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HIGHLIGHTS

Children with a bidirectional superior
cavopulmonary connection (Glenn
circulation) develop dysregulated
angiogenesis and pulmonary angiodysplasia
in the form of arteriovenous malformations
(AVMs). No targeted therapy exists.

The von Willebrand factor (VWF)-
angiopoietin axis plays a major role in normal
angiogenesis, angiodysplasia, and AVM
formation in multiple diseases.

VWF and angiopoietin-2 (which destabilizes
vessel formation) were abnormal in children
with a Glenn circulation versus control chil-
dren. Within Glenn patients, angiopoietin-1
(which stabilizes vessel formation) and
angiogenesis were different in the systemic
versus pulmonary circulation. Plasma
angiopoietin-1 was lower in the pulmonary
circulation of Glenn patients with pulmonary
AVMs than Glenn patients without AVMs.

In parallel, differences in multiple angiogenic
and inflammatory signaling peptides were
observed between Glenn patients and
controls, which indicated derangements in
multiple angiogenic pathways in Glenn
patients.

These findings support the novel hypothesis
that abnormal vWF metabolism and
angiopoietin signaling dysregulate
angiogenesis and contribute to pulmonary
AVM formation in children with a Glenn
circulation.

The vWF-angiopoietin axis may be a target to
correct angiogenic imbalance and reduce pul-
monary angiodysplasia in Glenn patients.
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SUMMARY

nfants born with a single functional ventricle, a
common and uniformly fatal form of congenital
heart disease, require a series of staged opera-
tions that culminate in a total cavopulmonary
connection (Fontan circulation) to survive. In the
Fontan circulation, both superior vena cava (SVC)
and inferior vena cava (IVC) blood flow is completely
diverted to the pulmonary artery (PA) and lungs.
Before the Fontan operation, infants undergo a bidi-
rectional cavopulmonary connection (the Glenn oper-
ation) in which only SVC blood is diverted to the
lungs and IVC blood continues to return to the heart,
where it is pumped directly to the systemic circula-
tion by the single ventricle. As such, the Glenn circu-
lation is unique in that all pulmonary blood flow
comes from the SVC and is therefore nonpulsatile
and does not contain venous effluent from the liver.
For reasons that are unclear, when the SVC is the
only source of pulmonary blood flow, pulmonary
angiogenesis becomes dysregulated (1). Patients
develop abnormal pulmonary microvessel density,
which in its most severe form presents as macro-
scopic pulmonary arteriovenous malformations
(AVMs) (2,3). As a result, all patients with a Glenn
circulation develop some degree of intrapulmonary
right-to-left shunting that may cause progressive
cyanosis, hypoxia, exercise intolerance, and clinical
deterioration (4,5). Currently no targeted medical
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therapy exists to prevent or treat pulmonary
AVMs in infants with a Glenn circulation, in

part because the mechanism of pulmonary
angiodysplasia in Glenn patients is not
understood.

von Willebrand factor (vWF), a large, multimeric
glycoprotein composed of long chains of hundreds of
vWF monomers, is the largest protein that circulates
in the blood and participates in primary hemostasis
(6). Emerging evidence demonstrates that vWF is an
early regulator of angiogenesis that modulates
angiopoietin-2, a potent destabilizer of blood vessels
(7,8). Normal vWF multimers are necessary for
normal angiogenesis. In contrast, abnormal meta-
bolism of vWF may alter angiopoietin signaling and
contribute to the development of angiodysplasia and
AVMs in multiple human diseases (7,9,10). For
example, patients with a nonpulsatile left ventricular
assist device (LVAD) develop an acquired vWF defi-
ciency and mucosal AVMs (11-13). High shear stress
from the LVAD allows a disintegrin and metal-
loproteinase thrombospondin (motif) #13 (ADAMTS-
13), the VWF protease produced by the liver, to
degrade large vWF multimers into small vWF degra-
dation fragments (14,15). In parallel, lack of pulsatile
blood flow reduces endothelial secretion of new vVWF
multimers to replenish depleted vWF stores (16). As a
result, LVAD patients acquire a vWF deficiency and
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ABBREVIATIONS
AND ACRONYMS

AVM = arteriovenous
malformation

EGM = endothelial growth
media

endothelial cell

IVC = inferior vena cava

device
PA = pulmonary artery

SVC = superior vena cava
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ADAMTS-13 = a disintegrin
and metalloproteinase
thrombospondin (motif) #13

EBM = endothelial basal media

HUVEC = human umbilical vein

LVAD = left ventricular assist

VWEF = von Willebrand factor
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develop angiodysplasia (11,17,18). Clinically, 18% to
40% of LVAD patients develop mucosal AVMs
(12,13,17).

