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Abstract Vascular anomalies can cause significantmorbidity

and mortality. Advances in diagnosis will be improved if

noninvasive biomarkers can be identified, as obtaining a tissue

biopsy can worsen the disease and precipitate complications.

The goal of this study was to identify biomarkers for vascular

anomaly patients to aid diagnosis and potentially give insights

into pathogenesis. Blood was collected at baseline and then 6

and 12 months after treatment with the mTOR inhibitor sir-

olimus. Patients groups included generalized lymphatic

anomaly (GLA), kaposiform lymphangiomatosis (KLA) and

kaposiformhemangioendothelioma (KHE)with orwithout the

Kasabach–Merritt phenomenon (KMP) coagulopathy. Serum

was obtained from healthy controls selected to match the age

and sex of the patients (21 days–28.5 years; 42% males; 58%

females).Angiogenic and lymphangiogenic factors (VEGF-A,

C,D,Ang-1 andAng-2)weremeasured in serumusingELISA.

In lymphatic anomaly patients, baseline levels ofVEGF-Aand

VEGF-D were not different compared to controls. Angiopoi-

etin-2 (Ang-2) levelswere near controls levels inGLApatients

but 10-fold greater inKLApatients and14-fold greater inKHE

patients when the KMP coagulopathy was present but not

when it was absent. VEGF-C and angiopoietin-1 (Ang-1)

levels were lower in KHE patients with KMP. Our analyses

suggest that Ang-2 and Ang-1 can be used as biomarkers to

help identify KLA and KHE patients with KMP coagulopathy

with high sensitivity and specificity. After 12 months of sir-

olimus treatment, Ang-2 levels were lower in KLA and KHE

with KMP patients compared to baseline levels and with most

patients showing a clinical response. Hence, serumAng-2 and

Ang-1 levels may help in the diagnosis of patients with lym-

phatic anomalies and are concordant to sirolimus response.
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anomaly � Kaposiform lymphangiomatosis � Kaposiform
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Abbreviations

Ang-2 Angiopoietin-2

Ang-1 Angiopoietin-1

KLA Kaposiform lymphangiomatosis

GLA General lymphatic anomaly

KHE Kaposiform hemangioendothelioma

KMP Kasabach–Merritt phenomenon

Introduction

Vascular anomalies are a wide spectrum of diseases that

include vascular tumors and malformations and are clas-

sified based on clinical, genetic and pathologic character-

istics [1]. Lesions may be principally arterial, venous,
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lymphatic or capillary in nature or occur in various com-

binations and proportions. Vascular anomalies most often

occur in the skin and soft tissue but can also be found in

any organ and present with a wide spectrum of symptoms

and complications depending on the type and location.

Growth or expansion of these anomalies can occur with

age, trauma or hormonal stimulation worsening symptoms,

quality of life and in some cases can be fatal. The diagnosis

of these rare diseases in infants and children can be a

challenge, and obtaining a tissue biopsy can lead to severe

complications such as effusions, lymphatic leak and/or

worsened coagulopathy. Development of noninvasive

diagnostic methods including biomarkers may provide a

less risky, more accurate diagnosis, so clinical decisions

and treatment can begin in a timely manner. Biomarker

studies in patients with vascular anomalies are limited. One

study examined levels of matrix metalloproteinases, basic

fibroblast growth factor and vascular endothelial growth

factor (VEGF) in the urine of patients with vascular tumors

and malformations [2], but while this study reported

increases in high molecular weight matrix metallopro-

teinases and basic fibroblast growth factor in vascular

tumor and malformation patients, no changes in VEGF-A

were detected and other well-known angiogenic factors

were not assessed. The primary goal of our study was to

evaluate differences in biomarkers between patient groups

and controls, with the long-term goal being that these

biomarker(s) might be used in the future to discriminate

between different patient groups. In addition, we wanted to

determine whether these biomarkers changed when

patients were placed on therapy.

Until recently, there were limited treatment options for

vascular anomalies apart from surgery and sclerotherapy.

