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vascular overgrowth in IH.

Infantile hemangioma

Epidemiology. Infantile hemangioma (IH) is the most common
pediatric tumor. It affects approximately 5% of newborns, with a
reported incidence range from 2% to 10%. IH is a benign vascular
tumor, and for most children it poses no serious risk. About 10%-
15% of IHs cause serious problems, such as cutaneous expansion,
ulceration, and necrosis, particularly in facial features. Large
tumors can cause high-output cardiac failure and consumptive
hypothyroidism (1). The incidence of IH has increased over the
last three decades (2). Major risk factors for IH include female sex,
prematurity, low birth weight, European descent, multiple gesta-
tions, maternal progesterone therapy, and family history (3).

Life cycle of IH. IH is usually not seen at birth. The tumor
arises early in infancy (2-7 weeks of age), proliferates for 4-18
months of age, followed by slow involution over 3-9 years (4, 5),
leaving behind a fibrofatty residuum in 50%-70% of cases, in
addition to telangiectasia and redundant skin (5). Some children
with involuted hemangioma require single or staged surgical
resection (Figure 1).

Congenital hemangioma (CH) — a purpuric lesion, frequently
with a circumferential halo —is an important differential diagno-
sis of IH (6). In contrast to IH, it arises in utero and is fully grown at
birth; it typically decreases or is stable in size over time. CH can be
complicated by ulceration, bleeding, congestive heart failure, and
mild coagulopathy. Furthermore, CH is immune negative for the
specific IH marker glucose transporter 1 (GLUT1) (7), and it may
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Infantile hemangioma (IH) is a benign vascular tumor that occurs in 5% of newborns. The tumor follows a life cycle of rapid
proliferation in infancy, followed by slow involution in childhood. This unique life cycle has attracted the interest of basic

and clinical scientists alike as a paradigm for vasculogenesis, angiogenesis, and vascular regression. Unanswered questions
persist about the genetic and molecular drivers of the proliferating and involuting phases. The beta blocker propranolol
usually accelerates regression of problematic IHs, yet its mechanism of action on vascular proliferation and differentiation is
unclear. Some IHs fail to respond to beta blockers and regrow after discontinuation. Side effects occur and long-term sequelae
of propranolol treatment are unknown. This poses clinical challenges and raises novel questions about the mechanisms of

express somatic activating mutations in GNAQ and GNA11, which
encode distinct o subunits of the heterotrimeric G protein Gaq (8).

What prevents IH from growing in utero is not known, but
some have speculated that postnatal hormonal changes might
trigger tumor growth. In support of this, elevated levels of
estrogen in the serum of infants with IH and increased estrogen
and progesterone receptors in IH tissue have been detected (9).
In vitro, estradiol was found to stimulate hemangioma endo-
thelial cell (HemEC) proliferation (10) and hemangioma stem
cells (HemSCs) to produce more VEGF-A and basic FGF and, in
turn, to form more blood vessels when implanted in mice (11).
These tantalizing observations and experimental results war-
rant further investigations.

Classification. IH is phenotypically classified according to
depth and pattern of involvement. Superficial cutaneous IH is
located in the papillary and reticular dermis, presenting as a red,
finely lobulated plaque. Deep cutaneous IH infiltrates reticu-
lar dermis and subcutaneous tissue and can present as a skin-
colored or bluish protruding mass (12). Patterns of involvement
are focal, multifocal, or regional (13). The cutaneous distribution
of IH seems to follow developmental units, including embryonic
arteries, rather than specific dermatomes or Blaschko lines (14,
15). Large telangiectatic cutaneous IHs greater than 5 cm can be
associated with malformations that are collectively known as
PHACE(S) syndrome (posterior fossa anomalies, IH, head and
neck arterial anomalies, cardiac anomalies, eye anomalies, sternal
or supraumbilical defects). PHACE(S) syndrome affects 31%-58%
of patients with large head or neck IH (16, 17). LUMBAR syndrome
(lower body IH, urogenital anomalies/ulceration, myelopathy,
bony deformities, anorectal malformations and arterial anoma-
lies, renal anomalies) is the analogous association in the lumbosa-
cral and perineural area. The IH presents with a segmental IH of
the lumbosacral or perineal area, often associated with ulceration
and an extension to one lower limb (18-20).
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IH with minimal or arrested growth (IH-MAG) is a subtype
that does not follow the typical life cycle of IH. IH-MAG can be
mistaken for capillary malformations owing to the distinct flat
telangiectatic appearance. It is present at birth, resolves spon-
taneously, and has a predilection for the lower body. The rea-
son for the lower proliferative potential of IH-MAG is unclear;
the distinct superficial anatomical distribution is suggested as
one explanation (21, 22).