In contrast, mechanisms of angiodysplasia and
AVM formation in Glenn patients are poorly under-
stood. When the SVC is the only source of pulmonary
blood flow, 2 potential mechanisms may directly alter
vWF metabolism and thereby alter pulmonary
angiogenesis (3). First, nonpulsatile pulmonary blood
flow may reduce endothelial secretion of VWF in
the pulmonary vasculature. Second, in a Glenn
circulation, there is no direct blood flow from the
liver, which produces ADAMTS-13 that influences
degradation of vWF multimers into vVWF degradation
fragments. As a result, it is possible that abnormal
levels of vWF multimers and fragments may change
angiogenic signaling in the pulmonary vasculature
and contribute to pulmonary AVM formation in
patients with a Glenn circulation.

With this in mind, we investigated relationships
between plasma levels of 60 angiogenic and inflam-
matory peptides, VvWF metabolism, the vVWF-
angiopoietin signaling axis, and in vitro angiogenesis
with plasma from children with a Glenn circulation
with and without angiographic evidence of macro-
scopic pulmonary AVMs. We tested 4 hypotheses in
patients with a Glenn circulation: 1) global angiogenic
and inflammatory signaling is abnormal versus con-
trols; 2) the vWF-angiopoietin axis is abnormal versus
controls and different in systemic (IVC) plasma (he-
patic venous effluent present) versus pulmonary (PA)
plasma (hepatic venous effluent absent); 3) in vitro
angiogenesis is dysregulated versus controls and
different within Glenn systemic plasma versus pul-
monary plasma; and 4) abnormalities correlate with
the clinical presence of pulmonary AVMs.

METHODS

This study was conducted in accordance with the
American Heart Association journals’ implementation
of the Transparency and Openness Promotion
Guidelines. The data, analytic methods, and study
materials are available to other researchers for pur-
poses of reproducing the results or replicating the
procedure.

CLINICAL STUDY. Study approval was obtained from
the Children’s Hospital of Philadelphia Institutional
Review Board (#13-009936) and the Hospital of the
University of Pennsylvania Institutional Review Board
(#818944). Experiments were performed with blood
samples collected from children with a Glenn circula-
tion. Patients with a secondary source of pulmonary
blood flow such as antegrade pulmonary blood flow or
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a Kawashima circulation were not included. Informed
consent was obtained for each patient.

As a control, blood samples were collected from
age-matched, normal children. These samples pro-
vided a physiologic reference point for normal plasma
values and normal angiogenic responses in healthy
children and set the basis for comparisons to Glenn
patients.

Blood samples were collected between November
2016 and March 2019. Patient demographics were
collected from patient medical records.

CARDIAC CATHETERIZATION AND BLOOD SAMPLE
COLLECTION. At the time of pre-Fontan cardiac
catheterization, fresh blood was obtained from chil-
dren with a bidirectional Glenn circulation (n = 22).
While anesthetized, paired whole blood samples were
collected from the IVC and the PA below the superior
cavopulmonary anastomosis. As a control, whole
venous blood samples were obtained from age-
matched (2- to 4-year old) children (n = 20). Blood
was anticoagulated in sodium heparin and K2 EDTA
blood tubes.

ANGIOGRAPHIC DETERMINATION OF THE PRESENCE OF
AVMs. The presence of macroscopic pulmonary AVMs
was determined angiographically during cardiac
catheterization. Standard criteria that included char-
acteristic angiographic appearance, rapid pulmonary
transit time of contrast dye, and pulmonary venous
desaturation were used.

PLASMA ASSAYS. The hypothesis that the vWF-
angiopoietin axis is dysregulated in Glenn patients
versus controls and different within Glenn PA plasma
versus Glenn IVC plasma was tested with multiple
assays. ADAMTS-13, vWF multimers and degradation
fragments, and angiopoietin-1 and -2 levels were
quantified with Glenn and control plasma as
described below.