However, recently, a phase II clinical trial investigating the use

of the mTOR inhibitor sirolimus in patients with complicated

vascular anomalies found sirolimus efficacious and safe for the

majority of enrolled patients [3]. Clinical and biomarker

assessments were made after 6 and 12 months of sirolimus

treatment. High-risk phenotypes assessed in the trial included

generalized lymphatic anomaly (GLA), kaposiform lym-

phangiomatosis (KLA) and kaposiform hemangioendothe-

lioma (KHE) with and without Kasabach–Merritt

phenomenon (KMP) (KHE ± KMP). GLA is a disease char-

acterized by abnormally proliferating lymphatic vessels in

multiple organs. Complications include pleural and pericardial

effusions, bone involvement, soft tissue masses and visceral

disease. KLA is similar to GLA but is characterized by a dis-

tinctive histopathology of ‘‘kaposiform’’-like clusters of spin-

dled lymphatic endothelial cells accompanying malformed

lymphatic vessels [4–8]. KLA is more aggressive and diffuse

compared to GLA. Pulmonary involvement is frequently

associated with KLA as well as coagulopathy causing signif-

icant hemorrhagic complications. KLA has a high morbidity

and mortality, and so early diagnosis and treatment is prefer-

able. Definitive diagnosis of KLA is often delayed due to

complex constellationof symptoms.Currently, histopathology

is considered crucial in making the diagnosis, but biopsy can

worsen disease severity. As with most complicated vascular

anomalies, this high-risk diagnosis has much heterogeneity

with no risk stratification. Steroids, vincristine and sirolimus

are agents used singly or in combination for the treatment of

these patients [9]. KHE, usually presents at birth or in the first

3 years of age, is a locally aggressive vascular tumor with a

pathology that also includes spindle cells but with a diffuse

presentation [10]. KMP, a coagulopathy associated with KHE,

has a mortality rate of 20–30% [4–7] and is characterized by

profound thrombocytopenia and hypofibrinogenemia. Risk

stratificationhasnotbeen formally studied,but location, size of

the tumor anddegreeof coagulopathywere found significant in

a retrospective report [11]. A number of treatment regimens

have been used, and recently, sirolimus has been effective in

the treatment of these tumors [12–16]. Other vascular

anomalies were evaluated, but numbers were generally small

and will not be focused on in this paper. As expected, the

majority of patients in the sirolimus trial conducted by our

group [3] had a partial response (83% after course 6 and 85%

after course 12). The results were significant and greatly

improved the quality of life for these patients. As part of this

clinical trial, we sought to identify biomarkers in the blood of

the patients and whether these correlated with response to

sirolimus.

Hence, the goal of this study was to identify biomarkers

that might prove useful in the diagnosis of patients with

GLA, KLA and KHE and that showed a concordant

response to therapy. We chose to measure secreted

angiogenic factors that are known to regulate vessel

development, maturation and stability based on the

hypothesis that these factors would be increased and

playing a role in the pathogenesis of these vascular

anomalies. We measured VEGF family members and the

angiopoietins. VEGF-A is known for its potent pro-an-

giogenic activity stimulating endothelial cell proliferation

through the VEGF receptor-2 (VEGFR-2 or Flk-1) [17].

VEGF-A also enhances vessel permeability, originally

being known as vascular permeability factor. Interestingly,

VEGF-A has also been reported to increase pulmonary

lymphangiogenesis in transgenic mice although whether

this is the case in humans is unclear [18]. VEGF-C and

VEGF-D are well-known pro-lymphangiogenic factors and

activate VEGFR-2 and VEGF receptor-3 (VEGFR-3)

[19–21]. VEGFR-3 while initially expressed on embryonic

blood endothelial cells becomes restricted to lymphatic

endothelial cells around midgestation [22]. VEGF-D has

been identified as a blood biomarker for lymphangi-

oleiomyomatosis (LAM), a destructive cystic lung disease

that occurs in women [23, 24]. VEGF-D levels can be used
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to discriminate LAM from other cystic lung diseases as

well as from healthy controls. Measurement of serum

VEGF-D levels now represents a noninvasive alternative to

open lung biopsy to help diagnose LAM. In addition, LAM

cells have been shown to express VEGF-D and so identi-

fication of this biomarker has also opened up the possibility

of VEGF-D playing a role in the pathogenesis of LAM.