Extracutaneous involvement. A multifocal cutaneous distribu-
tion is seen in 10%-25% of infants with IH. The presence of 5 or
more lesions is associated with internal organ involvement and
is an indication for abdominal ultrasonography (23). The liver is
most often affected, followed by the gastrointestinal tract, CNS
(meninges), and mediastinum; the lung is rarely involved (24).
Infantile hepatic hemangiomas (IHHs) are manifest in multifocal
or diffuse patterns. They can be asymptomatic depending on size
and distribution. Large IHHs, however, are at risk of life-threat-
ening complications, including bleeding, high-cardiac output
failure, hypothyroidism, and abdominal compartment syndrome
(25). Less molecular information is available for IHHs because
they are rarely resected.
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Figure 1. Life cycle, cellular components, and molec-
ular players in IH. (A) Series of clinical images of a
healthy female newborn (left) and the same individual
at 5 months of age with an extensive facial and upper
airway IH requiring tracheostomy (middle). This
patient was treated with systemic corticosteroids,
which was the mainstay of treatment at the time. The
final image shows the patient at 5 years of age, with
the IH in the involuted phase (right). Reproduced with
permission from Elsevier (131). (B) H&E staining of
proliferating and involuting IH demonstrates the dif-
ferences in cellularity and vessel morphology in both
phases in the IH cycle. Scale bars: 100 pum. Reproduced
with permission from Angiogenesis (132). (C) Sche-
matic of hemangioma stem cells, hemangioma endo-
thelial cells, and hemangioma pericytes and molecular
features of each cell type. Adapted with permission
from the British Journal of Dermatology (133).
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Complications. TH can cause bleeding, ulceration, deforma-
tion, and obstruction with functional impairment. Extensive
tumors, particularly intrahepatic, may result in cardiac overload.

Ulceration occurs most frequently during the early proliferat-
ing phase in both large and small IHs, especially in tumors located
on the lower lip, neck, and anogenital region. Ulceration causes
pain, bleeding, infection, and subsequent scarring (26). A mass
effect can be critical depending on the location of the IH. Periocu-
lar IH can result in visual axis obstruction and corneal deformation
leading to astigmatic amblyopia (27). IH located in the cervico-
mandibular region warrants particular caution for airway obstruc-
tion. The risk for airway IH is highest in patients with PHACE(S)
syndrome (28). Consumptive hypothyroidism can occur in large
regional IH and IHHs. The mechanism is overexpression of type 3
iodothyronine deiodinase, resulting in an increased deiodination
of thyroxine and triiodothyronine (T3) to the biologically inactive
reverse T3 and diiodothyronine (T2). Thyroid replacement thera-
py can be needed, along with treatment of the IH. Consumptive
hypothyroidism typically resolves with tumor involution (29).

Diagnosis. Most IH are diagnosed clinically. In early stages,
superficial IH, including IH-MAG, may be difficult to differentiate
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from a capillary malformation. Doppler ultrasound is particularly
useful in the diagnosis of deep IH, revealing fast-flow character-
istics, in part with arteriovenous shunts. This may lead to misdi-
agnosis of arteriovenous malformations (22). Extracutaneous [Hs
may require a more comprehensive diagnostic workup. A skin or
organ biopsy can be performed if the diagnosis is in question to
test for expression of GLUT1 in the tumor endothelium.

Cellular studies of IH

Histologic study of IH in the proliferating phase reveals ongoing
endothelial differentiation, with inchoate vessels expressing endo-
thelial markers VEGFR2 and CD31 (30). In time, lumens enlarge,
and the endothelium appears plump. Mural cells positive for
a-smooth muscle actin (a-SMA), calponin, neural-glial antigen 2
(NG2), and PDGFR-f surround the abluminal side of the endothe-
lium within a developing multilaminated basement membrane.
Most vessels in the proliferating phase express GLUT1, a hallmark
of hemangioma vessels (7), followed by a significant reduction in
GLUT1" vessels in the involuting phase (31). GLUT1is a diagnostic
tool to distinguish IH, but its role in the vascular overgrowth of TH
has not been determined.

