the
levels of Bel-2 start to decrease, with a concomitant
increase in Bax levels, allowing for an increase in
Bax homodimerization with subsequent cellular
apoptosis.” Experimental models have shown fa-
vorable results with lower dosing of vincristine
when given concomitantly with an angiogenic in-
hibitor, suggesting a critical role of vincristine in
inducing terminal apoptotic pathways in compro-
mised cells.”

B-BLOCKER THERAPY
The recent serendipitous discovery of accel-
erated involution of infantile hemangioma in-
duced by propranolol,” a nonselective B-blocker;
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and acebutalol,” a predominantly B-adrenore-
ceptor blocker,® has resulted in a significant par-
adigm shift in the treatment of problematic pro-
liferating infantile hemangioma. Propranolol is
now the preferred treatment for problematic
proliferating infantile hemangioma.”~™ The
mechanism of action of B-blockers on prolifer-
ating infantile hemangioma is unknown, al-
though their effects on B-adrenergic receptor
stimulation,” down-regulation of angiogenic
growth factors,* 77 reduction in expression of
matrix metalloprotinases,”” and induction of
apoptosis™ have been suggested.

Most reports on propranolol therapy use a 2-
to 3-mg/kg/day dosing regimen given in two to
three divided doses,™-".™ with treatment courses
ranging from 6 weeks® to 7 months,™ usually with
a 24-hour hospital stay during initiation of therapy
and regular hemodynamic monitoring during the
first 6 hours of treatment.” We have recently
shown that low-dose propranolol at 1.5 mg/kg/
day is sufficient to induce accelerated involution
of infantile hemangioma in the majority of pa-
dents (Fig. 1), with a small subgroup, all female
patients, requiring a dosage of 2 mg/kg/day.”™*

The dosage of acebutolol in the treatment of
infantile hemangioma is 8 to 10 mg/kg/day, with
clinical responses observed 1 month after initiation
of treatment.”™ The optimal duration of treatment
remains to be determined. Topical B-blockers
such as timolol, a nonselective B-blocker, admin-
istered either by two drops of 0.5% timolol mal-
eate ophthalmic solution® or as a gel preparation
applied twice daily directly onto the infantile
hemangioma,™ have shown promising results.

Although f-blockers have a long and good
safety record in the treatment of voung children
with hypertension and other cardiovascular
diseases,™ this may not be simply extrapolated to
infants (some of whom are born prematurely) and
voung children with infantile hemangioma, who
are otherwise normotensive.” The potental ad-
verse effects of propranolol include bradycardia,
hypotension, and hypoglyvcemia,® with recent re-
ports highlighting symptomatic and potentially
fatal hypoglycemia in this patient cohort.***7 Cau-
tion has justifiably been raised regarding the
casual use of this group of drugs for this novel
indication in an otherwise normotensive
population.®# The need for large multicenter
trials, such as the one currently in progress,® will
possibly define the clinical indications and appro-
priate treatment protocols for this condition.

The identification of angiotensin-converting
enzyme asa cell surface protein associated with the
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Fig. 1. (Above, left) A 4-month-old girl presented with a rapidly growing hemangioma on the right cheek, lower lid, and orbit with
ocular dystopia, as seen on a T2-weighted magnetic resonance imaging scan (above, center). Accelerated involution of the hem-
angioma with equalization of the globe (above, right) 7 days, (below, left) 4 weeks, and (below, right) 5 months after institution of
propranolol therapy at 2 mg/kg/day.

hemangioblast™ has led us to discover the expres-

sion of this protein on the immature capillaries of

proliferating infantile hemangioma.’* We have
also demonstrated the expression of the angio-
tensin receptor 2 on these same capillaries.'?
The presence of both angiotensin-converting
enzyme and angiotensin receptor 2 within prolif-
erating infantile hemangioma suggests that the

local angiotensin I produced by the conversion of

angiotensin I by angiotensin-converting enzyme
acts in an autocrine/paracrine fashion. This cou-
pled with the observation of increased renin levels
in premature,™ female,” and Caucasian infants™

corresponding to a higher incidence of infantile
hemangioma in these groups of patients® has led
us to investigate the role of the renin-angiotensin
system in infantile hemangioma."