Angiopoietins-1 (Ang-1) and 2 (Ang-2) are ligands for the

endothelial-specific receptor tyrosine kinase Tie2 (TEK)

[17]. Ang-1 promotes blood vessel maturation and stability

through activation of Tie2 on endothelial cells. While Ang-

2 is also a ligand for Tie2, it is generally thought to be

antagonistic to Ang-1 resulting in destabilization of ves-

sels. Under certain conditions, Ang-2 may act as an agonist

and so its effects appear to be context dependent. Ang-1 is

generally thought to limit angiogenesis, whereas Ang-2 can

facilitate VEGF-induced angiogenesis. The angiopoietins

and Tie2 may play a role in lymphangiogenesis [25] and

are now implicated in a number of human diseases [26].

Levels of these factors were measured in the serum from

the patient groups and an age- and sex-matched control

group. These angiogenic factors were measured in the

blood of patients at baseline and also after 6 and 12 months

of sirolimus therapy.

Methods

Patients with vascular anomalies and controls

All protocols were approved by the Cincinnati Children’s

Hospital Medical Center (CCHMC) and Boston Children’s

Hospital (BCH) Institutional Review Boards. Serum samples

for biomarker studies were collected over a 5-year period

from CCHMC and BCH clinics and were part of the phase II

trial of sirolimus [3] in patients with complicated vascular

anomalies (sponsored by the FDAOffice of Orphan Products

(R01FD003712; clinicaltrials.gov; NCT#00975819). Serum

samples were obtained from the following patient groups:

GLA, KLA, KHE ? KMP and KHE - KMP. Table 1

shows the numbers of patients in each group, age and sex

distribution, and clinical response to sirolimus at 6 and

12 months. Serum samples were also analyzed from healthy

control children from the CCHMC Genomic Control Cohort

(GCC). Children were excluded if they had acute or chronic

illness. Samples for the control groupwere selected to closely

match the age and gender of the patients with vascular

anomalies (Table 1).

Analysis of serum biomarkers

Serum was collected from patients with vascular anomalies

at baseline before treatment and then after 6 and 12 months

of sirolimus treatment. Serum from patients at 6 and

12 months was available in most cases except for a few

patients who did not respond to therapy and were removed

from the study. Serum levels of VEGF-A, C, D, Ang-1 and

Ang-2 were measured using ELISA in duplicate (R&D

Systems: VEGF-A DVE00; VEGF-C DVEC00; VEGF-D

DVED00; Ang-1 DANG10; Ang-2 DANG20). The aver-

age percent coefficient of variance (CV) of Ang-2 levels in

the duplicate samples was 6.09 ± 0.35% (mean ± stan-

dard error). If samples had a CV of 20% or greater, then the

ELISA was repeated.

Statistical analysis

For comparisons of biomarkers between disease groups and

the control group, an ANOVA was applied, and Dunnett’s

test was used for multiple comparisons to mitigate the false

positive rate when comparing levels in multiple patient

groups to the control. The 95% confidence intervals (CI)

for mean difference (as percentage) were obtained from

Dunnett’s test. Correlation coefficients among biomarkers

Table 1 Numbers of patients, age and sex distribution, and clinical response to sirolimus at 6 and 12 months

Group Patient

number

Age, years

median (range in

years)

Male

%

Female

%

Response to

sirolimus at

6 months

Response to

sirolimus at

12 months

Controls 55 8 (0.1–28) 40 60 N/A N/A

Generalized lymphatic anomaly (GLA) 7 12 (2–18) 43 57 PR 7 (100%) PR 7 (100%)

Kaposiform lymphangiomatosis (KLA) 7 12 (3–24) 43 57 PR 5 (71%), SD 1

(14%), PD 1

(14%)

PR 6 (86%), PD 1

(14%)

Kaposiform hemangioendothelioma (KHE) with

Kasabach–Merritt phenomenon (?KMP)

8 0.6 (0.1–3) 25 75 PR 8 (100%) PR 8 (100%)

Kaposiform hemangioendothelioma (KHE)

without KMP (-KMP)

3 1.5 (0.2–2) 100 0 PR 1 (33%), SD 1

(33%), PD 1

(33%)

PR 2 (66%), PD 1

(33%)