HemSCs, HemECs, and hemangioma pericytes (HemPeri-
cytes), as well as macrophages and telocytes have been isolated
from excised IH specimens and characterized (Figure 1C). Hem-
SCs expressing CD133, VEGFR2, CD90, and integrin a-6 reca-
pitulate hemangiogenesis when implanted in immune-deficient
nude mice, as shown by rapid formation of human GLUT1* ves-
sels and appearance of human adipocytes at 4-8 weeks (32-37). In
vivo and in vitro experiments demonstrate the ability of HemSCs
to differentiate into endothelial cells, pericytes, and adipocytes.
In culture, HemSCs display a mesenchymal morphology and can
expand from single cells to form clones. GLUT1* endothelial cells
isolated from proliferating phase IH revert to a HemSC mesen-
chymal morphology in culture, are clonogenic, and display the
differentiative features of HemSCs (31). This indicates that the
GLUT1" endothelial cells lining hemangioma vessels retain stem
cell properties while functioning as endothelium. Based on this
finding, we designated the GLUT1*CD31* cells in IH as facultative
stem cells (31). This unique stemness concealed in GLUT1* endo-
thelium of TH may hold clues to the mechanisms of involution and
the rebound phenomenon of TH.

HemECs proliferate and migrate robustly in vitro and express
the endothelial markers CD31, VE-cadherin, and E selectin, as
well as low levels of VEGFR1, which facilitates VEGFR2 signaling
(38-40). When normalized to VEGFR2, IH tissues express relative-
ly low levels of VEGFR1 compared with normal skin and placenta
(41). In contrast to GLUT1-selected endothelial cells, HemECs
purified without GLUT1 selection exhibit a stable endothelial cell
phenotype but are unable to form perfused vessels in nude mice
unless coimplanted with a mesenchymal support cell (42). In one
study, HemECs resembled fetal ECs more than neonatal ECs, as
shown by morphology and immunostaining (43). Proliferating
phase HemPericytes express PDGFRp, aSMA, calponin, and NG2
and reduced levels of angiopoietin-1 and exhibit decreased ability
to induce endothelial quiescence and diminished contractility in
vitro when compared with normal retinal or placental pericytes
(44). In summary, HemECs and HemPericytes display increased

J Clin Invest. 2024;134(8):e172836 https://doi.org/10.1172/JC1172836

REVIEW SERIES: VASCULAR MALFORMATIONS

angiogenic properties compared with normal skin ECs or retinal
and placental pericytes. It is unclear to what extent these proper-
ties contribute to IH vessel formation.

Polarized M2 macrophages, identified as CD68'CD163", are
increased in proliferating versus involuting hemangiomas (45, 46).
Further studies showed that the M2 macrophages promote endo-
thelial differentiation of HemSCs. When mixed with HemSCs and
coimplanted into mice, M2 macrophages increased microvessel
density and delayed the appearance of adipocytes (46). These nov-
el findings show an important paracrine role for M2 macrophages
and suggest targeting M2 macrophages in the treatment of IH.

Lesser known telocytes have been observed in IH. These are
mesenchymal cells characterized by long, thin processes that
contact other interstitial cells (47). IH telocytes are described as
perivascular and positive for aquaporin-1, CD34, PDGFR-a, and
vimentin but not endothelial or macrophage markers. In vitro, IH
telocytes interacted with endothelial cells and pericytes to form
tubular structures. In the future, single-cell RNA-sequencing data
sets from proliferating and involuting IH could provide a compre-
hensive view of the cellular composition of IH and how it changes
during its regression.

Molecular players in hemangioma

Hypoxia has been hypothesized to initiate hemangiogenesis, and
the subsequent vascular growth has been viewed as an adaptive
response to alleviate hypoxia (1, 48). Indeed, increased hypoxia-
inducible factor 1o (HIF-10) and HIF-20 have been detected in pro-
liferating phase IH (49, 50). HIF transcriptional targets VEGF-A
and GLUT1 have been detected as well. GLUT1 is expressed on
CD31* HemECs in vivo. In contrast, VEGF-A* cells are distinct
and found outside CD31* vessels (51). This is corroborated in vitro,
wherein VEGF-A mRNA and protein expression levels are high in
HemSCs and low in HemECs (51). HIF transcription factors may
activate genes to different extents depending on the cellular con-
text, e.g., GLUT1 expression in newly differentiated HemECs and
VEGF-A expression in HemSCs. shRNA knockdown of VEGF-A in
HemSCs showed that VEGF-A is essential for hemangioma blood
vessel formation in vivo in nude mice (51). Subsequent knock-
down experiments showed that VEGF-mediated vasculogenesis
requires VEGFR1 (52).