Angiotensin II causes secretion of VEGF from
mesenchymal stem cells,”* which are present
within infantile hemangioma.,® and proliferation
of CD34~ cells.” Angiotensin II has also been re-
ported to prevent terminal differentiation of mes-
enchymal stem cells.” Considered together, it is
exciting to speculate that angiotensin II drives
proliferation of the immature endothelial cells,
which express CD34,” within proliferating infan-
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tile hemangioma, and maintain continual VEGF
production from the mesenchymal stem cells
within the lesion,” preventing terminal adipocytic
differentiation, although this remains to be de-
termined conclusively. The effect of angiotensin 11
on angiotensin receptor 2 has been demonstrated
to cause an increase in Pax-2 expression in mouse
embryvonal mesenchymal epithelial cells.” Pax-2is
a homeobox 2 gene associated with progenitor
cells derived from embryonic stem cells” and in
mesenchymal condensates involved in early renal
organogenesis,”™ which is lost as progenitor cells
differentiate.””™ The demonstration of Wnt acti-
vation by Pax-2, coupled with the knowledge of
prevention of terminal adipocytic differentiation by
Wnt,™ may reveal novel pathways in adipogenic on-
togeny in infantile hemangioma. The implication of
a VEGF-notch signaling pathway in proliferating in-
fantile hemangioma has also been demonstrated,'™
and the effect of notch signaling on progenitor cell
proliferation is reliant on normal Wnt signaling. '™
Interestingly, Wnt signaling is involved not only in
blocking apoptosis but also in preventing terminal
differentiation of preadipocytes.”™

The identification of osteoprotegerin, a se-
creted glyvcoprotein, belonging to the tumor ne-
crosis factor receptor superfamily'® within prolif-
erating infantile hemangioma'®*'% also reveals a
novel antiapoptotic pathway in infantile hemangi-
oma. Osteoprotegerin acts to stimulate cell survival
through its action as a receptor for tumor necrosis
factor—related apoptosis ligand, by binding to tumor
necrosis factor-related apoptosis ligand and pre-
venting its interaction with functional death recep-
tors, therefore preventing apoptosis.'™ Angiotensin
Il has also been previously reported to stimulate
osteoprotegerin production.'™

It is known that B-blockers, such as propran-
olol, partly reduce renin activity in the periphery
by reducing plasma renin activity."" Low renin
activity in turn reduces angiotensin [ and eventu-
ally angiotensin II levels. Considered together, we
infer that a reduction in angiotensin II levels
causes a reduction in proliferation of the hemo-
genic endothelium of proliferating infantile hem-
angioma together with an increased rate of
cellular apoptosis through the tumor necrosis fac-
tor-related apoptosis ligand pathway. A reduction
in renin levels that physiologically occurs after the
first year of life'"” and the inferred mechanism of
action of propranolol through the renin-angio-
tensin system is thus able to account for both the
effect of A-blockers on infantile hemangioma and
the natural progression of infantile hemangioma.
It is intriguing that although the high systemic levels
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of renin during infancy may account for the rapid
proliferation of infantile hemangioma, there is also
the possibility of a local renin-angiotensin system
including local secretion of renin as observed in the
vasculature and adipose tissue'™ and from mast
cells,"™ which may contribute to the available angio-
tensin II to the tumor, which may explain the ob-
served response of infantile hemangiomas to topical
application of timolol.*** However, this remains a
topic of further investigation.

THE FUTURE

The recent discovery of the crucial role of stem
cells'” and the inferred role of the renin-angio-
tensin system'” in the biology of infantile heman-
gioma underscores the possibility of using even
more targeted therapy on this enigmatic condi-
tion. Our preliminary clinical trial using an ang-
iotensin-converting enzvme inhibitor has shown
promising results,* although this is a subject for a
separate report. This has raised the possibility for
the novel use of inhibitors of angiotensin-convert-
ing enzyme and angiotensin receptor as modulators
of the renin-angiotensin system in the treatment of
infantile hemangioma. The novel vasopeptidase in-
hibitors that simultaneously inhibit neutral endo-
peptidase and serum angiotensin-converting en-
zyme activity''’ may also offer potential renin-
angiotensin system modulation. Further study will
be needed to verify the potential role of these
modulators of the renin-angiotensin system in the
treatment of infantile hemangioma. The discovery
of the potential role of these traditional antihy-
pertensive agents in stem cell biology may lead to
better understanding of developmental biology
and tumor stem cell growth.

Swee Thong Tan, M.B.B.S., Ph.D.
Wellington Regional Plastic
Maxillofacial and Burns Unit

Hutt Hospital, Private Bag 31-007
High Street

Lower Hutt, Wellington, New Zealand
swee.tan@huttvalleydhb.org.nz
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Abstract

Background Our observation that IH is due to an aberrant proliferation and
differentiation of a primitive mesoderm-derived hemogenic endothelium regulated by
the renin-angiotensin system (RAS) has led us to propose angiotensin converting
enzyme (ACE) as a potential therapeutic target.

Methods After initial screening investigations, infants with problematic IHs were
12 admitted for initiation of captopril with a 0.1mg/kg test dose orally, followed by dose
13 escalation to 0.3mg/kg/dose 8-hourly over 24 hours. The dose increased up to
14 0.5mg/kg/dose 8-hourly one week later, if a noticeable involution had not already
15 occurred. The response of IH to captopril was documented clinically and
photographically before and after treatment and any side effect was recorded.