QUANTIFICATION OF PLASMA ADAMTS-13. Plasma
ADAMTS-13, the vWF-specific protease, was measured
with a quantitative solid-phase sandwich-based
enzyme-linked immunoassay (ELISA) (R&D Systems,
Minneapolis, Minnesota). Briefly, plasma samples
were added to wells coated with a monoclonal anti-
human ADAMTS-13 antibody. Wells were incubated
with horseradish peroxidase (HRP)-conjugated poly-
clonal antihuman ADAMTS-13. Tetramethylbenzidine
was added to elicit a colorimetric reaction that was
quantified with spectrophotometry by a microplate
reader (LQuant, Bio-Tek Instruments, Highland Park,
Vermont). Data were analyzed with Gen5, version
2.05 (Bio-Tek). Plasma ADAMTS-13 values were
interpolated from a standard curve.
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QUANTIFICATION OF PLASMA VWF ANTIGEN.
Plasma vWF antigen was measured with a SimpleStep
ELISA (Abcam, Cambridge, Massachusetts). Briefly,
plasma samples were added to wells coated with an
antihuman vWF antibody. Wells were incubated with
HRP-conjugated antihuman vWF antibody. Tetrame-
thylbenzidine was added to elicit a colorimetric
reaction that was quantified with spectrophotometry
by a microplate reader (nQuant). Data were analyzed
with Gens, version 2.05 (Bio-Tek). Plasma ADAMTS-13
values were interpolated from a standard curve.

GEL ELECTROPHORESIS AND IMMUNOBLOTTING TO
QUANTIFY vWF MULTIMERS AND FRAGMENTS.
High-molecular-weight plasma vWF multimers and
VvWF degradation fragments were resolved by stan-
dard electrophoresis and immunoblotting techniques
(14,19-21). To resolve multimers, plasma was diluted
in NuPAGE LDS Sample Buffer (Invitrogen, Carlsbad,
California), heated, and loaded into vertical 1%
agarose-sodium dodecyl sulfate (SDS) gels. Electro-
phoresis was performed in Tris-Acetate SDS running
buffer (Invitrogen) in an XCell SureLock Mini-Cell
Electrophoresis System (Invitrogen).

Proteins were transferred to polyvinylidene fluo-
ride using the iBlot dry transfer device (Invitrogen).
Membranes were blocked and incubated with rabbit
antihuman vWF primary antibody (1:500, Dako, Car-
pinteria, California) overnight. Membranes were
incubated with goat antirabbit immunoglobulin G
HRP-conjugated secondary antibody (1:3,000, Cell
Signaling, Danvers, Massachusetts), developed with
Luminata Forte Western Blot HRP Substrate (Milli-
pore, Billerica, Massachusetts), and imaged with an
ImageQuant LAS 4000 (GE Healthcare, Piscataway,
New Jersey).

To resolve degradation fragments, plasma was
diluted in NuPAGE LDS Sample Buffer, heated, and
loaded into NuPAGE 3% to 8% Tris-Acetate Poly-
acrylamide gels (Invitrogen). Electrophoresis was
performed in Tris-Acetate SDS running buffer (Invi-
trogen). Protein was transferred, blocked, probed for
vWF, and imaged as described above. As a loading
control, each membrane was probed for human
plasma albumin with a goat antihuman albumin HRP-
conjugated antibody (1:10,000, Abcam).

QUANTIFICATION OF PLASMA vWF. Paired plasma
samples (IVC and PA) from each Glenn patient plus a
composite control were blotted in adjacent lanes. The
difference in high-molecular-weight vWF multimers
was quantified as the percent difference in total
length of multimers in Glenn IVC or PA plasma versus
controls (22). The density of VWF multimers and
fragments was quantified as the mean difference in
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density of all multimers or all degradation fragments
from Glenn IVC or Glenn PA plasma versus controls.
ImageQuantTL (GE Healthcare) and ImageJ (National
Institutes of Health) were used to generate and
analyze densitometric plots, respectively.

QUANTIFICATION OF PLASMA ANGIOGENIC AND
INFLAMMATORY PEPTIDES. Sixty angiogenic and
inflammatory peptides were quantified with a multi-
plexed sandwich ELISA-based quantitative protein
microarray (Quantibody Human Angiogenesis Array
1000, RayBiotech, Norcross, Georgia). Capture anti-
bodies for 60 human peptides were adhered to wells
on a glass plate. Plasma samples were diluted 1:1in a
physiologic buffer and incubated with capture anti-
bodies for 2 h at room temperature. Sample wells were
washed, and 60 biotinylated detection antibodies
were added. After washing, a streptavidin-labeled Cy3
fluorescent probe was added. Peptide quantification
was performed by the manufacturer with a laser
scanner (GenePix 4100A, Molecular Devices, San Jose,
California), GenePix Pro7 (Molecular Devices), and
Q-Analyzer Software (Raybiotech). Peptide levels
were interpolated from standard curves.

CELL CULTURE EXPERIMENTS. The hypothesis that
angiogenesis in Glenn patients is dysregulated
versus control children and different within Glenn
IVC plasma (hepatic venous effluent present) versus
PA plasma (no hepatic venous effluent present) was
tested with in vitro endothelial cell culture experi-
ments. These experiments were designed to interro-
gate endothelial cell proliferation and tubule and hub
formation with in vitro endothelial cell culture. As
such, these experiments
angiogenesis, which when dysregulated,

reflected activities of
may
contribute to angiodysplasia and AVM formation.