Hu and colleagues (37) discovered an integral role for the
NOGOB receptor (NGBR) in coupling growth factor signaling to
RAS activation in HemSCs. NGBR was shown previously to be
required for association of prenylated RAS with the plasma mem-
brane (53) and, hence, RAS activation. NGBR s strongly expressed
in GLUT1*CD31* vessels in proliferating IH. Knockdown experi-
ments showed that NGBR is required for activation of RAS signal-
ing in HemSCs and, in turn, for HemSC proliferation and migra-
tion. RAS signaling activates ERK1/2 and AKT, both of which are
critical for normal vascular development and homeostasis but
often go awry in vascular anomalies. Rescue with constitutively
active HRAS or KRAS constructs confirmed the role of RAS sig-
naling (37). Furthermore, siRNA knockdown of NGBR in HemSCs
resulted in significantly fewer blood vessels when the cells were
implanted in immune-deficient mice (37). These studies estab-
lish NGBR as critical integrator of growth factor/RAS signaling in
HemSC differentiation and vasculogenic activities.
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Juxtacrine signaling between endothelial cells expressing JAG-
GED1 and HemSCs expressing NOTCH3 induces HemSCs to dif-
ferentiate into mural cells, with a phenotype similar to mural cells
that surround IH vessels (36, 44, 54). Knockdown of NOTCH3 in
HemSCs or a NOTCH3 decoy inhibitor showed that NOTCH3 in
HemSCs is needed for mural cell differentiation and formation
of IH vessels when HemSCs are implanted in immune-deficient
mice (36). This novel study provided important insights into peri-
vascular cell origins in IH. The renin angiotensin system has also
been implicated in IH based on several findings. First, renin levels
are high in infants less than 5 weeks of age, and levels tend to cor-
relate with increased risk of IH. Downstream of renin, angiotensin
II was shown to increase IH cell proliferation, providing an impe-
tus for further investigation (55).

Noncoding RNAs have been implicated in hemangiogenesis.
Strub and colleagues profiled miRNAs in 24 IH specimens versus
normal skin adjacent to the tumor (56). They discovered that the
C19MC miRNA mega cluster is overexpressed in IH but not in
normal adjacent skin or in lymphatic malformation tissue. From
the C19MC cluster, they showed that miR-517¢c-3p and miR-517a-
3p are specifically expressed in IH tissue and not in seven other
types of vascular anomalies. Furthermore, they showed that miR-
517a/c-3p localized to GLUT1*CD31" endothelial cells in IH spec-
imens and in GLUT1*CD31* cells isolated directly from IH tissue.
Finally, as the CI9MC miRNAs are found in the circulation, the
authors measured miR-517-3p levels in plasma samples from ten
infants with IH prior to the start of the study and after one and
six months of oral propranolol therapy. Remarkably, plasma miR-
517a-3p dropped significantly, concomitant with diminished IH.
In one patient, IH regrowth occurred. In this case, miR-517a-3p
was increased to levels more than double of what it was at the initi-
ation of treatment. These remarkable findings suggest circulating
C19MC miRNAs could be used to monitor IH growth, involution,
potential for regrowth, and response to propranolol.

RNA binding proteins LIN28A and LIN28B are expressed
in embryonic stem cells and known to interact and regulate the
miRNA let-7. In turn, let-7 negatively regulates LIN28, forming
a feedback loop to control stem cell self-renewal and differenti-
ation. LIN28B was found highly expressed in proliferating phase
IH tissue compared with normal skin, but in the same specimens,
relatively low levels of let-7 were found (57). These investigators
pursued experimental work in human induced pluripotent stem
cells and showed that propranolol reduced LIN28B and increased
let-7. This prompted them to speculate that propranolol therapy
for IH may cause a similar decrease in LIN28 and increase in let-7
and, further, that LIN28B/let-7 balance may be critical for onset of
the involuting phase (57).

Evolution of therapy in IH
Pharmacologic treatment for IH has evolved steadily, aided by
unexpected discoveries. By investigating the mechanism of action
of serendipitously discovered drugs on the cellular constituents in
IH, new molecular insights of this fascinating tumor have emerged.
Corticosteroids. Corticosteroids given orally or by intralesion-
al injection were the mainstay of treatment for problematic IHs
for about 5 decades, although they were never FDA approved for
this indication. Corticosteroids were discovered serendipitously
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for IH by misdiagnosis, with the first patient reported in 1968
(58). In an effort to control thrombocytopenia (interpreted as
immune thrombocytopenia) in a 13-year-old patient with a con-
comitant large “hemangioma,” corticosteroids were effective
in both treating the thrombocytopenia and the vascular tumor
(58). Based on these observations, corticosteroids were given to
patients with problematic IH in the following years, independent
of presence of thrombocytopenia (30).

