
Experimental and Molecular Pathology 93 (2012) 264–272

Contents lists available at SciVerse ScienceDirect

Experimental and Molecular Pathology

j ourna l homepage: www.e lsev ie r .com/ locate /yexmp
Review

Evolution of hemangioma endothelium

Alexandra Kleiman a, Emily C. Keats a, Nancy G. Chan a,b, Zia A. Khan a,c,⁎
a Department of Pathology, University of Western Ontario, London ON, Canada
b Pathology and Laboratory Medicine, London Health Sciences Centre, London ON, Canada
c Metabolism and Diabetes Research Program, Lawson Health Research Institute, London ON, Canada
⁎ Corresponding author at: 4011 Dental Sciences Bu
London, ON, Canada N6A 5C1. Fax: +1 519 661 3370.

E-mail address: zia.khan@schulich.uwo.ca (Z.A. Khan

0014-4800/$ – see front matter © 2012 Elsevier Inc. All
doi:10.1016/j.yexmp.2012.04.020
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 14 April 2012
Available online 4 May 2012

Keywords:
Hemangioma
Angiogenesis
Vasculogenesis
Endothelial cells
Matrix proteins
Cell differentiation
Endothelial progenitor cells
Infantile hemangioma is a benign vascular tumor, characterized by a unique life cycle consisting of rapid
growth and spontaneous regression. Three distinct phases (proliferating, involuting, and involuted) take
place over the course of approximately 5–8 years, with specific cell types defining each separate phase. The
origin of the cells comprising hemangiomas has been deliberated over since the late 1800s. We have recently
provided experimental evidence that hemangiomas arise from multipotent stem cells. These hemangioma
stem cells that give rise to the endothelial cells are also the essential source of adipocytes during
hemangioma involution. The molecular mechanisms that regulate the differentiation of the hemangioma
stem cells remain unclear. Although recent studies have elucidated a number of signaling pathways
underlying hemangioma pathogenesis, many unanswered questions remain. Herein, we review the unique
cellular composition of infantile hemangioma, as well as some of the signaling pathways active within
hemangioma-genesis. Understanding the mechanisms behind changes in cellular fate throughout the
hemangioma growth pattern will not only provide insight into the stem cell population that resides within
the tumor, but will help to establish more effective eradicating therapies.

© 2012 Elsevier Inc. All rights reserved.
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Introduction

Infantile hemangioma

Infantile hemangioma, a benign tumor of vascular endothelial cells
(ECs), is the most common type of childhood tumor (Bruckner and
ilding, 1151 Richmond Street,

).

rights reserved.
Frieden, 2006; Mulliken and Glowacki, 1982). These vascular lesions
appear in 1 out of every 100 newborns (Krol and MacArthur, 2005;
North et al., 2001), predominantly affecting infants of Caucasian heritage
(Bruckner and Frieden, 2003; Krol and MacArthur, 2005; Ritter et al.,
2007).While the reasons remain obscure, infantile hemangiomas develop
three timesmore often in females than inmales (Mulliken, 1992; Ritter et
al., 2007). It has also been noted that preterm infants are at significantly
higher risk of developing hemangiomas (Amir et al., 1986). Interestingly,
hemangiomas exhibit a strong predilection for the head and neck regions,
which account for at least 60% of all hemangiomas (Chiller et al., 2002;
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Waner et al., 2003). Recent studies suggest that hemangiomas are not
randomly distributed, but occur in areas of developmental boundaries
where fusion of embryonic cranium takes place (Haggstrom et al.,
2006b;Waner et al., 2003). These findings suggest a plausible connection
between embryonic development and hemangioma pathogenesis.
Clinical features and classification of hemangiomas