Human umbilical vein endothelial cells (HUVECS)
(Lonza, Walkersville, Maryland) were cultured in buff-
ered endothelial growth media (EGM-2, Lonza) at 37°C
with 5% CO,. Third- or fourth-passage cells were used.
Before experiments, HUVECs were trypsinized and
washed with endothelial basal media (EBM, Lonza).

A fluorescent-labeled 5-ethynyl-2 deoxyuridine
(EdU) uptake experiment was used to quantify
endothelial cell proliferation, an established angio-
genesis assay that evaluates the ability of endothelial
cells to actively uptake and incorporate EdU, a
nucleoside analogue, into newly synthesized DNA.
Cells were incubated at a density of ~9,000 cells/cm?
in 50/50 EBM/plasma from Glenn IVC, Glenn PA, or
controls, exposed to 10 uM EAU for 2.5 h, and then
fixed in 4% paraformaldehyde for 15 min. Nuclei were
counterstained with 4/,6-diamidino-2-phenylindole.
Endothelial cell proliferation was quantified by
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dividing counted EdU-positive nuclei by total nuclei
per unit area.

A Matrigel assay was used to quantify the number

of endothelial cell hubs and tubules, established
metrics of angiogenesis that show the ability of
endothelial cells to sprout and form vascular net-
works. HUVECs were cultured on Matrigel (Corning
Lifesciences, Corning, New York) at a density of
~30,000 cells/cm? and incubated with 50/50 EBM/
plasma from Glenn IVC, Glenn PA, or controls. Cells
were imaged at baseline and after 12 h of growth.
Cells were viewed with light microscopy and
analyzed with Image]J.
STATISTICS. GraphPad, version 6.00 (Prism, Graph-
Pad Software, Inc. La Jolla, California) was used to
perform statistical analyses and plot data. Normality
of continuous data distributions was assessed with
Kolmogorov-Smirnov tests. Parametric data were
compared with one-way analysis of variance with
Tukey post hoc test as well as paired or unpaired
Student’s t tests as appropriate. Nonparametric data
were compared with Wilcoxon signed rank tests for
paired comparisons. Descriptive data in the text and
tables are presented as mean + standard deviation.
Data in figures are presented as mean + standard er-
ror. A value of p < 0.05 was considered statistically
significant for all comparisons except those in the
microarray assay. To account for multiple compari-
sons in the 60-peptide microarray data set, a
Benjamini-Hochberg procedure was performed, and
P < 0.01 was considered statistically significant.

RESULTS

PATIENT DEMOGRAPHICS. Blood samples were
collected from 22 children (32 4 7 months of age) with
a Glenn circulation and 20 healthy control children
(24 to 48 months of age). The average body surface
area of Glenn patients was 0.57 + 0.6 m?, weight was
13 + 2 kg, and 13 of 22 patients (59%) were female.
Anatomic forms of single-ventricle heart disease in
this study included: hypoplastic left heart syndrome
(n = 11), pulmonary atresia with intact ventricular
septum (n = 5), tricuspid atresia (n = 2), Ebstein’s
anomaly (n = 2), double inlet right ventricle (n = 1),
and double outlet right ventricle (n = 1).

PLASMA ADAMTS-13 AND vWF. Plasma ADAMTS-13
was significantly higher in both the IVC and PA of
children with a Glenn circulation versus controls
(control 589 + 140 ng/ml, IVC 969 + 281 ng/ml, PA 971
+ 226 ng/ml; p < 0.001) (Figure 1A). vWF antigen was
significantly reduced in the PA and tended to
decrease in the IVC (control 0.79 + 0.27 IU/ml, IVC
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0.69 + 0.21 IU/ml; p = 0.172; PA 0.65 + 0.17 IU/ml;
p = 0.047 (Figure 1B).

In parallel, the profile of vWF multimers and vWF
degradation fragments was abnormal in Glenn
patients (Figures 1C to 1F). In both the IVC and PA,
there were fewer of the highest-molecular-weight
vWF multimers (control 0 &+ 0%, IVC —4 4+ 4%, PA -3
+ 5%; p = 0.006) and a lower density of total high-
molecular-weight vWF multimers (control 0 + 0%,
IVC -21 + 29%, PA —20 + 33%; p = 0.016) versus
controls. A trend toward elevated vWF degradation
fragments in the IVC and PA (control 0 & 0%, IVC 13 +
33%; p = 0.087; PA 13 + 32%; p = 0.069) was also
observed. Within Glenn patients, significant differ-
ences in ADAMTS-13 and vWF multimers and frag-
ments were not observed in IVC versus PA plasma.