18 Results Two males and six females aged 5-22 (mean 12.9) weeks with problematic [H
19 causing ulceration (n=3), impending visual obstruction (n=1), and/or significant tissue
20 distortion (n=8) were included. The offending lesions were located in nasal tip (n=1),
21 cervico-facial (n=3), peri-orbital (n=1) and perineal (n=2) areas, and shoulder (n=1).
Transient mild renal impairment occurred in one subject which resolved spontaneously.
No other complication was observed. A dose of captopril 1.5mg/kg/day led to
25 accelerated involution of the IHs in seven subjects. IHs in one subject who required a
26 slower dosage escalation underwent gradual involution. Continued involution of IHs
27 was observed during the follow-up period of 2.5-9.5 (mean 6.9) months in all subjects.
28 Conclusion The response of IH to an ACE inhibitor confirms a critical role for RAS in
IH and represents a paradigm shift in the understanding and treatment of this enigmatic
21 condition.
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Introduction

Infantile hemangioma (IH) is the most common tumor of infancy affecting 10% of
Caucasians. It is characterized by rapid proliferation during infancy followed by
spontaneous slow involution over the next 5 - 10 years'™.

In the absence of an effective treatment, the management of IH has been largely
conservative. However, 10 - 15% of IHs require intervention during infancy because of
the threat to life or function or tissue distortion or destruction', with the mainstay
treatment being pharmacologic therapy most of which had been discovered
serendipitously’.

High dose corticosteroids have been the first-line therapy for problematic IHs
for over four decades'. In 2008 p-blockers, propranolol* and acebutalol,” were
serendipitously discovered to cause accelerated involution of TH, and led to a paradigm
shift in the management of these tumors., [-blockers, particularly propranolol, have now
replaced steroid therapy as the first-line treatment for proliferating IH worldwide. The
rapid adoption of propranolol for this novel indication in the absence of proper clinical
trials has justifiably attracted caution', especially in light of reported cases of near fatal
hypoglycaemia’®. Most protocols have used the cardiovascular dose of 2 - 3 mg/kg/day.
However, we have recently shown the effectiveness of low dose propranolol using a
slow escalation and divided dosing regimen® which goes some way to minimise the
potential side effects.

We have also recently shown the expression of components of the renin-
angiotensin system (RAS) by the endothelium of proliferating TH™ and that TH consists
of a hemogenic endothelium regulated by RAS', potentially via the TRAIL-OPG

apoptotic pathway'”.
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We infer that the observed biologic effect of B-blockers is mediated via the
modulation of the RAS and we proposed that angiotensin converting enzyme (ACE) and
the angiotensin receptors as potential targets for the treatment of this condition" .

We present here the initial results of our observational clinical trial using

captopril, an ACE inhibitor (ACEi), in the treatment of problematic proliferating TH.

Methods

Infants with problematic IH were recruited into the captopril trial according to a New
Zealand National Ethics Committee approved protocol. The exclusion criteria included
neonates, cardiac outflow tract obstruction, renal impairment, diuretics administration or
known allergy to ACEi. Following screening electrocardiogram, echocardiogram (to
exclude cardiac outflow tract anomalies), and urea and electrolytes analysis (to exclude
renal impairment), subjects were admitted for initiation of captopril. A test dose of
0.1mg/kg was administered orally with pulse rate and blood pressure monitored at 0.5,
1, and 2 hours. If the test dose was tolerated, captopril was started at 0.15mg/kg/dose 8-
hourly. Pulse rate and blood pressure were monitored 4-hourly and doses withheld if
hypotension was documented. After 24 hours, the dose was increased to 0.3mg/kg/dose
S-hourly and then a further 24 hours of observation. Urea and electrolytes analysis was
performed at 48 hours, prior to discharge. The subjects were reviewed in clinic one
week later when the dose was increased to 0.5mg/kg/dose 8-hourly if a noticeable
involution had not already occurred. and a blood pressure check done following
administration of the increased dose. For safety reasons we had limited the maximal
dosage to 1.5mg/kg/day. Escalation of the dosage was ceased at any stage if visible

shrinkage of the IH was observed or if there was any adverse effect noted.
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Thereafter the subjects were reviewed again at one month and then at 3-monthly
intervals. A full clinical examination was performed during each visit including growth
chart measurements, cardiovascular status and any side effect was recorded. The
response of the [H to captopril was documented clinically and by serial photographs
before treatment and at every visit. Urea and electrolytes analysis was performed at one

week, one month, three months, and one year or at any other time if clinically indicated.