Uniquely, hemangiomas are characterized by distinct phases of
proliferation and regression (Mulliken and Glowacki, 1982; Ritter et al.,
2007). While these vascular lesions may differ in the age of inception
and possibly few clinical characteristics, on average, the patient exhibits
no symptoms at birth. Subsequently, a red patch arises within the first
fewweeks of life (Bruckner and Frieden, 2003). Following the formation
of the initial minute lesion, the tumor progresses rapidly into the first
phase, the proliferating period. Typically, proliferation perseveres for a
period of 1 year during which masses of ECs are observed, but defined
vascular architecture is not prominent (Mulliken and Glowacki, 1982;
Ritter et al., 2007). Approximately at the age of 1 year, the tumor enters
the involuting phase, which may last between 3 and 5 years. During this
stage, changes are observed solely at the cellular level where EC
hyperplasia is reduced and mature vessels become distinct. The final
stage of this tumor is known as the involuted phase. This stage is reached
by the age of 5–8, and is characterized by the replacement of blood
vessels by fibrofatty tissue. Although the tumor regresses spontaneously
over time, the child may be left with a discolored area of thin epidermis
situated where the lesion had initially formed (Enjolras and Mulliken,
1993; Ritter et al., 2007).

Clinically, hemangiomas are classified based on morphological
traits and anatomical location. Slightly elevated lesions situated on
the epidermis that appear red or purple in color are classified as
superficial hemangiomas (Holmdahl, 1955). Lesions located beneath
the skin and within internal organs have often been referred to as
deep hemangiomas (Holmdahl, 1955; Ritter et al., 2007). Some have
also proposed categorizations of the vascular tumors as localized,
segmental, indeterminate and multifocal lesions (Chiller et al.,
2002). Further vocabulary used to describe morphological features of
hemangiomas include strawberry, capillary, port-wine, cavernous,
capillary-cavernous, and lymphangiohemangioma (Cohen, 2007;
Mulliken, 1993; Mulliken and Glowacki, 1982). Unfortunately, much
of the widely used nomenclature is obsolete and obscure, resulting in
erroneous classification of vascular tumors as vascular malformations
and vice versa (Cohen, 2007). Subsequently, designation of hemangiomas
should be based on the work consummated by Mulliken and Glowacki
(Mulliken and Glowacki, 1982), which established proper classification
based on the cellular and the histological features. Most notably, the
work demonstrated that hemangiomas grow by hyperplasia, whereas,
vascular malformations are developmental defects and exhibit a
quiescent endothelium (Mulliken and Glowacki, 1982).

Proper categorization of hemangiomas can be achieved most
reliably by the examination of three determining factors; ability of
the tumor to enlarge as the child grows, when the tumor first
becomes apparent, and the process of evolution (and regression)
that the tumor undergoes. While the size of vascular malformations
are commensurate with the patient's age, hemangiomas do not
grow with the same proportionality (Smolinski and Yan, 2005).
Hemangiomas typically are not apparent at birth and emanate at
1 week to 1 month after birth (Cohen, 2007). However, vascular
malformations are discernible immediately post-birth as they are
developmental defects. Lastly, hemangiomas undergo inimitable
evolution during which the tumor proliferates and spontaneously
regresses over time (Beck and Gosain, 2009; Bruckner and Frieden,
2003; Mulliken and Glowacki, 1982). This is peculiar to hemangiomas,
as no other vascular tumors have demonstrated this type of life-cycle
pattern.
To date, the most accurate diagnostic confirmation of hemangiomas
can be achieved by staining for Glucose transporter-1 (Glut-1)
(Bruckner and Frieden, 2003; Khan et al., 2008). Glut-1 is a member of
a large transporter protein family, which is most commonly associated
with erythrocytes (Gould and Holman, 1993; North et al., 2000). This
protein has been noted to be highly expressed in ECs at the blood–
brain-barrier, in the placenta, as well as in the eyes and nerves
(Froehner et al., 1988; Gould and Holman, 1993; Jansson et al., 1993;
North et al., 2000). A large study conducted by North et al. (2001)
established the unique immunoreactivity of endothelial Glut-1 in
hemangioma specimens, which was not observed in normal skin or
other vascular anomalies (including malformations). The similar
pattern of Glut-1 expression observed throughout various stages of
hemangiomas and placenta insinuates the possibility of a connection
between the two, especially when it comes to the origin of the tumor
(North et al., 2000).