PLASMA ANGIOGENIC AND INFLAMMATORY
PEPTIDES. Eighteen of 60 plasma angiogenic and in-
flammatory peptides were significantly lower in Glenn
plasma versus control plasma (p < 0.01) (Supplemental
Table 1). Of these, plasma angiopoietin-1, which stabi-
lizes blood vessels, was significantly lower (control
39,529 =+ 34,795 ng/ml, IVC 14,398 + 9,565 ng/ml, PA
10,486 4 7,298 ng/ml; p < 0.001) and angiopoietin-2,
which destabilizes blood vessels, was significantly
higher (control 898 + 485 ng/ml, IVC 2,927 + 1,917 ng/
ml, PA 2,747 + 2,149 ng/ml; p < 0.001) in both IVC and
PA plasma from children with Glenn circulation versus
controls (Figure 2B). Importantly, within Glenn pa-
tients, angiopoietin-1 was significantly lower in PA
versus IVC plasma (p < 0.001) (Figure 2A).

Significant differences between Glenn IVC and PA
plasma were also noted for CXCL16 (IVC 981 + 372 ng/
ml, PA 819 + 295 ng/ml; p < 0.001) and leukemia
inhibitory factor (LIF) (IVC 148 + 64 ng/ml, PA 191 +
80 ng/ml; p < 0.001) (Supplemental Table 1).

Plasma vascular endothelial growth factor (VEGF)
was significantly lower in both IVC and PA plasma
from Glenn patients versus controls (control, 3,348 +
2,518 ng/ml, IVC 725 + 703 ng/ml, PA 604 + 589 ng/ml;
p < 0.001) but was not significantly different between
IVC versus PA plasma (Table 1).

PLASMA ANGIOGENESIS. Dysregulated angiogenesis
was observed with both IVC and PA plasma from
children with a Glenn circulation versus controls.
Endothelial cell proliferation (control 1 + 1%, IVC 32 +
3%, PA 30 + 4%; p < 0.001) (Figure 3) was significantly
greater with plasma from both IVC and PA plasma
from Glenn patients versus controls. Within Glenn
patients, endothelial cell proliferation exhibited a
trend toward higher proliferation with IVC than PA
plasma (p = 0.061).
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FIGURE 1 von Willebrand Factor Metabolism Is Abnormal in Patients With a Glenn Circulation
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(A) In an enzyme-Llinked immunosorbent assay (ELISA), a disintegrin and metalloproteinase thrombospondin (motif) #13 (ADAMTS-13) was significantly higher in

children with a Glenn circulation than controls. (B) In an ELISA, plasma von Willebrand factor (vWF) antigen was modestly lower in children with Glenn circulation than
controls. (C) Representative gel electrophoresis for vVWF showed a different pattern of high-molecular-weight (HMW) vWF multimers and vWF fragments in children
with a Glenn circulation than controls. The top blot (green box) showed modestly decreased HMW vWF multimers in Glenn patients versus controls. The bottom blot
(blue box) showed increases in multiple VWF fragment bands, especially bands at approximately 460, 365, and 310 kDa. (D,E) HMW vWF length and density were
significantly lower in children with a Glenn circulation than controls. (F) The density of vWF degradation fragments trended toward an increase in children with a Glenn

circulation compared to controls. ANOVA = analysis of variance; IVC = inferior vena cava; PA = pulmonary artery.

Similarly, endothelial cells grown with plasma
from both IVC and PA plasma from Glenn patients
exhibited significantly lower endothelial cell hub
count (control 49 + 8 hubs/hpf, IVC 31 + 9 hubs/hpf,
PA 37 + 5 hubs/hpf; p < 0.001), tubule count (control
95 + 17 tubules/hpf, IVC 66 = 15 tubules/hpf, PA 76 &
10 tubules/hpf; p < 0.001), and total tubule length
(control 16.4 + 2.3 mm/hpf, IVC 14 4+ 2 mm/hpf, PA 16.5
+ 2 mm/hpf; p = 0.009) versus controls (Figure 4).
Within Glenn patients, endothelial cells cultured with
Glenn PA plasma exhibited a significantly higher
endothelial hub count (p 0.032), tubule count
(p = 0.049), and total tubule length (p = 0.014) than
endothelial cells grown with IVC plasma (Figure 4).