Mechanistically, corticosteroids were shown to inhibit the
expression of VEGF-A in HemSCs, and, in turn, VEGF-A was
shown to be required for de novo HemSC vessel formation (51).
The experimental results were as follows: treatment of Hem-
SCs in vitro with dexamethasone dramatically reduced VEGF-A
mRNA and protein; pretreatment of HemSCs in vitro with dexa-
methasone inhibited the ability of HemSCs to form blood vessels
in vivo; and silencing VEGF-A in HemSCs inhibited blood vessel
formation. Consistent with these findings, VEGF-A protein was
detected in the proliferating phase but absent in involuting phase
IH specimens. Treatment of problematic IHs with corticosteroids
has been largely replaced by treatment with propranolol. Predni-
sone or methylprednisolone are still prescribed for patients with
IH with contraindications or inadequate response to propran-
olol (59). Acute and long-term side effects of corticosteroids in
infants, however, are to be considered, including hypertension,
growth retardation, gastrointestinal irritability, respiratory dis-
tress, immunosuppression, and adrenocortical suppression (60).
Administering both propranolol and corticosteroids has been test-
ed. Results support giving the combination for particularly chal-
lenging and life-threatening tumors (59).

Sirolimus (rapamycin). The mTOR inhibitor sirolimus is
increasingly used to treat slow-flow vascular anomalies, such as
venous malformations and complex lymphatic malformations
(61-63). Based on its effects on HemSCs, sirolimus may be an
adjunct or alternative therapy for complex and endangering IH. In
vitro studies have shown that sirolimus reduces clonal expansion,
stimulates mesenchymal differentiation of HemSCs, and inhibits
de novo vessel formation by HemSCs (64). Moreover, sirolimus
induced regression of TH blood vessels, consistent with its antian-
giogenic activity. In contrast to corticosteroids, sirolimus has no
effect on VEGF-A levels in HemSCs (64). This prompted a preclini-
cal combination therapy experiment. Reduced doses of dexameth-
asone and sirolimus that were ineffective when used singly showed
significant inhibition of HemSC vessel formation in mice when
combined (64). This study underscores the potential for combin-
ing drugs with distinct mechanisms to block vascular overgrowth.
Several case reports have described the efficacy of sirolimus alone
or in combination with propranolol for IH (65-68). Safety was not a
concern in this young patient cohort; sirolimus had been given pre-
viously to neonates with extensive lymphatic malformations (69,
70). A prospective randomized trial will be necessary to assess the
efficacy and safety of sirolimus for treatment of TH.

Propranolol. Propranolol was serendipitously discovered to
be an effective treatment for IH in a landmark study by Léauté-
Labreze and colleagues. Two infants were given propranolol for
cardiac indications and showed significant regression of a con-
comitant complicated IH (71). A randomized controlled clinical
trial followed (n = 460) demonstrating 60% complete or nearly
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complete IH resolution after propranolol treatment with 3 mg/
kg/d. IH usually resolved within 6 months of age when adminis-
tered early during the proliferative phase; IH regrowth after dis-
continuation of propranolol occurred in 10% (72). Propranolol is
currently the only FDA-approved drug for IH.

Despite its success, propranolol can cause adverse events in
infants: hypotension, bradycardia, peripheral vasospasm, diar-
rhea, hypoglycemia and seizures, bronchospasm, growth retar-
dation, agitation, and sleep disturbance (72-74). As a lipophilic
molecule, propranolol crosses the blood-brain barrier and has
been reported to impact gross motor skills, such as walking (75).
Along-term study on neurocognitive functioning of children aged
>6 years revealed that male children who had been treated with
propranolol or atenolol for IH had significantly lower IQ scores
compared with treated female and male children of the general
population (76). The potential for concerning untoward effects of
propranolol underscores the need for understanding its molecular
targets. Knowledge of such targets may help to refine IH therapy to
provide maximal effect and minimal adverse events.

Propranololis alipophilic, nonselective antagonist of the GPCR
Bl-and B2-adrenergic receptors that has revolutionized treatment
of cardiovascular disease. Its mechanism of action in IH is contro-
versial. A possible inhibitory effect on vascular growth linked to
B-adrenergic receptor antagonism has been suggested based on
detection of B-adrenergic receptors in IH. Furthermore, decreased
cAMP levels and MAPK pathway activation has been shown in pro-
pranolol-treated HemSCs (77, 78). Other proposed mechanisms
include promotion of vasoconstriction, apoptosis, and inhibition
of angiogenic sprouting, nitric oxide production, and an effect on
the renin-angiotensin system (79-82). Many of these in vitro stud-
ies lack confirmation in vivo, and, moreover, drug concentrations
often exceeded the correlative plasma levels found in patients.