Present therapies for the treatment of hemangiomas

It is important to determine the mechanisms behind hemangioma
formation in order to establish an effective eradicating therapy. While
most hemangiomas are left untreated, as they pose no risk to the
patient due to the spontaneous involuting nature, some must be
treated (Beck and Gosain, 2009; Frieden et al., 1997). It has been
noted that up to 20% of hemangioma cases can arise in areas that
may pose life-threatening complications (MacArthur et al., 1995;
Weber et al., 1990). For example, vascular lesions surrounding vital
organs like the eyes or the nasal region can result in significant vision
and airway obstruction in the infant (Enjolras et al., 1990). Internal
bleeding and ulceration (Haggstrom et al., 2006a), and congestive
heart failure (Cooper and Bolande, 1965) have also been shown to
be complications of hemangiomas obstructing internal organs.

Most commonly, corticosteroids administered locally or systemically
are used as the first line of defense for low and high risk hemangiomas of
varying sizes (Beck and Gosain, 2009). While generally the use of small
doses of corticosteroids is safe, patient response to the treatment is
variable, with only 30% exhibiting accelerated regression and involution
(Enjolras et al., 1990; Fost and Esterly, 1968). Nonetheless, corticosteroid
therapy has been noted to cause severe adverse effects in children
administered high doses for long periods of time (Greinwald et al.,
1999). Some of the adverse effects include growth retardation,
immunosuppression and edema (Greinwald et al., 1999). Another
treatment used for hemangioma management is interferon alpha-2a.
Interferon α-2a is an antiviral agent that has recently gained acceptance
for use in hemangioma patients with life-threatening vascular lesions
(Beck and Gosain, 2009). This type of therapy appears to be effective
when administered in the early proliferative stage of the tumor
(Greinwald et al., 1999). Common side effects such as fever, headache,
irritation and malaise are seen in patients undergoing this treatment
(Nguyen and Fay, 2009). However, upon cessation of the therapy, the
side effects disappear (Enjolras et al., 1990). Nevertheless, a very severe
neuromuscular complication, spastic diplegia, has been observed in
20% of infants administered interferon alpha-2a (Barlow et al., 1998;
Worle et al., 1999). Thus, continuous neurological testing must be
performed on patients undergoing the treatment to ensure effective
detection of neurotoxicity and timely cessation of the therapy (Nguyen
and Fay, 2009).

The most recently proposed therapy for hemangiomas is
propranolol, a nonselective beta-blocker (Nguyen and Fay, 2009). A
study conducted by Leaute-Labreze et al. (2008) demonstrated
propranolol's ability to suppress the growth of large severe
hemangiomas. While it is yet to be established how the treatment
produces its effects, it is believed to act on the pericytes surrounding
capillaries that cause vasoconstriction (Nguyen and Fay, 2009). Although
the current therapies available offer effective elimination of the tumor in
some cases, the plausible side effects from their use cause great concerns
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for the health and wellbeing of the children affected. Thus, further
understanding of the cellular and molecular basis of hemangiomas is
required in order to prevent complications and properly treat the
vascular tumor.

Alarming hemangiomas not responding to medical therapy can
also be surgically resected to ensure that the complications do not
worsen. Some surgical excisions are also performed to minimize
psychosocial effects from the skin deformities that result from lesion
formation on the face.

Current theories of hemangioma origin

Several hypotheses exist on the origin of hemangiomas. Two
plausible mechanisms have gained acceptance; the intrinsic defect
hypothesis, and the extrinsic defect hypothesis. The intrinsic hypothesis
entails that a somatic mutation in one or more genes controlling EC
proliferation is responsible for the tumor formation. This hypothesis
suggests that the ECs in hemangiomas originate from a single stem/
progenitor cell and therefore implies that the cells are clonal in nature.
A recent study conducted by Boye et al. (2001) examined methylation
patterns in the ECs from hemangioma lesions. They observed that all
hemangioma-derived endothelial cells (hemECs) demonstrated a
similar X-chromosome inactivation pattern, supporting the notion
that the cells arise from same parent progenitor cell. Although patches
of cells with similar X-chromosome inactivation are found in various
tissues, these findings are quite compelling. Other studies (Jinnin et
al., 2008; Walter et al., 2002) provided further evidence to support the
presence of somatic mutations by identifying a missense mutation in
vascular endothelial growth factor receptor-2 (VEGFR2) (Walter et al.,
2002) within hemangioma lesions but not normal adjacent tissue.