PATIENTS WITH PULMONARY AVMs. Four of 22
Glenn patients exhibited macroscopic pulmonary
AVMs with characteristic angiographic appearance,

rapid pulmonary transit time of contrast dye, and
pulmonary venous desaturation. IVC angiopoietin-1
was significantly lower in patients with AVMs than
in patients without AVMs (AVM+ 7,708 + 2,120 ng/ml,
AVM- 15,973 + 9,985 ng/ml; p = 0.037) (Figure 5).
Similarly, PA angiopoietin-1 trended toward being
lower in patients with AVMs than in patients without
AVMs (AVM+ 6,347 + 2,444 ng/ml, AVM- 11,406 +
7,733 ng/ml; p = 0.107). No significant differences in
plasma ADAMTS-13, VWF multimers, vWF fragments,
angiopoietin-2, or metrics of angiogenesis were
observed between Glenn patients with and without
pulmonary AVMs.

DISCUSSION

In children with a Glenn circulation, we observed the
following: 1) Multiple proangiogenic, antiangiogenic,
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(A) In an ELISA-based quantitative protein microarray, angiopoietin-1 was significantly lower in children with a Glenn circulation than controls.
Within Glenn patients, angiopoietin-1 was significantly lower in PA plasma versus IVC plasma. (B) Angiopoietin-2 was significantly higher in

FIGURE 2 Plasma Angiopoietin Levels Are Abnormal in Patients With a Glenn Circulation
A
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children with a Glenn circulation than controls. Abbreviations as in Figure 1.

and inflammatory peptide levels were different from
controls. This suggested globally deranged angio-
genic signaling in Glenn patients versus healthy
children. 2) The vWF-angiopoietin axis was abnormal
versus control children. Specifically, ADAMTS-13,
vWF degradation fragments, and angiopoietin-2
(which destabilizes blood vessel formation) were
higher, and vWF multimers were lower in both IVC
plasma (hepatic venous effluent present) and PA
plasma (hepatic venous effluent absent) versus con-
trols but not different between the PA and IVC. In
parallel, angiopoietin-1 (which stabilizes blood vessel
formation) was significantly lower in Glenn PA
plasma than IVC plasma. 3) Multiple metrics of
in vitro angiogenesis were dysregulated with both
IVC and PA plasma from Glenn patients versus con-
trols and different between the IVC and PA. Endo-
thelial cell proliferation was greater with both IVC
and PA plasma versus controls. Differences in

TABLE 1 Plasma Angiogenic Peptides

Control IvC PA
Peptide (pg/ml) (n=19) (n=22) (n=22) p Value
VEGF 3,348 £ 578 724 + 153* 604 + 126* <0.001
VEGF R2 9,724 + 2,591 9,319 +£ 1,164 9,062 + 1,097 0.96
VEGF R3 3,243 £ 934 2,049 + 360 2,187 + 293 0.29
VEGF-D 716 + 208 643 + 113 742 + 150 0.90
TIE-1 6,012 + 8,554 2,479 + 607 3,642 £ 1,186 0.18
TIE-2 1,545 + 405 1,164 + 195 1,265 + 245 0.64

Values are mean 4 SD. *p < 0.001, vs. control.
IVC = inferior vena cava; PA= pulmonary artery; TIE = tyrosine kinase with immunoglobulin-
like and epidermal growth factor-like domains; VEGF = vascular endothelial growth factor.

endothelial cell proliferation, tubule and hub counts,
and total tubule length were observed with Glenn
plasma from the PA versus the IVC. 4) Angiopoietin-1
levels were significantly lower in children that
developed macroscopic pulmonary AVMs than chil-
dren without AVMs.

These are the first data to support the novel hy-
pothesis that altered angiogenic and inflammatory
signaling plus abnormalities in vWF metabolism and
angiopoietin signaling may contribute to dysregu-
lated angiogenesis in Glenn patients. The major
findings that angiopoietin-1 levels and angiogenesis
are different in the Glenn pulmonary circulation than
the systemic circulation and that angiopoietin-1 was
lower in patients with macroscopic AVMs provide
evidence for the role of angiopoietin-1 in pulmonary
vascular signaling. Increased endothelial prolifera-
tion with impaired endothelial tubule formation may
be an important contributor to dysregulated angio-
genesis, which is the underlying basis for angiodys-
plasia and may result in AVM formation.