Propranolol is a chiral drug that consists of mirror-image, non-
superimposable molecules in an equimolar (1:1) mix of S(-) and
R(+) enantiomers. The S(-) enantiomer of propranolol is a potent
antagonist of B1- and B2-adrenergic receptors. The R(+) enantio-
mer is largely devoid of beta blocker activity unless used at high
concentrations (83, 84). We decided to test effects of each enan-
tiomer separately on IH-derived cells. R(+) propranolol blocked
HemSC endothelial differentiation and HemSC de novo vessel
formation in mice (85, 86). This suggested the beta blocker activi-
ty of propranolol is not required for inhibition of IH and pointed to
an off-target mechanism of action. It has been reported that enan-
tiomer induced changes in gene expression in HemSCs and in a
murine endothelioma cell line, bEnd.3 (87).

Propranolol and SOX18. A case report of a patient with a rare
vascular disease and unexpectedly minor symptoms, who was
treated successfully with propranolol for aortic dilation (88),
prompted Francois and colleagues to investigate a possible con-
nection between the transcription factor sex-determining region
Y (SRY) box transcription factor 18 (SOX18) and propranolol. The
diagnosis was hypotrichosis-lymphedema-telangiectasia and
renal syndrome (HLTRS), a disorder caused by a premature stop
codon in SOX18 (89), which creates a dominant negative form of
SOX18. Studies in the Ragged Opossum (RaOp) mouse, which has
an analogous SOX18 mutation (90) and, thereby, serves as a pre-
clinical model of HLTRS, showed that R(+) propranolol was suffi-
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cient to inhibit the abnormally extensive corneal neovasculariza-
tion in the RaOp mouse (85). This discovery implicated SOX18 in
the mechanism of action for propranolol in HLTRS —independent
of B-adrenergic receptors.

SOX18 is a master transcriptional regulator of vascular devel-
opment and differentiation. It is expressed in nascent blood and
lymphatic endothelium as well as in adult endothelial progenitor
cellsin adults (91). SOX18 plays fundamental roles in arterial spec-
ification (92), lymphangiogenesis (93), and tumor angiogenesis
(94). SOX18 regulates endothelial gene transcription in a homodi-
mer or heterodimer configuration (95). The proposed mechanism
in HLTRS is that mutant SOX18 “poisons” normal SOX18 dimers,
resulting in faulty transcriptional complexes (96). Disruption of
such poisonous dimers with R(+) propranolol in RaOP mice was
postulated to restore normal SOX18 function (85). Of interest, the
Notch signaling regulator recombination signal binding protein
for the immunoglobulin k J region (RBPJ) is an important SOX18
protein binding partner (97). The small-molecule inhibitor Sm4
disrupts the transcriptional activity of SOX18 homodimers and
SOX18-RBP] heterodimers by perturbing the protein-protein
interaction. This inhibition provides a pharmacologic tool for
probing SOX18 function in vivo and in vitro (98). Sm4 inhibition of
SOX18 suppresses vascular development in zebrafish, halts both
tumor angio- and lymphangiogenesis in a breast cancer model (97,
98), and diminishes endothelial-specific viral responses (99, 100).

Studies demonstrating R(+) propranolol inhibition of corne-
al neovascularization in the RaOp mouse and the central role of
SOX18 in endothelial differentiation and vascular development
prompted us to investigate SOX18 and R(+) propranolol in IH. Our
hypothesis was that SOX18 function in IH is dysregulated, leading
to transient vascular overgrowth, i.e., the proliferating phase of TH.
R(+) propranolol was shown to block HemSC endothelial differen-
tiation at 5 uM as effectively as racemic propranolol or Sm4 (85).
In vivo, R(+) propranolol inhibited HemSC de novo vessel forma-
tion in the xenograft model, comparable to racemic propranolol or
Sm4 (86). Real-time single-molecule imaging of SOX18 interaction
with chromatin showed that R(+) propranolol impeded the abil-
ity of SOX18 to survey chromatin, demonstrating on-target drug
engagement in live cells (Figure 2). Furthermore, R(+) propranolol
reduced protein-protein interactions with its dimerization partner
RBPJ and reduced transcription of SOX18 target genes NOTCH1
and VCAML. Finally, SOX18 and RBP] were colocalized in endo-
thelial nuclei of proliferating phase IH specimens (86).