In contrast to the intrinsic theory, the extrinsic hypothesis
suggests that the tumor microenvironment regulates hemangioma-
genesis. For example, Bielenberg et al. (1999) identified hyperplasia
and increased angiogenesis in the epidermis overlaying proliferating
hemangioma. However, tissue adjacent to involuted hemangioma
did not exhibit the same characteristics. This finding suggests a
possible signal imbalance in the epidermis adjacent to proliferating
hemangioma, which may be contributing to the progression of the
tumor. However, the location of this signal imbalance (epidermis vs
the hemangioma tumor itself) is not fully clear. It is possible that
rapid expansion of the tumor during the proliferating phase underlies
an imbalance in the growth factors and cytokines and ultimately
leads to epidermal hyperplasia.

Recently, an extrinsic hypothesis with an intrinsic component has
been brought forward to explain hemangioma-genesis. Disturbances
in the microenvironment, such as transcervical chorionic villus
sampling (CVS), a method of prenatal diagnosis of cytogenetic
abnormalities (Rhoads et al., 1989), has been suggested to increase
the incidence of infantile hemangioma (Burton et al., 1995; Holmes,
2009). It is believed that the invasive procedure causes intravascular
dislodgment of placental cells, which enter the circulation and
embolize to the developing fetus (Bree et al., 2001; Kaplan et al.,
1990; North et al., 2002). The extrinsic component consists of the
mechanical disruption and the permissive environment for homing.
While the intrinsic component consists of the progenitor nature of the
cells that are dislodged.

Evolution of hemangioma endothelium

The origin of the cells comprising hemangiomas has been deliberated
over since the late 1800s (Fig. 1). It was in 1863 that Virchow (Virchow,
1863) first proposed a possible relation between hemangiomas
and embryonic development, suggesting the possibility of remnant
embryonic mesoderm giving rise to the vascular tumor. The theory
was further perpetuated by Pack and Miller (1950), and Malan (1974)
who advocated that activation and growth of dormant angioblastic
cells during fetal development were responsible for hemangioma
formation. While the theories presented a vision for hemangioma‐
genesis, it was not until histological examinations that the cellular
components of the vascular tumor began to be unraveled.

Currently, immunohistochemistry offers the most reliable way of
studying intact specimens at the cellular level. The cellular components
of hemangiomas consist largely of ECs and perivascular cells (Hopfel-
Kreiner, 1980; Lo et al., 2009). It was the initial histochemical work of
Mulliken and Glowacki (1982), examining the EC morphology, that
shed some light on the cellular components of hemangiomas. Typically,
infantile hemangiomas undergo three distinct phases that can be
characterized by the developmental state of the ECs. Plump
endothelium comprising convoluted capillaries characterizes the early
phase of proliferation in hemangiomas (Mulliken and Young, 1988).
As the tumor continues to further develop, the ECs flatten and the
vessels dilate, creating a mature vascular appearance (Mulliken and
Young, 1988). As the last stage of the hemangioma approaches,
fibroadipose tissue surrounds collapsed blood vessels and EC debris
(Mulliken and Young, 1988). As the hemangioma research field
continued to expand, unusual characteristics of the tumor were
revealed. It was the study by North et al., (2000, 2001) that discovered
the unusually high expression of Glut-1 in ECs in all stages of
hemangiomas. Although Glut-1 positive vessels are seen in all three
phases of the hemangioma lifecycle, a fair number of the vessels exhibit
a ‘mosaic’ phenotype (unpublished observations). In other words, the
ECs in these vessels are amixture of Glut-1 positive andGlut-1 negative.
It is plausible that the ECs in these vessels are derived from different
sources or processes.