Results

Two male and six female subjects aged 5 - 22 (mean 12.9) weeks referred to the Centre
for the Study & Treatment of Vascular Birthmarks with problematic IHs causing
ulceration, bleeding and pain (n=5) or impending visual obstruction (n=1), and/or
significant tissue distortion (n=8) were included in the study (Table 1). None of the
subjects were excluded from the study. Three subjects were born 2. 3, and 4 weeks
prematurely. The average number of lesions was 3 (range 1 - 20) per patient. The
offending lesion(s) was located in the nasal tip (n=1), cervico-facial (n=3). peri-orbital
(n=1), perineal (n=2) areas, and shoulder (n=1). One patient developed transient mild
elevation of creatinine within the first week of captopril treatment which responded to a
small dose reduction. The subject subsequently was able to reach a dosage of
1.5mg/kg/day with normal creatinine. Interestingly, the delayed dose escalation in this
subject was associated with a slower rate of involution of the lesions.

The dose of captopril was increased to 0.5mg/kg/dose 8-hourly in all subjects.
Accelerated involution was observed (Figures 1 and 2) in seven subjects (27 lesions)
with healing of the ulcerated lesions within 2 - 3 weeks in all five subjects (Figures 3
and 4). In the remaining subject (2 lesions) the IHs underwent gradual involution with

the lesions becoming softer, paler and smaller. In all subjects there was on-going

6
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involution of the lesions during the follow-up period of 2.5 - 9.5 (mean 6.9) months.
Except for the transient mild elevation of creatinine during dose escalation in one

subject, no hypotension or other adverse side effect was observed.

Discussion

The biology of IH has remained enigmatic. IH has been considered a tumor of the
microvasculature, however, our recent data shows that it is a developmental anomaly
involving aberrant proliferation and differentiation of a hemogenic endothelium’
derived from a primitive mesoderm with a neural crest phenotypem. This is further
substantiated by the observation that cells from proliferating IH possess the ability to
undergo erythropoietic'’ and mesenchymal'? differentiation. The demonstration of
embryonic stem cell associated proteins in proliferating IH suggests that this lesion
contains cells with an early embryonic origin'’. We have further provided evidence
showing a placental chorionic villous mesenchymal core cell origin of TH'.

The poor understanding of the biology of IH has led to the on-going reliance on
empirical treatments for this common condition'. High dose steroids have been the first-
line therapy for problematic proliferating IH since it was serendipitously discovered in
1967"7 despite their known side-effects and failure rates'®. Vincristine had more recently
emerged as an alternative to interferon for steroid-resistant IHs because of the adverse
effects associated with interferon, particularly with regard to neurotoxiciy'. Since the
serendipitous discovery that -blockers can induce accelerated involution of IH by two
independent French groups in 2008*, treatment with B-blockers is now the preferred
first-line therapy for problematic IHs in spite of the potential adverse effects including

hypoglycemia and the lack of adequate clinical trials.

7
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While (-blockers have a long and good safety record for the treatment of young
children with hypertension and other cardiovascular conditions', this may not be
simply extrapolated to infants (some of whom are born prematurely) and young children
with TH, who are otherwise normo-tensive'. Caution has justifiably been raised
regarding the casual use of this group of drugs for this novel indication in an otherwise
normo-tensive population"®. The potential adverse effects of p-blockers include
bradycardia, hypotension, bronchospasm, hyperkalemia, and hypoglycemia'’%% with
recent reports highlighting symptomatic and potentially fatal hypoglycemia in this
patient cohort™®. This underscores the need for large-scale clinical trials to delineate the
optimal treatment protocol and safety issues with the use of p-blockers for this new
indication, but also the development of better targeted and safer therapy.

The observed biologic effect of p-blockers has led to the speculation of the
cellular and molecular pathways involved. A number of [B-blockers used for the
treatment of proliferating IH including systemic propran0]0]4, a non-selective p-blocker;
acebutalol’, a predominantly p,-adrenoreceptor blocker; and topical timolol*®, a non-
selective f-blocker, suggests that the mechanism of action on IH relates to the class of
drug rather than the adrenergic effect.

There is increasing evidence that IH is a disorder of aberrant proliferation and
differentiation of primitive mesoderm-derived neural crest phenotypic cells'’. This
primitive phenotype that gives rise to a hemogenic endothelium intermediate’ has the
ability to undergo primitive erythropoiesis'" and terminal mes:,ermhyn"ja]]2 differentiation.

We have also shown that the cells derived from proliferating IH form blasts in
response to the administration of angiotensin II (ATIN)'". This is further supported by

the observation of a higher incidence of IH in Caucasians, female and premature infants

corresponding with higher levels of renin within these groups’!®. We proposed that the

8
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high levels of renin in these patient groups, coupled with the local expression of ACE
within proliferating IH, sustain a high local concentration of ATIL" The binding of
ATII to angiotensin receptor-2 within proliferating IH thus drives proliferation of the
hemogenic endothelium and downstream endothelial progenitor cells and endothelial
cells™,