PR partial response, SD stable disease, PD progressive disease
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were analyzed using Pearson’s method, with z test for

significance. Receiver operating characteristic (ROC)

curves were generated for Ang-2 and Ang-1 in the VA

patient groups that were significantly different from heal-

thy controls. ROC is an important tool for evaluating the

accuracy of diagnostic tests [28]. The ROC represents the

trade-off between the sensitivity (true positive rate) and the

1-specificity (false positive rate). The area under the curve

(AUC) of a ROC provides a measure of the ability of the

diagnostic test to discriminate between cases and controls,

or between any two groups. A test that has perfect dis-

crimination passes through the upper left corner of the

ROC graph and has an AUC of 1.0. Receiver operating

curves (ROC) and Pearson’s correlation analysis were

performed using the Prism software. Multivariable multi-

nomial logistic regression analysis of Ang-1 and Ang-2

levels was also carried out to assess the joint impact of both

markers on the three disease statuses under consideration.

Due to the skewness of Ang-1 and Ang-2 measurements,

they are analyzed on log scale in the model. The model

terms are Ang-1 and Ang-2, with three disease statuses as

responses. General logits is used for three categories.

SAS�, Prism software and R nnet package [27] were used

to analyze the data.

Results

Serum levels of factors in healthy controls

In samples from healthy controls, levels of VEGF-A, VEGF-

C, and VEGF-D did not change significantly with age.When

we combined all age groups together, VEGF-A levels were

62% (CI 13–110%) higher in males versus females (males

403 pg/ml vs females 250 pg/ml; P = 0.0135). Since nor-

mal levels of these factors in controls have not been previ-

ously reported, these data are included as supplemental

figures (Supplemental Figures 1–3). Ang-2 andAng-1 levels

were similar over the age range of the controls, and no sig-

nificant differences were observed between levels in the

serum of males compared to females (Fig. 1). Overall, there

were no major changes in the levels of VEGF-C, VEGF-D,

Ang-1, or Ang-2 with age or gender.

Baseline serum levels of factors in patients

with vascular anomalies

Baseline levels of VEGF-A and VEGF-D were not different

in all the groups of patients compared to controls (Supple-

mental Figures 4 and 6). VEGF-C levels were 63% (CI

41–85%) lower in KHE with KMP (KHE ? KMP) patients

(Supplemental Figure 5) compared to healthy controls.

Serum Ang-2 levels were elevated in KLA, KHE ? KMP,

and KHE without KMP (KHE - KMP) patients compared

to controls (Table 2; Fig. 2a) when Dunnett’s method was

used as a post hoc test to ANOVA. Ang-2 levels in the GLA

patient group were not significantly elevated compared to

controls (Table 2). Ang-1 levels in the GLA and KLA

patients were similar to controls (Table 2). Serum Ang-1

levels were lower in KHE ? KMP patients compared to

controls (Table 2; Fig. 2a). Ang-1 was not lower in KHE

without KMP patients (Table 2). Platelet counts in the GLA

(340 ± 41 k/mcl) and KLA (311 ± 71 k/mcl) patient

groups were in the normal range (135–466 k/mcl), but those

in KHE ? KMP patients (78 ± 30 k/mcl) were below nor-

mal.We performed Pearson’s correlation analysis and found

that Ang-1 levels and VEGF-C levels were strongly corre-

lated with platelet counts (R = 0.93 and R = 0.87, respec-

tively, P\ 0.0001) (Supplemental Figure 7).

Biomarker specificity and sensitivity

ROC for Ang-2 and Ang-1 was also used to compare the

utility of these tests in patient groups compared to controls.

For Ang-1, ROC analysis was also performed between KLA

and KHE ? KMP. Serum Ang-2 concentrations in the KLA

patient group were higher than in healthy controls (Table 2;

Fig. 3). AUC was 1.000 (CI 1.000–1.000) and this analysis

showed that Ang-2 levels [5825 pg/ml differentiate

between KLA and healthy controls. All of the KLA patients

in the study were above this level. Serum Ang-2 concentra-

tions in the KHE ? KMP patient group were higher than in

healthy controls (Table 2; Fig. 3). AUC was 1.000 (CI

1.000–1.000) and this analysis showed that Ang-2 levels

[4200 pg/ml differentiate between KHE ? KMP and

healthy controls. All of the KHE ? KMP patients in the

study were above this level. Ang-1 levels were lower in the

KHE ? KMP patients compared to controls (Table 2;

Fig. 4). The ROC curve for Ang-1 in KHE ? KMP patients

versus controls had an AUC of 0.917 (CI 0.7631–1.000).