Hemangiomas are also unique in terms of cellular heterogeneity.
Cellular diversity of hemangiomas was examined by Gonzalez-Crussi
and Reyes-Mugica (1991) and was further strengthened by Smoller
and Apfelberg (1993). The latter study examined immunoreactivity of
CD34, an ECmarker that is also shared by some stemcells, in the cellular
components of hemangiomas. They discovered CD34 positivity in the
ECs and in the interstitial cells surrounding the vasculature (Smoller
and Apfelberg, 1993). The discovery led to the presumption of CD34+
cells giving rise to both ECs and pericytes. Again, suggesting the
possibility that a progenitor cell gives rise to several cellular lineages
in hemangiomas. Later on, Ritter et al. (2006) provided further evidence
for abnormal endothelium by observing co-localization of CD31, an EC
marker, with CD32, a myeloid cell marker in a portion of the
hemangioma vessels. Other observations included co-localization of
the von Willebrand factor (vWF) with CD83, a dendritic cell marker
(Ritter et al., 2006). While the significance behind the co-expression
of myeloid and EC markers is unclear, it may be indicative of the origin
of hemangioma cells. The possibility of hemangiomas arising from a
hematopoietic precursor cell may explain the co-expression of EC and
myeloid cell markers. Alternatively, the presence of multiple cellular
markers on what is perceived to be a mature EC may indicate an
immature state of the ECs in hemangiomas.

It is perplexing that hemangioma endothelium expresses all markers
that are associated with a fully functional endothelial phenotype
(Fig. 2). Namely, hemangioma ECs (in the proliferating as well as the
involuting phases) are nicely decorated with CD31, vascular endothelial
(VE)-cadherin, von Willebrand Factor (vWF), CD34, and CD146. Only
vascular endothelial growth factor receptor 2 (VEGFR2) displays
positivity in the ECs as well as the interstitial (and perivascular) cells.
What makes hemangiomas unique is this atypical endothelium which
expresses mature EC markers and markers of other cellular lineages (for
example myeloid markers). It is easy to appreciate the immature nature
of hemangioma ECs by examining for stem/progenitor cell markers.
Hemangioma specimens are immunoreactive to known human
pluripotency markers including SOX2, OCT4 and Nanog, as well as
multipotent stem cell marker CD133. This positivity is seen in the
endothelium and interstitial cells, while CD133 positivity is primarily
localized to the endothelium (Fig. 3). Could this immunophenotype



Fig. 1. Major advances in the understanding of hemangioma biology. A schematic diagram illustrating the major discoveries and advances in the knowledge of hemangioma
formation and progression.
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suggest a possibly delayed or disrupted differentiation pathway to
endothelial cells? Dosanjh et al. (2000) isolated hemECs and compared
them to fetal and neonatal ECs. The study illustrated remarkable
similarities in cellular morphology and protein expression between
hemangioma and fetal ECs, but not with neonatal cells. When grown in
Fig. 2. Endothelial cell marker staining in proliferating hemangioma specimens. Proliferat
University of Western Ontario. Staining demonstrates positive immunoreactivity of all E
(Abcam); all images taken at 20× magnification; scale bar measurement represents 200 μm
culture, hemECs and fetal cells exhibit similar spindle shape morphology
and growth characteristics. The neonatal cells predominantly displayed
an epitheloid shape, typically exhibited by functionally mature ECs.
Expression of vWF, CD31, type IV and type I collagens were also similar
in hemECs and fetal ECs. These findings clearly showed that hemangioma
ing hemangioma specimens were used following approval by the Ethics Board at the
C markers on hemangioma endothelial cells. [Fetal skin is used as positive control
.]
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ECs are similar to fetal ECs but not to fully mature ECs. Soon after, an
aberrant functional feature of hemECs was also identified. Boye and
colleagues showed that hemECs had an abnormal response to
endostatin, an angiogenesis inhibitor. Unlike the control human dermal
microvascular endothelial cells (HDMECs) that were inhibited by
endostatin, hemECs showed increased migration in the presence of
the anti-angiogenic peptide. The significance of this finding, however,
was not fully clear.