The expression of the components of RAS by the endothelium of proliferating
IH and the observed in vitro effects of ATII on IH led us to conduct a clinical trial using
captopril, an ACEi. The observed clinical effect of captopril on proliferating IH that we
report here further supports the hypothesis that f-blockers do not exert their effects
through the adrenergic system directly, but rather through their effect on RAS™',
Confirmation of the role of RAS in regulating IH progression is demonstrated by the
evidence that inhibition of either of the two enzymes, renin or ACE, necessary for ATII
production can lead to accelerated involution of IH. Consistent with our hypothesis that
ATII plays a vital role™ are reports demonstrating decreased renin levels in subjects
taking ﬁ—blockersz], Conversely increased renin levels have been reported in subjects
taking ACEi”', suggesting that blocking renin in addition to ACE may lead to a great
effect on the involution of IH than already demonstrated in this study. Alternatively
there may be further benefit to targeting downstream product of ATII, angiotensin
receptor-2 shown to be expressed by the endothelium of proliferating TH'. Efforts to
examine this are currently underway by our group.

The use of captopril for cardiac failure in infants is well documented with a
maximum dose of 2mg/kg thrice daily’’, with caution against renal insufficiency,
oliguria and hypotension, although these side effects are usually reversible upon dose
reduction” . In our pilot trial the maximum dose of captopril administered was at the

lower end of the therapeutic cardiovascular dosing yet we were able to demonstrate

9
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accelerated involution of IH. This indicates the possibility of further dose escalation for
improved efficacy. For safety reasons we elected not to escalate the dose of captopril
beyond this upper dose limit of 1.5mg/kg/day and we strongly recommend caution with
the use of this medication in this population pending further clinical trials,

The concept of treating a condition such as IH, considered to be a tumor of the
microvasculature, with traditional anti-hypertensives to modulate the RAS, reveals a
novel concept in the critical control of the RAS on [H stem/progenitor cell proliferation
and novel mechanisms on the action of these relatively commonly used medications.
Further trials of ACEi for this new indication will define the precise role of this group of

drugs in the management of this challenging condition.

10
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Figure Legends

Figure 1. A 22-week old girl with a 7x10 cm proliferating IH in the right cervico-
facial area causing significant tissue distortion before (A & B). three weeks (C), and
6 months (D & E) after administration of captopril at 1.5mg/kg/day resulting in
accelerated involution.

Figure 2. A 20-week old girl with a nasal tip proliferating IH causing a Cyrano de
Bergerac deformity. Before (A & B) and 7 months after (C & D) captopril treatment

at 1.5mg/kg/day.

Figure 3. A 5-week old girl with a 4x5 cm painful deeply penetrating ulcerated
proliferating IH on the left groin. Before (A), 2 weeks (B), and 5.5 months (C) after
captopril treatment at 1.5mg/kg/day.

Figure 4. A 13-week old girl born 4 weeks prematurely with a 4x5cm ulcerated
proliferating IH on the left perianal area and 20 other lesions on the limbs, trunk and
upper lip measuring 0.5 - 4 cm. Before (A), 3 weeks (B), 6 weeks (C), and 4 months
(D) after captopril treatment at 1.5mg/kg/day.

14
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23 Figure 1

Figure 1. A 22-week old girl with a 7x10 cm proliferating IH in the right cervico-facial area causing
30 significant tissue distortion before (A & B), three weeks (C), and 6 months (D & E) after

31 administration of captopril at 1.5mg/kg/day resulting in accelerated involution.
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Figure 2

Fiqure 2. A 20-week old girl with a nasal tip proliferating IH causing a Cyrano de Bergerac
deformity. Before (A & B) and 7 months after (C & D) captopril treatment at 1.5mg/kg/day.
285x190mm (96 x 96 DPI)
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24 Figure 3

Figure 3. A S-week old girl with a3 4x5 cm painful deeply penetrating ulcerated proliferating IH on
30 the left groin. Before (A), 2 weeks (B), and 5.5 months (C) after captopril treatment at

N 1.5mg/kg/day.
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Figure 4

Figure 4. A 13-week old girl born 4 weeks prematurely with a2 4x5cm ulcerated proliferating IH on
the left perianal arez and 20 other lesions on the limbs, trunk and upper lip measuring 0.5 - 4 cm.
Before (A), 3 weeks (B), 6 weeks (C), and 4 months (D) after captopril treatment at 1.5mg/kqg/day.
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1
2
3
4
5 Table 1 Patient Demographics and Response of Infantile Hemangioma to Captopril
6
7 ] ;
8 Patient Age | Sex Offending Size (em) Symptoms Other Lesions Response Complications Follow up
o] Lesion si Size (c (months)
10 Site ize (cm)
11 MQ 13W F Perianal 45 Ulceration* 20 lesions limbs, 0.5-4 | Accelerated Transient mild 9.5
12 Tissue distortion trunk & lip involution elevation of creatining
13 TH 22W | F | Parotid/neck 7x10 Tissue distortion - Accelerated 1.5
14 involution
15 MMcF | 20W | F Nose 1.5x1.5 | Cyrano de Bergerac - Accelerated 7
16 deformity involution
17 CH SW | F Groin Sxd Ulceration* - Accelerated 9
18 involution
19 IK 13W M Shoulder 3x.2.5 Ulceration* Cheek 3x4 Accelerated 8
20 involution
21 MMaC SW F Lower eyelid 3x2 al obstruction Hand 3x3 Gradual 8
22 Tissue distortion involution
23 RS 16W F Lower face/ 8x7 Ulceration* - Accelerated 4
24 lip Tissue distortion involution
25 ow 1OW M | Retroauricular 455 Ulceration* Glabella Accelerated 25
26 Distortion of ear involution
27
32 *with bleeding and pain, fully healed within 2-3 weeks; M: male; F: female: W: weeks
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
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Chapter 12: Conclusion