AUC for Ang-1 in KHE ? KMP patients versus KLA

patients was 0.889 (CI 0.705–1.000; Fig. 4c). The ratio of

Ang-2 to Ang-1 (Ang-2/Ang-1) was higher in all disease

groups compared to controls (Table 2; Fig. 4d).

Multivariable analysis of Ang-2 and Ang-1

A multinomial logistic regression model of baseline Ang-1

and Ang-2 in classifying three GLA, KLA and

KHE ? KMP patient groups was applied. The three-cate-

gory analysis models generalized logits with GLA as the

reference group. The analysis comprises the following

model. The probability of a patient (from potentially three

categories GLA, KLA and KHE ? KMP) belonging to one

category (as opposed to the other two) is jointly determined

by his/her Ang-1 and Ang-2 levels. This function assumes
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Fig. 1 Levels of angiopoietin-2 (Ang-2) and angiopoietin-1 (Ang-1)

in the serum of healthy controls. Ang-2 (Panel a) and Ang-1 (Panel b)
levels were measured by ELISA in the serum from controls to

determine whether levels were different between males and females

and changed with age. No significant differences in Ang-2 or Ang-1

were detected between the age groups and males versus females in

each age group

Table 2 Ratios and P values of Ang-2 and Ang-1 levels in patient groups compared to control group

Group comparison to control Ang-2 Ang-1 Ang-2/Ang-1

Ratio (95% CI) P value* Ratio (95% CI) P value* Ratio (95% CI) P value*

GLA 1.45 (0.88–2.39) 0.2155 0.83 (0.61–1.14) 0.45 1.74 (1.01–3.01) 0.0463

KLA 8.56 (5.20–14.07) \0.0001 0.80 (0.58–1.09) 0.24 10.71 (6.20–18.52) \0.0001

KHE ? KMP 9.26 (5.79–14.79) \0.0001 0.24 (0.18–0.32) \0.0001 39.18 (23.39–65.62) \0.0001

KHE - KMP 2.19 (1.04–4.56) 0.0325 0.74 (0.47–1.16) 0.32 2.97 (1.32–6.66) 0.0039

P values from Dunnett’s test
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Fig. 2 Levels of angiopoietin-2 (Ang-2) and angiopoietin-1 (Ang-1)

in the serum of patients. Ang-2 and Ang-1 levels were measured by

ELISA in the serum of GLA, KLA and KHE patients prior to

treatment with sirolimus and compared to levels in sex- and age-

matched controls. Ang-2 levels were higher in KLA and

KHE ? KMP patients but not in GLA or KHE patients that did not

have KMP (KHE - KMP). Ang-1 levels were lower in KHE ? KMP

but not in GLA, KLA or KHE - KMP patients compared to controls
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logistic forms for three categories, respectively. Figure 5

shows Log Ang-1 and Log Ang-2 values for GLA, KLA

and KHE ? KMP patients. The contour lines separate

disease conditions into two-dimensional regions in Ang-1

and Ang-2 defined by the above model. The two prediction

functions jointly discriminate three groups with current

patient data set. The misclassification rate is below 5%.

Blood measurements in patients receiving sirolimus

therapy

Ang-2 levels were measured in the serum from patients

after 6 and 12 months on sirolimus therapy as well as

baseline levels from the same patients. Figure 6a shows

that the levels of Ang-2 were lower in KLA patients

(n = 5; patients for whom samples were available at all

three times points) after both 6 and 12 months of sirolimus

(P\ 0.0001) which is consistent with these patients

showing a partial clinical response [3]. While still higher

than levels in healthy controls, the Ang-2 levels in the

serum of KLA patients decreased to 23% (CI 0–69%) and

26% (CI 5–47%) of pre-treatment levels after 6 and

12 months on sirolimus. Serum levels of Ang-2 decreased

to 11% (CI 7–16%) and 9% (CI 5–14%) of pre-treatment

levels in the KHE ? KMP patients (n = 6; patients for

whom samples were available at all three times points) at 6

and 12 months (P\ 0.0001; Fig. 6b) which is consistent

with all of these patients showing a partial clinical response

[3].