A significant number of endothelial progenitor cells (EPCs) in
proliferating phase hemangiomas have recently been reported (Yu et
al., 2004). The study conducted by Yu et al. examined expression of
CD133 mRNA in hemangiomas. Using RT-PCR, they were able to detect
significant levels of CD133 mRNA in proliferating hemangiomas. The
involution of hemangiomas was also associated with a significant
drop in the CD133 transcript level. To validate the novel finding, anti-
CD133 and anti-VEGFR2 antibody-labeled cells were pulled from a
proliferating hemangioma and examined by flow cytometry. The
study established that approximately 2% of the cell population was
positive for both VEGFR2 and CD133markers, indicating an endothelial
progenitor nature of the cells. To further study the behavior of hemECs,
we have isolated CD133+ and CD133− hemangioma cells (Khan et al.,
2006) (Fig. 5). The cells were then differentiated into ECs in culture.
Using these isolated cells, we assessed the cellular activity in response
to endostatin. We showed that hemEPCs (designated as CD133+
derived ECs) and hemECs (CD133-derived) increased adhesion,
migration and proliferation in response to endostatin. Interestingly,
this aberrant behavior was also observed in normal cord blood
endothelial progenitor cells (cbEPCs) but not in the mature HDMECs
(Khan et al., 2006). This suggested that the counterintuitive response
to endostatin is a unique property of endothelial precursors. We then
wanted to know if this ‘precursor’ response would dampen as the
cells matured in culture. To our surprise, we found that hemangioma
EPCs and ECs retained this precursor response for far longer periods
thannormal cord blood-derived EPCs (Khan et al., 2006). The continued
abnormal stimulation of hemEPCs and hemECs by endostatin suggested
a possible defect in the maturation process in the cells.

Most recently, we isolated hemangioma CD133+ stem cells and
implanted them into immunodeficient mice to analyze their potential
to form hemangiomas (Khan et al., 2008). We showed for the first time
that these hemangioma stem cells (hemSCs) are able to produce blood
vessels in vivo. Intriguingly, the blood vessels were Glut-1 positive,
indicating that the isolated cells in fact had formed hemangiomas. This
study was the first to provide experimental evidence that a stem cell is
the hemangioma-initiating cell. This was a major advancement in the
Fig. 3. Stem cell marker staining in hemangioma specimens. Positive CD133 and Glut-1
immunoreactivity in the interstitial cells. [Placenta is used as positive control; all images ta
field, as we now know the cellular target for therapy. In light of these
findings, a novel drug candidate for hemangiomas has come into play
recently. Rapamycin, an mTOR (mammalian target of Rapamycin)
inhibitor, has been shown to suppress the self-renewal of hemSCs and
induce their differentiation into a perivascular phenotype (Greenberger
et al., 2011). In addition, it has been shown to inhibit the vasculogenic
capacity of these cells in vivo (Greenberger et al., 2011), implying its
potential use for the treatment of proliferative hemangiomas. However,
limited experience with this drug indicates that further studies must be
conducted in order to assess its associated adverse effects.

Other cellular components of hemangiomas

Hemangiomas have an abundant level of mast cells surrounding the
vasculature during the proliferative phase (Mulliken and Glowacki,
1982). Quantitative immunohistochemical analysis of hemangiomas
revealed a 30–40 fold increase in mast cells surrounding proliferating
vessels as compared to the vessels in the involuted phase (Mulliken
and Young, 1988). Similar observations were also reported by another
research group (Pasyk et al., 1984), that showed increased mast cells
in both proliferating and involuting hemangiomas. While the role
of mast cells in hemangiomas remains obscure, Pasyk et al. (1984)
have suggested that mast cells may act as precursors/initiators for
the involution phase of hemangiomas. Other investigations have
demonstrated that mast cells are more prominent in hemangiomas
when the lesions undergo involution (Tan et al., 2004). The observed
presence of mast cells in different phases of hemangiomas has been
attributed to their proangiogenic and antiangiogenic roles (Sun et al.,
2007). Presence ofmast cells during proliferationmay also be indicative
of an immunological response. Mast cells during involution may be
representative of apoptosis and stimulation by chemokine signaling,
which may account for reduced vessels and increased fibrofatty tissue
formation.