These experiments strongly implicate SOX18 in propranolol
therapy for IH. Our findings suggest that using the R(+) enantiomer
of propranolol could increase its efficacy and safety in treatment of
IH. More studies will be required to unravel the SOX18 transcrip-
tional targets that drive the dysregulated vascular growth in IH and
potentially in IH involution. In a broader perspective, and based on
propranolol use for other vascular anomaly entities (101-103), it is
tempting to speculate that SOX18, as a key regulator of angio- and
lymphangiogenesis, may also play a role in other vascular anom-
alies. Selective inhibitors of SOX18 and its transcriptional targets
may provide novel therapies for these vascular anomaly entities.

Other beta blockers. Alternatives to propranolol, oral atenolol
and nadolol, have been used to treat IH. As a selective Bl-adren-
ergic receptor blocker, atenolol has a lower risk of bronchospasm
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Figure 2. Propranolol targets the endothelial transcription factor SOX18 to inhibit vasculogenesis in IH. (A) The R(+) enantiomers of propranolol and
atenolol and the small-molecule SOX18 inhibitor Sm4 inhibit hemangioma stem cell (HemSC) to hemangioma endothelial cell (HemEC) differentiation

in vitro and ability of HemSCs to form de novo vessels in vivo. R(+) propranolol inhibits SOX18 by interfering with its search patterns along chromatin, its
homodimer (S0X18:50X18) or heterodimer formation with RBPJ (SOX18:RBPJ), and its transcriptional activation of target genes. In patient tissue, SOX18
expression (magenta) coincides with nuclei (blue) and colocalizes with UEA (gray), indicating its presence in endothelial cells of proliferating IH tissue. The
inset confocal image was acquired with a Zeiss LSM 880 by AH. Scale bar: 10 um. Adapted with permission from the Journal of Clinical Investigation (86).
(B) Summary of differential drug mechanisms of action inhibiting IH vasculogenesis. Corticosteroids inhibit the expression of VEGF-A; sirolimus reduces
stemness and self-renewal of HemSC; R(+) propranolol and R(+) atenolol act on SOX18 as described in A. SOX18 expression increases over the course of

HemSC to HemEC differentiation.

and hypoglycemia (104). Like propranolol, atenolol is a combi-
nation of R(+) and S(-) enantiomers, and the R(+) enantiomer
is devoid of beta blocker activity (84). Seebauer and colleagues
showed that R(+) atenolol blocks HemSC endothelial differen-
tiation in vitro and HemSC vessel formation in vivo at the same
dosage as R(+) propranolol. This suggests that atenolol exerts a
B-adrenergic receptor-independent effect in IH, analogous to the
R(+) enantiomer of propranolol (86).

Nadolol is a nonselective B1- and p2-adrenergic receptor block-
er with no intrinsic sympathomimetic activity and little myocardial
depressant effect (105). Caution is warranted regarding its pharma-
cokinetics. Nadolol is not metabolized and is excreted unchanged
mostly in feces. Thus, gastrointestinal passage results in reabsorp-
tion and accumulation. The drug has been largely abandoned after
one reported death of an infant with IH linked to nadolol (106).
Furthermore, a murine model demonstrated that beta blockers
induce the release of nitric oxide and nitric peroxide in the hypo-
thalamus as a result of their ability to cross the blood-brain barrier
and, hence, may have deleterious neurological side effects (107).

As an alternative to systemic beta blockers, a topical timolol
maleate solution (0.5%) was evaluated for early treatment of IH in

infants younger than 60 days. A randomized phase Ila pilot clini-
cal trial (n = 69) demonstrated that, while timolol is well tolerated,
it does not significantly improve the outcome (108).

Alternative drugs and treatments. Historically, vincristine and
o interferon were used, but they are no longer recommended,
considering their unfavorable safety and outcomes (18). The ACE
inhibitor captopril has been suggested as an alternative to beta
blockers based on the proposed implications of the renin-angio-
tensin system in the pathophysiology of IH. Its efficacy was shown
to be inferior to propranolol (109).

Pulse-dye laser therapy for residual telangiectasia and discol-
oration of involuted IH is well established (18). Evidence is lack-
ing for early laser therapy in proliferating IH to prevent growth
or to treat ulcerated IH (110). Interventional procedures in the
management of IH have been largely superseded by medical
treatment. A crucial role remains for properly timed and execut-
ed resection and /or interventional radiology procedures for those
IHs that are life-threatening (e.g., causing acute airway obstruc-
tion or large tumors resulting in high-output cardiac failure),
function-impairing (e.g., vision), and/or are recalcitrant to medi-
cal treatment (111, 112).
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Unresolved mysteries in IH

Genetics of IH. The possibility of germline mutations and familial
occurrence has been proposed (113-115), yet despite great effort in
the field, there have been few advances in uncovering what might
be genetic variants in the etiology of IH (116). This contrasts with
the identification of several somatic and germline mutations in
vascular malformations and other vascular tumors over the past
25 years (117). Most IHs occur sporadically without a hereditary
component; this is supported by identical twin studies (118). There
is a report, however, of monozygotic twins with nearly identical
periorbital IH (115). In summary, the lack of a consistent somatic or
germline mutation raises the possibility that epigenetic events play
arole in the etiology of TH. A better understanding of the molecular
drivers in IH, such as the transcription factor SOX18 and its targets,
may provide clues in terms of the epigenetic causes of TH as well as
advance our understanding of novel therapeutic targets.