IH, the most common tumour of infancy, affects an average of 10% of infants
with a predilection for Caucasian, female and premature infants*°. IH
undergoes an initial proliferation within the first year of life, followed by
spontaneous involution that may take up to ten years®; the proliferating phase
is characterised by aggressive angiogenesis whereas the involuted phase by

fibrofatty deposition.

12.1. Key Findings

12.1.1. Renin-Angiotensin System in Infantile Haemangioma

The work in this thesis has shown a role for the renin-angiotensin system
(RAS) in IH, in the biology of IH and accounts for the observed propranolol-
induced accelerated regression of IH. The observed effect of propranolol and
the observation that renin levels are higher in Caucasian, female and
premature infants who have an increased incidence of IH, led me to
investigate the expression of components of the RAS in IH. This work shows
that propranolol exerts its therapeutic effects via inhibition of renin activity,

rather than through beta adrenergic receptors as proposed by others?*®.

The role of renin in the aetio-pathology of IH was supported by
previous observations showing very high levels of renin in infants compared
with adults and increased levels of renin in patients with a higher risk of
developing IH, Caucasian (compared with back), female (compared with male)

and premature (compared with term) infants. The identification of key
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components of the RAS, ACE, ATIl and ATR2 and in vitro experiments
demonstrating ATII-induced IH blast proliferation, confirm a key role for the
RAS in the biology of IH®. The novel discovery of the RAS pathway in the
biology of IH identifies a potential role for ACEi as a potential therapy for IH. A
clinical trial using captopril, an ACEi, induced accelerated involution as
predicted by our model and unequivocally proved the role of the RAS in IH
progression. This concept has revolutionised the understanding of this
enigmatic condition. However our preliminary results on the use of ACEi,
while sucessful were less dramatic compared with propranolol. | hypothesised
that the levels of ATII available to IH, might involve a balance and/or
combination of endocrine and paracrine/autocrine systems. | have recently
(unpublished results) demonstrated the presence of local RAS/non-RAS
pathways leading to the local production of the vasoactive peptide ATII in IH.
This observation suggests that targeting the peptides upstream of ATII will
possibly allow for the development of more effective treatment. Such
treatment approach would negate the upstream accumilation of ATI resulting
from treatment with ACEi which may be subsequently acted upon by other

locally expressed proteases to generate vasoactive peptides other than ATII.

The novel identification of OPG in IH suggests a potential role for OPG in the
inhibition of apoptosis via the TRAIL receptors in proliferating IH. The
identification of abundant expression of OPG on immature microvessels but

not the mature vessels suggest an important role for the anti-apoptotic TRAIL
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pathway during proliferation'’. It is intriguing that ATII has also been
demonstrated to promote secretion of OPG®. This further supports a critical
role of the RAS, both in inducing proliferation and also in the maintenance of

anti-apoptosis during the proliferaion of IH.

Other reported functions of OPG involve its role in the stress response,
possiblity due to inflammation, which is also a trigger for the formation of new
vessels. It is my opinion that the restricted expression of OPG on the
immature IH endothelium supports a role in an autocrine/paracrine response

on anti-apoptosis.

IH has been proposed to be derived from circulating EPCs, based on the
identification of increased levels of circulating EPCs in the peripheral blood of
the affected patients. Exploration of this idea led us to discover not only the
expression of EPC-like markers on the endothelium of proliferating IH, but
also the expression of more primitive haematopoietic markers, ACE, Tal-
1/SCL and Gata2, denoting a haemogenic endothelium'®. In further support
of our suggestion that IH is derived from a haemogenic endothelium was the
demonstration of expression of primitive erythropoietic associated proteins
EPO-R and HbZ as described in Chapter 5'°'. The proof that IH is a
haemogenic endothelium is proven by the functional capacity of proliferating

IH explant derived cells to form erythrocytes in vitro. These findings highlight
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IH not only as a potential extramedullary source of erythropoiesis, but also as

a novel model for studying human primitive haematopoiesis.