Much attention has been allotted to the examination of the
heterogenous cellular components of hemangiomas. Pericytes, also
known as Rouget cells (Dore-Duffy and Cleary, 2011), are the elongated
cells which surround the ECs (Yamagishi and Imaizumi, 2005). These
cells of mesodermal origin (Yamagishi and Imaizumi, 2005) have been
shown to be imperative in themaintenance ofmicrovascular homeostasis
(Yamagishi et al., 1993a, 1993b). However, their role in hemangiomas is
not well studied. Immunohistological analyses reveal that perivascular
cells in hemangiomas are immunoreactive to α-smooth muscle actin
(α-SMA) (Li et al., 2003). The cells also express NG2, Calponin and
Caldesmon in hemangiomas (Fig. 4). Interestingly, platelet-derived
immunoreactivity is seen in endothelial cells. SOX2, Oct4 and Nanog also showed
ken at 20× magnification; scale bar measurement represents 200 μm].



Fig. 4. Perivascular cell marker staining in hemangioma specimens. Perivascular marker staining demonstrated positive immunoreactivity in cells surrounding the capillaries in
hemangioma specimens. Only PDGFRβ displayed a diffused pattern of expression throughout the entire tissue. [Fetal skin used as positive control; all images taken at 20×magnification;
scale bar measurement represents 200 μm.]
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growth factor receptor-β (PDGFRβ), a marker suggested to be expressed
by pericytes and some stem/precursor cells, is not restricted to the vessels
in hemangiomas, but rather is dispersed throughout most of the cells in
the tissue. Caldesmon, a protein found in mature smooth muscle cells
(Huber, 1997), is also positive in the mature enlarged hemangioma
vessels but not the nascent capillaries. In fetal skin, caldesmon is positive
in the small capillaries (Fig. 4). This immunohistological pattern may
demonstrate that hemangioma capillaries are fully functional vessels,
Fig. 5. Schematic of our working hypothesis. Hemangioma SCs undergo atypical activation a
pericytes during the proliferating phase. Increased growth factor expression may also ca
progenitor cells may also incorporate into developing vessels producing mosaic Glut-
disappearance of hemangioma vessels, thus triggering the involution and hemangioma stem
but may display a variation in perivascular cell marker expression
depending on the maturity level.

Molecular and biochemical alterations in hemangiomas

While the exact aberrant EC signaling remains elusive in
hemangioma‐genesis, several signaling pathways have been proposed
to play an important role. As hemangiomas exhibit disorganized EC
nd expansion. These CD133+ cells give rise to the Glut-1+ microvascular ECs and also
use adjacent tissue to exhibit hyperplasia and angiogenesis. Circulating endothelial
1+ and Glut-1− vessels. As hemangiomas progress, immune cells may regulate
cell differentiation into adipocytes.
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proliferation, much attention has been turned to VEGF expression. VEGF
plays a role in angiogenesis and vasculogenesis through its ligand-
receptor interaction (Berse et al., 1992; Millauer et al., 1993; Shweiki
et al., 1992). Jinnin et al. (2008) showed that a decrease in the availability
of VEGF receptor-1 (VEGFR1) created an increased concentration of
readily available VEGF in hemECs. Accessible VEGF ultimately activates
the VEGFR2 and triggers EC proliferation. Absence of VEGFR1 has proven
to be lethal in mice, causing vascular obstructions due to uncontrollable
proliferation of the ECs (Kearney et al., 2002). VEGFR1 functionality is
eminently important for binding VEGF and ultimately preventing unduly
interactionwith VEGFR2 (Ferrara, 2005; Roberts et al., 2004). Jinnin et al.
(2008) also identified protein complexes carrying mutated forms of
VEGFR2 and other proteins like tumor endothelial marker 8 (TEM8), in
hemangioma ECs. The research group proposed that the protein
complexes play an important role in down-regulating the activity of
nuclear factor of activated T cells (NFAT), a transcription factor required
for VEGFR1 activity regulation (Jinnin et al., 2008). Thus, with decreased
availability of VEGFR1, more VEGF is readily available to bind and
activate VEGFR2. This finding perpetuated the notion that it is the
imbalance in VEGFR1 and VEGFR2 expression that causes increased
VEGFR2 activity andultimately aberrant EC proliferation. An outstanding
question was whether hemangioma SCs also exhibit this aberrant VEGF
signaling or is this property acquired once the SCs differentiate into
ECs. A study conducted by the Bischoff lab has also implicated VEGFR-1
as the key mediator of EC differentiation in hemangiomas (Boscolo et
al., 2011a). They concluded that the differentiation may occur through
VEGF-A or VEGF-B induced ERK 1/2 phosphorylation in the hemSCs
(Boscolo et al., 2011a). These studies were supported with in vivo
experimentation, which demonstrated decreased vasculogenesis and
ERK 1/2 phosphorylation in response to short-hairpin (sh)-RNA-
mediated silencing of VEGFR1.