Together, these hypothesis-generating findings
suggest a preliminary mechanism of AVM formation
in Glenn patients in which a combination of global
angiogenic and inflammatory imbalance, globally low
vWF and high angiopoietin-2, plus low angiopoietin-1
in the pulmonary circulation may dysregulate angio-
genesis and thereby promote angiodysplasia that re-
sults in clinical AVMs. Further investigation is needed
to clarify these complex relationships and to deter-
mine whether the vWF-angiopoietin axis may be a
target to correct angiogenic imbalance in Glenn
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FIGURE 3 Endothelial Cell Proliferation Is Abnormal in Patients With a Glenn Circulation
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(A) In a 5-ethynyl-2 deoxyuridine (EdU) uptake experiment, endothelial cell proliferation was significantly greater with Glenn IVC and PA
plasma than with control plasma. A trend toward a difference in proliferation was observed with IVC versus PA plasma. (B to D) Characteristic
micrographics of endothelial cell proliferation with control plasma and Glenn IVC and PA plasma are shown. Abbreviations as in Figure 1.

patients with pulmonary AVMs, for whom no targeted
therapies exist.

CLINICAL RELATIONSHIPS BETWEEN VWF AND
AVMs. Abnormal vWF metabolism is present in mul-
tiple patient populations that develop AVMs
(12,23-28). Patients with congenital and acquired von
Willebrand disease frequently develop gastrointes-
tinal AVMs (12,24-29). For example, 12% of patients
with type 2B von Willebrand disease develop AVMs
(26). Similarly, patients with Heyde’s syndrome pre-
sent with gastrointestinal bleeding from AVMs at a
rate of 100-fold greater than the general population
(28,30,31). In these patients, high shear stress through
a stenotic aortic valve degrades viWF and produces an
acquired vWF deficiency that is linked to the devel-
opment of gastrointestinal AVMs (24). In a similar
pathophysiology, high
pulsatile LVADs increases enzymatic degradation of
large vVWF multimers into vWF degradation fragments

shear stress within non-

(14). As a result, approximately 18% to 40% of LVAD
patients develop mucosal AVMs (12,13,17). Together,
these observations from 3 diverse pathologies suggest
a causal relationship between pathologic vVWF meta-
bolism, dysregulated angiogenesis, and AVMs.

VWF METABOLISM, ANGIOGENESIS, AND AVMs.
vWF metabolism is closely regulated by the rheologic
conditions of the blood (6,32). Intravascular shear
stress leads to continuous degradation of high-
molecular-weight vWF multimers into small vWF
degradation fragments by the vWF-specific protease,
ADAMTS-13 (32-35). To counterbalance vWF degra-
dation, VWF is continuously replenished by endo-
thelial cells in response to endothelial cell stretch
from vascular pulsatility (16). As a result, the
ratio of vVWF multimers to vVWF degradation frag-
ments circulating in the blood is dependent on:
1) (ab)normal pulsatility; and 2) the (im)balance
between degradation of VWF by ADAMTS-13 and
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FIGURE 4 Endothelial Cell Tubule Formation is Abnormal in Patients With a Glenn Circulation
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(A,B) In a Matrigel assay, endothelial cell hub and tubule counts were significantly lower with Glenn IVC and PA plasma than with control plasma. Glenn PA plasma
significantly increased endothelial cell hub and tubule counts versus Glenn IVC plasma. (C to E) Characteristic micrographics of endothelial cells grown with control
plasma and Glenn IVC and PA plasma are shown. Large endothelial hubs composed of many adherent cells and lower tubule counts were noted with plasma from Glenn

IVC and PA plasma but not control plasma. Abbreviations as in Figure 1.

replenishment of vWF by endothelial cells. Normally,
the ratio of vVWF multimers to vWF fragments is high.
However, pathologic conditions that alter pulsatility
and/or plasma ADAMTS-13 levels and activity may
decrease the number of large vVWF multimers and
increase the number of vWF fragments. This affects
not only hemostasis, but also angiogenic signaling,
angiogenesis, and vascular architecture.

Indeed, vWF is a major regulator of angiogenesis
and vascular remodeling (7,8). vVWF plays regulatory
roles in at least 20 molecular pathways involved in
angiogenesis, vascular inflammation, endothelial cell
life cycle, smooth muscle proliferation, and vascular
remodeling (7,9,10). Importantly, vWF regulates
angiogenesis in vivo by modulating angiopoietin-2 —
normal vWF multimers are necessary for normal
angiopoietin signaling and angiogenesis (7,9,36).
Likewise, an abnormal profile of vWF multimers and
vWF fragments may upset angiopoietin signaling and
cause dysregulated angiogenesis.