Origin of HemSC. When and where a normal counterpart to
HemSCs might function in neonatal growth and development
is a critical question. HemSCs are functionally akin to vascu-
lar progenitor cells, which have been long speculated upon and
for which experimental evidence has been rigorously debated.
Smoller and Apfelberg boldly speculated that the mitotic cells
dispersed among IH vessels might be a primitive cell capable of
differentiating into endothelial cells and pericytes (119) — i.e.,
vascular progenitors. VEGFR2" cells arising from mouse embry-
onic stem cells were shown to differentiate into endothelial and
mural cells and to incorporate as such in the developing vascula-
ture in vivo (120); similar vascular progenitors were subsequently
derived from human embryonic stem cells (121). More recently,
a CD45°CD34*CD144"CD31" cell population isolated from term
human placenta showed mesenchymal and endothelial differen-
tiative capability (122). The presence of such vascular progenitors
in placenta is intriguing, given that IH has been suggested to arise
from placental endothelial cells (123). Whether HemSCs arise
from a specific location, such as the placenta and disseminate to
other locations or arise in situ from resident vascular progenitors
has not been tested experimentally in part due to lack of trans-
genic models. Transcriptomic profiling of IH cells may provide
insights on the developmental history of HemSC.

Mechanisms of involution. While our understanding of the pro-
liferating phase of IH has advanced, less is known about the molec-
ular program driving the spontaneous involution and transfor-
mation to a fibrofatty residuum. Three reports showed increased
apoptosis and decreased Bcl-2, an antiapoptotic protein, in involut-
ing IH (124-126) but further molecular mechanisms of involution
are yet to be discovered, presenting an important knowledge gap.
A long-term follow-up study revealed that 72.4% of patients with
IH treated with oral propranolol develop residual sequelae (127)
such as fibrofatty residual and expanded skin requiring resection.
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In vitro studies showed that propranolol accelerates the adipogen-
ic differentiation of HemSCs initially and induced cell death later
(128, 129). Both studies employed dosages 100-1,000 times high-
er than current clinical levels and, therefore, may not accurately
reflect current treatment. Uncovering the molecular role of pro-
pranolol and the differential effects of its enantiomers on the invo-
luting processes may help toward gaining a better understanding of
the complex mechanism governing spontaneous involution in IH.

The rebound phenomenon. Up to 25% of IHs with initially good
response to propranolol regrow after discontinuation — an obser-
vation that is referred to as rebound phenomenon. Predictive factors
for IH regrowth include discontinuation of propranolol treatment
earlier than 9 months of age, deep IH component, and emergence
in a female child (130). Why a subgroup of IH regrow is not yet ful-
ly understood. We speculate that regrowth occurs when remaining
HemSCs in the tumor, perhaps in a dormant state, are stimulated
by an unknown molecular event to reactivate hemangiogenesis.
Alternatively, a second-hit genetic mechanism could occur to
restart or incite the vasculogenic processes.

Conclusions

IH is a remarkable example of vascular overgrowth and regres-
sion: blood vessels form rapidly, only to undergo a slow sponta-
neous involution. Understanding hemangiogenesis may provide
insights on fundamental mechanisms of postnatal human vas-
cular development and quiescence; however, many unanswered
questions remain. Deciphering the mechanisms of serendipitous-
ly discovered drugs in treating IH has provided important clues on
the molecular players in IH, e.g., VEGF-A and SOX18. It remains
to be determined, however, what type(s) of genetic or epigenetic
alterations govern the natural life cycle of IH. If such alterations
are identified, we will gain a foothold to address some of the unre-
solved mysteries and perhaps understand why malignant trans-
formation does not occur and what instead drives spontaneous
regression in IH. In parallel with uncovering mechanisms, further
investigations are needed to continue to improve safe therapeu-
tic options for IH to alleviate the all-too-often disfigurement and
destruction of tissue and organ and potentially life-threatening
complications that can occur in some patients with TH.
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