12.1.4. Primitive Mesoderm with a Neural Crest Stem cell phenotype in
Haemangioma

The process of primitive haematopoiesis and development of IH involve the
identification of primitive mesoderm, crucial for forming downstream cells
capable of primitive haematopoiesis. These primitive mesodermal cells are
characterised by the expression of the transcription factor brachyury on the
endothelial layer of proliferating IH. These cells also express the neural crest
stem cell associated markers, p75, Sox-9 & Sox-10, highlighting these cells

as potentially being the most primitive population in the proliferating capillaries.
This unique neural crest phenotype may account for segmental IH, some of
which are associated with PHACES syndrome, which is discussed later in this

chapter'®.

12.1.5. Mesenchymal Stem Cells in Haemangioma

The fibro-fatty deposition that predominates during involution highlights an
observed change in the predominant cell type compared with those present
during proliferation. This could either be explained by the invasion of MSC
from adjacent niches that eventually differentiate into adipocytes as previously
proposed>?, or by the identification of an innate MSC population within
proliferating IH lesions. The data presented in Chapter 6 shows the

expression of MSC proteins (vimentin and CD29) and mesenchymal
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differentiation inhibition protein (pref-1) by the cells of the endothelium (ref).
These results are further supported by functional experiments highlighting the
expression of the same proteins by cells emanating from proliferating IH
explants, which show functional ability to differentiate into terminal
mesenchymal cells, namely adipocytes and osteoblasts'®. This confirms a
mesenchymal differentiation potential of the haemogenic endothelium. My
model does not exclude the possibility of invasion of MSCs from
adjacent/other niches, however, my data confirm the presence of an innate

MSC population within IH.

The demonstration of a neural crest stem cell phenotype in IH, led us to
investigate whether the IH lesions are derived from hESCs, from which during
normal development, neural crest stem cells can be directly derived.
Surprisingly hESC markers are identified, but their expression is identified on
two different cell populations within proliferating IH lesions. One population
express Oct-4, SSEA-4 and STAT-3 and is restricted to cells of the
endothelium, whilst the other population that express nanog is located in the
interstitium but none of the other ESC markers. This expression pattern within
proliferating IH is intriguing, and at this stage we can only infer that either the
Oct-4-positive cells within the endothelium represent the true cellular origin of
IH which give rise to the ‘more’ downstream nanog-positive cell or that there
are simply two different primitive populations of cells within proliferating

lesions. However, more recent data has confirmed that the nanog-positive
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cells are also express mast cell markers (unpublished results), inferring a
primitive myeloid phenotype that is most likely derived from the haemogenic

endothelium.

Previous studies have reported on the similarities in the expression profile
between IH and the placenta, and suggest a placental origin for |H®#*8¢
eventhough the IHC staining pattern is not completely consistent with a
trophoblast origin®”. These reported similarities between IH and placenta, and
the ambiguities of previous investigations led us to investigate the expression
of trophoblast-associated markers in IH. Our data demonstrate the expression
of the placental markers, hPL and hCG, but not CK7 or HLA-G. These data
and the controls used, support the cellular origin of IH as being the
mesenchymal core cells of the placental villi. This suggestion supports our
earlier findings, as these placental mesenchymal core villous cells are derived
from the primitive streak, that also expresses brachyury.®* This is quite
intrugiung in that the primitive streak also gives rise to the primitive mesoderm
of the embryonic yolk sac, the site of embryonic Hb{ production, as well as
the site of de novo haemogenic endothelium formation. Taken as a whole, the
data strongly supports a placental villous mesenchymal core cell origin for IH.
Embolisation of these cells early in the embryonic development may account
for segmental lesions, and embolisation that occurs later in the embryonic

development results in localised lesions.
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Our neural crest cell theory as giving rise to the PHACES has recently

been quoted in a published article'®

‘A new report emphasizes the possibility
of an underlying neural crest abnormality contributing not only to the
cardiovascular malformations but also to the hemangiomas [ltinteang et

al.,2010] confirming acknowledgement and support of our model by other

groups.

12.1.8. Summary of Key Findings

The key finding of this thesis is that IH is developmental anomaly of stem cell
proliferation and differentiation. These statements have been confirmed by the
characterisation of a novel stem cell population in IH and the critical role of the
RAS in both the natural biology of IH and the observed effect of novel

treatments, such as propranolol and ACEi.

The physiologically higher levels of renin during infancy which taper off
once a child reaches their first year of life and is normalised by the age of ten,
and the high levels in Caucasian (compared with black), female (compared to
male) and in premature (compared with termed) infants thus account for both
the natural history of IH and the increased prevalence in female, Caucasian

and premature infants.

Our data suggests that it is likely that placental mesenchymal core
villous cells are the cell of origin of IH. We infer that these stem cells are

embolised to the foetus in utero, and account for the increased risk of IH



185

following invasive in utero investigations, such as amniocentesis and
chorionic villous sampling. These cells depending on the timing of
embolisation may also account for the clinical presentations of IH, whereby
early embolisation leading to PHACES syndrome whereas ‘late’ embolisation

accounting for discrete lesions.