In a similar study, Bischoff's group looked at themechanisms behind
hemSC-to-pericyte differentiation. They found that JAGGED1, a ligand
of the NOTCH signaling family, is up-regulated in hemECs and is
required for both the differentiation of hemSCs to pericytes, and for
proper blood vessel formation in vivo (Boscolo et al., 2011b). They
also concluded that direct contact with endothelial cells is a necessary
component for differentiation to the mesenchymal lineage. Taken
together, the Bischoff group proposes that high levels of VEGF-A
induces differentiation of hemSCs to hemECs in an autocrine fashion.
hemECs are then able to promote neighboring stem cells to become
pericytes, allowing vascular networks to form. These are very promising
studies and a natural derivation would be a comparative analysis
between hemSC- derived ECs and pericytes with those isolated from
actual hemangioma specimens examining their phenotypic and
functional properties in controlled culture conditions.

Other signaling pathways may also play a role in hemangioma EC
proliferation. For example, the angiopoietin/tie signaling system has
been shown to play a critical role in normal vascular development
during embryogenesis, and vascular remodeling in adult mice
(Maisonpierre et al., 1997; Sato et al., 1995; Suri et al., 1996). Disruption
of the tie2 signaling pathway is lethal in mice due to interruption
of angiogenesis during vascular system development (Jones and
Dumont, 2000). Analysis of the tie2 mRNA expression by Yu et al.
(2001) identified elevated tie2 in cultured hemECs in comparison to
HDMECs. In contrast, other tyrosine kinases, including, tie1, VEGFR2,
VEGFR1 (also known as Flt-1), Neuropilin-1, VE-cadherin and CD31
showed similar expression in hemECs and HDMECs (Yu et al., 2001).
This is in contrast to the recent studies showing imbalance between
VEGFR1 and VEGFR2 in hemangioma-derived cells and mature ECs.
Whether the difference is due to ‘which’ cell types are isolated (cell
surface markers and other methods used for isolating hemECs) or
cell culture conditions, remains unclear. Tie2 was the only factor
that exhibited differential expression between ECs isolated from
hemangioma patients and those acquired from normal fetal skin. The
difference in expression promoted the speculation of a possible
increased activity in the angiopoietin/tie2 pathway due to an acquired
somatic mutation contributing to a defect in the ECs making up the
benign tumor.

Summary

There are many questions surrounding the pathogenesis of
infantile hemangioma that have yet to be answered. The existence
of a specific population of hemSCs has been well received, though
not much is known regarding the switch between phases of
hemangioma growth. Whether hemSCs are responsible for the
cellular fate at each distinct phase has yet to be determined. Though
hemSCs are typically considered to retain both endothelial and
mesenchymal potential, their contribution to adipogenesis has not
been elucidated. Recent studies have concluded that mesenchymal
stem cells reside in the perivascular region of hemangiomas, and
may be responsible for fibrofatty tissue production seen within the
involuted phase (Yuan et al., 2012). Are these mesenchymal stem
cells the same as hemangioma SCs or are these recruited from
circulation/bone marrow? We must also consider whether it is
more therapeutically advantageous to stop the proliferation of ECs
within the proliferative phase, or rather accelerate the differentiation
to adipocytes. Perhaps treatment is case-specific, making knowledge
of the mechanism of action at each stage equally important. In
addition, the role of other cell types within hemangiomas must be
further examined. Mast cells, myeloid cells, as well as lymphocytes
are all abundant components of hemangiomas that may play
significant roles in tumorigenesis and even blood vessel regression,
but are difficult to study using an in vivo mouse model. Although,
hemangioma studies have made remarkable headway in recent
years, it is clear that there is much more to uncover. Understanding
the pathogenesis will not only aid in eradicating this tumor of infancy,
but will also provide links to other diseases of vascular origin.
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