Discussion

We have identified Ang-2 and Ang-1 as novel biomarkers

in patients with KLA and KHE ? KMP. Ang-2 levels in

KLA and KHE ? KMP patients were highly and

KLAControls

1,000

10,000

100,000

A
ng

io
po

ie
tin

-2
 (p

g/
m

l)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

1 - Specificity

Se
ns

iti
vi

ty

Controls KHE + KMP

1,000

10,000

100,000

A
ng

io
po

ie
tin

-2
 (p

g/
m

l)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

1 - Specificity

Se
ns

iti
vi

ty

A B

C D

Fig. 3 Evaluation of Ang-2 as a serum biomarker in KLA and

KHE ? KMP patients. Ang-2 levels were measured by ELISA in the

serum of patients and controls. a Ang-2 levels in the serum of KLA

patients were higher than of healthy controls. The level of Ang-2 that

differentiates between KLA patients and healthy controls is shown as

a dotted line. b Receiver operating characteristic (ROC) curve for

Ang-2 in KLA patients versus controls. c Ang-2 levels in the serum of

KHE ? KMP patients are higher than of healthy controls. The level

of Ang-2 that differentiates between KHE ? KMP patients and

healthy controls is shown as a dotted line. d Receiver operating

characteristic (ROC) curve for Ang-2 in KHE ? KMP patients versus

controls
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consistently elevated compared to the controls. The area

under the curve (AUC) in the receiver operating curve

analysis of Ang-2 levels in the KLA and KHE ? KMP

patients was 1.0, indicating that Ang-2 has strong dis-

criminating power as a biomarker for these patients com-

pared to controls [28]. While Ang-2 levels were elevated,

serum Ang-1 levels were lower in KHE ? KMP patients

compared to healthy controls. To the best of our

knowledge, no diagnostic data for these biomarkers have

been reported before in these patient groups.

Ang-1 is produced by perivascular cells that surround

vessels. Ang-2 is produced and stored by endothelial cells

and then released in response to inflammatory stimuli.

While Ang-2 is a weaker activator of Tie2 receptor sig-

naling than Ang-1 and so may attenuate stronger activation

by Ang-1, it can also act as a Tie2 agonist on lymphatic and
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Fig. 4 Evaluation of Ang-1 and

the ratio of Ang-2/Ang-1 as

serum biomarkers in GLA, KLA

and KHE ? KMP patients.

Ang-1 and Ang-2 levels were

measured by ELISA in the

serum of patients and controls.

a Ang-1 levels in the serum of

KLA and KHE ? KMP patients

compared to healthy controls.

Ang-1 levels in the serum of

KHE ? KMP patients were

lower than of controls. The level

of Ang-1 that differentiates

between KHE ? KMP patients

and controls is shown as a

dotted line. b Receiver

operating characteristic (ROC)

curve for Ang-1 in

KHE ? KMP patients versus

controls. c Receiver operating

characteristic (ROC) curve for

Ang-1 in KHE ? KMP patients

versus KLA patients. d Ratio of

Ang-2 to Ang-1 levels is shown

for GLA, KLA and

KHE ? KMP patients

compared to controls. The Ang-

2/Ang-1 ratio was highest in

KHE ? KMP patients and

significantly different from

KLA, GLA and controls
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tumor vessels stimulating lymphangiogenesis/angiogene-

sis. The role of Ang-2 and Ang-1 in the pathogenesis of

these diseases is unclear; however, there is increasing

interest in Ang-2 in a number of diseases, including can-

cers, inflammation and vascular pathologies [26]. While

there are clinical, imaging and histologic distinguishing

features between GLA, KLA and KHE that contribute to

diagnosis, the abnormal vasculature in each diagnosis is

lymphatic and angiopoietins are known to regulate lym-

phatic development and function [29–31]. Lymphatic

development and function is abnormal in Ang-2 null mice,

including lymphatic patterning and ectopic association of

lymphatic vessels with smooth muscle cells, chylous

ascites and frequently death before 2 weeks of age [30, 31].