Figure 12.1 highlights the key stages of stem cell differentiation during
IH development. Physiologically high levels of circulating renin during infancy,
favours formation of endothelial progenitor cells (EPCs) and haematopoiesis.
As renin levels decrease during childhood resulting in reduced angiotensin Il
levels with subsequent reduced OPG. The net result of this is reduced EPCs,
promotion of apoptosis and a release of the block on mesenchymal

differentiation with the formation of the fibro-fatty tissue of involuted lesions.
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Figure 12.1. Our proposed model of the cellular lineages of IH and the role of

the renin-angiotensin system and osteoprotegerin (OPG) in the development

IH.

12.2. Future Directions in Haemangioma Research

12.2.1. Angiotensin Il

An understanding of the key peptides leading to the formation of ATII and its
application to the developmental biology of IH highlights a future area in the

regulatory steps in the biology of IH and the development of novel treatment
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strategies for IH. This thesis has investigated the RAS pathway and its
inferred role in IH development. However, other non- RAS pathways which
also lead to the formation of the vasoactive ATII is now the topic of further
investigation by our group. Preliminary data from our group have confirmed
abundant expression of cathepsin B, an enzyme responsible for converting
pro-renin to renin, and cyclo-oxgenase-2 (COX-2) within proliferating IH
(Figure 12.2), constituting paracrine/autocrine non-RAS pathway within IH.
Figure 12.3, illustrates non-renin/ACE pathways leading to ATII formation. We
have previous shown the expression of chymase by mast cells within IH (ref)
and the obvious implications for their role in the biology in IH. The applications
of the role of ATIl in IH and stem cell biology are still in their early stages and
further research into their exact role and interplay with other vasoactive

peptides, such as VEGF, will need to investigated.

Figure 12.2. IHC of proliferating IH illustrating expression of COX-2 (red, left panel)

and cathepsin B (green, right panel).
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Figure 12.3. A schema illustrating both the RAS and the non-RAS pathways leading

to ATIl formation (Adapted from Zaman, et al'®).

12.2.2. Stem Cell Biology of Infantile Haemangioma

The origin of IH has remained enigmatic. ldentification of critical stages in
stem cell differentiation in IH has enabled a better understanding of this
condition. Future research in the development of animal models for IH will
need to address not only the environmental cytokine milieu, but also an
appreciation for the heterogeneity of the stem cell population in IH. We now
have data demonstrating that the nanog-positive cells in the interstitium of
proliferating IH contained in Chapter 9, are the mast cells previously shown in
IH°. Whether these mast cells originate from a primitive myeloid lineage
derived from the haemogenic endothelium during primitive haematopoiesis or
whether they are an independent primitive population within IH is a topic of

our current research. These observations have highlighted some of the key
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stem cell components that make up IH. It is therefore possible to infer that
until such a model encompassing all facets of IH biology that the true in vivo
model of IH maybe established, perhaps in an orthoptic model (Figure 12.4),
thus enabling future advances in research into IH and a further appreciation of

the complex aetio-pathology of this enigmatic condition.

Figure 12.4. The development of an in vivo IH mouse model is dependant on the

heterogenity of the stem cell population in IH.

12.2.3. Tissue Engineering

The stem cell biology of IH and the ability of innate stem cells within IH to
differentiate into a variety of downstream cellular elements such as
adipocytes, osteoblasts and erythrocytes, further highlights the potential use

of IH derived stem cells. These multipotent stem cells can be further used as
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models for developing a better understanding of the cytokines and the
differentiation pathways that they control in maintaining differentiation. These
pathways may potentially provide the launching platform for the development
of directed stem cell differentiation and its myriad of applications in the field of

tissue engineering (Figure 12.5).

Figure 12.5. The clinical applications for the future use of tissue engineering will

involve the management of mutilating injuries.

12.2.4. Tumour Vasculogenesis

There is accumulating evidence showing cancer stem cells in solid tumours
are dependant upon the ability to establish their own blood supply for nutrient

access, but which also facilitates metastasis'®. The development of a tumour
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blood supply, tumour vasculogenesis, is dependant on the resident stem cell
population with vascuologenic differentiation capacity. Our research in
vasculogenesis in IH has highlighted the expression of key proteins in the
resident stem cell populations (Figure 12.6). Our preliminary work in head
and neck cancer, based on our discovery of the presence of primitive cells
within a variety of head and neck cancers and the involvement of the RAS in

these tumours is an exciting avenue for further research.

Figure 12.6. The formation of vascular tubes derived from endothelioma tumour cells
requires the presence of IH stem cells when grown in matrigel. Images taken day 2

(left) and day 6 (right) in culture.
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