Interestingly, insertion of the Ang-1 gene into the Ang-2

gene locus rescued the lymphatic but not the blood vascular

abnormalities of Ang-2 null mice, suggesting that Ang-1

and Ang-2 have redundant roles in lymphatic but not blood

vessels. Ang-1 can inhibit the permeability-enhancing

effects and inflammation induced by a number of stimuli

including VEGF and so has been shown to inhibit vascular

leak in a number of in vivo models [29]. Ang-2 can reg-

ulate acute endothelial cell responses and activation by

competing with Ang-1 and may counteract Ang-1-medi-

ated endothelial stabilization. Ang-1 and Ang-2 likely have

opposing effects, with Ang-2 promoting vascular leakiness

in inflammation and Ang-1 anti-inflammatory suppressing

vascular permeability and promoting normal function [26].

Ang-2 levels are elevated in a number of diseases charac-

terized by increased vascular permeability/edema, and the

ratio of Ang-2 to Ang-1 has been reported to be a predictor

of acute lung injury in patients [32] and may contribute to

pulmonary vascular leak in sepsis [33]. These concepts are

supported by studies of heterozygous Ang-2 mice that are

protected against vascular leak and in acute lung and kid-

ney injury sepsis models and increased survival compared

to wild types [29]. In contrast, Ang-1 administration

reduced lung injury and increased survival in these models

suggesting it has a complementary role and potential as a

Fig. 5 Multivariable multinomial logistic analysis of Ang-1 and

Ang-2 levels in GLA, KLA and KHE ? KMP patients. Multivariable

multinomial logistic analysis was carried out to assess the joint impact

of Ang-2 and Ang-1 as biomarkers on disease status. Due to the

skewness of Ang-1 and Ang-2 measurements, they are analyzed on

log scale in the model. The multivariable logistic regression analysis

model discriminates among three conditions, GLA, KLA and

KHE ? KMP, based on Log of baseline Ang-2 and Ang-1 levels.

The contour lines shown are 50% predicted probability lines among

three groups
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Fig. 6 Levels of angiopoietin-2 (Ang-2) and angiopoietin-1 (Ang-1)

in the serum of KLA and KHE ? KMP patients prior to and with

sirolimus treatment. Ang-2 and Ang-1 levels were measured in the

serum of patient groups before treatment (baseline) and then after 6

and 12 months on sirolimus. a Ang-2 levels in the serum of KLA

patients compared to the maximum and mean level of Ang-2 in

controls. b Ang-2 levels in the serum of KHE ? KMP patients

(KHE ? KMP) compared to the maximum and mean level of Ang-2

in controls
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therapeutic. Similarly, in diabetic retinopathy models in

mice, loss of function of Ang-2 improved and increases in

Ang-2 worsened vascular disease. Ang-1 also protected

diabetic mice, and conditional loss of function led to more

severe nephropathy. In KLA and KHE ? KMP patients,

the serum Ang-2 levels were 5-fold to 8-fold higher than in

patients with Clarkson disease, a systemic capillary leak

syndrome [34]. Ang-2 levels in the Clarkson patients cor-

related with episodic exacerbations, and serum from these

patients caused endothelial leak in vitro that was attenuated

by inhibiting angiopoietins but not VEGF.

Ang-2 levels are also elevated in many human cancers

and correlate with increased tumor vascularization,

metastasis and poor patient survival [reviewed in 29].

Blocking Ang-2 in tumor models in mice reduced angio-

genesis, lymphangiogenesis, metastasis and overall tumor

growth. In addition, a combination of Ang-2 and VEGF

blocking strategies increased efficacy in preclinical models

compared to one therapy alone. A study by Yu et al. [35]

implicated Tie2 and the angiopoietins in the pathogenesis

of infantile hemangiomas. In addition to VEGF receptors

(Flk-1 and Flt-1), Tie1 and Tie2 as well as Ang-2 were

strongly expressed in hemangioma-derived endothelial

cells and hemangioma tissue. Tie2 expression and cellular

responsiveness to Ang-1 were enhanced in most of the

hemangioma-derived endothelial cells, whereas Ang-2

expression appeared to be dysregulated. At present, it is

unclear what role Ang-2 is playing in the pathogenesis of

KLA or KHE ? KMP patients. However, given the very

high levels in the blood of these patients and the emerging

body of information supporting a role for dysregulated

angiopoietins in a number of other diseases with vascular

pathology it seems reasonable to speculate that increased

Ang-2 from endothelial cells in lymphatic anomalies could

have paracrine effects in the lesions, while the contribution

of Ang-2 in blood is unclear. It is possible that increases in

circulating Ang-2 in the KHE ? KMP patients might be

related to the coagulopathy or the causes of the coagu-

lopathy although the exact underlying mechanism is

unclear. KHE patients with KMP have a much higher risk

of morbidity and mortality than those without KMP and the

tumor becomes progressively infiltrative leading to multi-

organ system failure if the KMP does not resolve. High-

risk KLA patients usually have a significant coagulopathy

similar to KMP; thus, it is not surprising there is an

increase in circulating Ang-2 in these patients.

Our study did not find any differences in VEGF-A and

VEGF-D in any of the patient groups. However, VEGF-C

levels were lower in KHE ? KMP patients. Ang-1 levels

were also reduced in the KHE ? KMP patients (but not

KHE - KMP), and since these factors are released by

platelets when they are activated it is possible that these

lower levels may be due to platelet effects. Platelet counts

were significantly lower in the KHE ? KMP patients,

likely due to platelet trapping in their lesions. Analysis of

VEGF-C and Ang-1 levels did show significant correlation

with platelet counts in GLA, KLA and KHE ? KMP

patients. Therefore, it is possible that reductions in serum

Ang-1 and VEGF-C levels in KHE ? KMP patients could

be due to the coagulopathy although we cannot rule out

other contributing pathologies.

Platelet counts and other blood levels were measured in

the blood of patients at baseline and then after 6 and

12 months of sirolimus therapy and have been reported [3].

Platelet counts were previously reported to be below nor-

mal range in the KHE ? KMP patients at baseline but

increased after 6 and 12 months on sirolimus [3]. Ang-2

levels decreased with sirolimus treatment in most KLA and

all KHE ? KMP patients showing a clinical response to

sirolimus [3]. Whether Ang-2 and Ang-1 predict response

to sirolimus is unclear as all of the patients in our study

showed a significant partial response to sirolimus [3]. In

addition, whether Ang-2 and Ang-1 levels correlate with

the disease course, exacerbations or disease severity is

unclear from our data. A rigorous disease severity scoring

system needs to be developed for these complicated vas-

cular anomalies. Further study will be needed to assess

the correlation of these biomarkers with disease severity to

determine whether these might be useful to assess disease

status, disease exacerbation and response to therapy.

Our study suggests that Ang-2 and Ang-1 may be

biomarkers for KLA and KHE ? KMP patients; however,

there are limitations to this study. Most notably is the small

patient cohort size. Some of the nonsignificant comparisons

may be the results of low statistical power. In addition, we

restricted comparisons of biomarker levels in the disease

groups mostly to comparisons with control levels. In clin-

ical practice, diagnostic tests are usually used to discrimi-

nate between different diseases, not to discriminate

between patients that are ill and healthy controls and so the

diagnostic utility of Ang-2 and Ang-1 may be overesti-

mated. Some high values of AUC in ROC may also be

susceptible to fluctuation when more patient data are

introduced.

In the results, we report a multinomial logistic regres-

sion model using the Log of Ang-2 and Ang-1 levels was

able to classify GLA, KLA and KHE ? KMP patients.

However, it is important to note that this applies only to

these three patients groups and that our analysis did not

include patients with other types of lymphatic anomalies,

and so if this analysis was to be applied to all patients, there

is a risk for misclassifying patients belonging to other

disease groups. Therefore, the utility of this model is lim-

ited and needs to interpreted with caution. Further analysis

of Ang-2 and Ang-1 levels in the blood from more patients

is needed to verify whether this model and the ROC data
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hold true. In the future, studies are also needed to discern

whether these angiopoietins are purely biomarkers or are

involved in the pathogenesis of these diseases. This latter

possibility is especially exciting as it might lead to the

development of new therapeutic targets for these patients.
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