AVMs are a poorly understood manifestation of
dysregulated angiogenesis in which abnormal blood
vessels form. Loss of balance between neovascular
proliferation and stabilization during angiogenesis
leads to dilated, dysfunctional, and friable vascular
structures. Multiple signaling peptides have been
implicated in the genesis of angiodysplasia and AVMs.
For example, high levels of VEGF are strongly associ-
ated with angiodysplasia (37). We observed that 18 of
60 plasma angiogenic and inflammatory peptides,
including VEGF, were significantly different in Glenn
patients than in healthy, control children. However,
VEGF was significantly lower in both systemic and
pulmonary plasma of Glenn patients versus controls.
Decreased VEGF suggests that the mechanism of pul-
monary angiodysplasia in patients with a Glenn cir-
culation may be independent of the VEGF pathway.

It is also well known that angiopoietins play an
important role in angiodysplasia and AVM formation
(8,38). Angiopoietin-1, which is produced in the liver,
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FIGURE 5 Angiopoietin-1Is Low in Glenn Patients With
Macroscopic Pulmonary AVMs
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In Glenn patients with confirmed pulmonary AVMs,
angiopoietin-1 levels were lower in the IVC than in patients
without AVMs. Abbreviations as in Figure 1.

stabilizes blood vessels. In contrast, angiopoietin-2,
which is produced primarily by endothelial cells, de-
stabilizes blood vessels. Therefore, a simultaneous
decrease in angiopoietin-1 and increase in
angiopoietin-2, as we observed in our Glenn patients,
produces 2 potent signals for dysregulated angio-
genesis. These findings are similar to observations
from patients with congenital von Willebrand disease
who also exhibit abnormal levels of angiopoietin-1
and angiopoietin-2 and frequently develop gastroin-
testinal AVMs (26,39). Similarly, patients with a
nonpulsatile LVAD develop an acquired vWF defi-
ciency and exhibit increased angiopoietin-2 levels
that are associated with mucosal AVMs (11-13,18).
Together, these observations demonstrate important
mechanistic and clinical relationships between vWF,
angiopoietins, and AVMs. Our data suggest that these
relationships may also be important in patients with a
Glenn circulation.

THE vVWF-ANGIOPOIETIN AXIS AND ANGIOGENESIS
IN GLENN PATIENTS. A Glenn circulation provides
excellent hemodynamic stability in infants with single
ventricle physiology (40). However, the durability of
the Glenn circulation is limited by clinical manifesta-
tions of dysregulated angiogenesis. Glenn patients
develop pulmonary AVMs that cause intrapulmonary
right-to-left shunting (4) and progressive cyanosis

Angiodysplasia in Glenn Patients

(3-5) as well as collateral vessels from the systemic to
the pulmonary circulation that increase hydrostatic
pressure in the lungs and overload the single ventricle
(3-5,41,42). Both AVMs and systemic-to-pulmonary
collaterals cause clinical deterioration that affect
outcomes after the Fontan operation (5,41,43).

Mechanisms of dysregulated angiogenesis in pa-
tients with a Glenn circulation are poorly understood.
We observed that 18 of 60 plasma angiogenic and
inflammatory peptides were significantly different
from control children. The profile of changes was not
entirely proangiogenic or antiangiogenic but rather
reflected a complex combination of unbalanced pro-
and antiangiogenic signals. Dysregulated angiogenic
and inflammatory signaling in Glenn patients plus the
complex interplay of nonpulsatile blood flow and lack
of hepatic-derived factors in the Glenn pulmonary
circulation may specifically alter vWF-angiopoietin
signaling and lead to a unique pathophysiology in
the pulmonary vascular bed that alters pulmonary
angiogenesis and contributes to AVM formation as
occurs in multiple other pathologies (7-10).

With this in mind, in IVC and PA plasma from
children with a Glenn circulation, we observed
increased ADAMTS-13, decreased vWF multimers,
and a trend toward increased vWF fragments.
ADAMTS-13 is produced primarily by stellate cells in
the liver (15). It is unclear why ADAMTS-13 was
elevated. There is evidence that a Glenn circulation
alters hepatic synthesis of clotting factors (44,45). We
therefore speculate that altered hepatic synthetic
function may have resulted in increased production
of ADAMTS-13. The half-life of ADAMTS-13 is 2 to
3 days, which likely explains why differences were
not observed between IVC and PA plasma. Clinically,
there is significant evidence that vWF levels inversely
correlate with ADAMTS-13 levels (46-48). An increase
in circulating ADAMTS-13 likely increased basal
degradation of vWF multimers into vWF fragments
and accounted for an abnormal profile of vWF mul-
timers and fragments that differed from controls. In
parallel, absent pulsatility in the pulmonary circula-
tion is expected to reduce endothelial secretion of
vWF and decrease replenishment of vWF multimers
(16). Taken together, these findings suggest parallel
mechanisms that may alter the profile of circulating
vWF multimers and fragments in patients with a
Glenn circulation: 1) increased basal degradation of
vWF by elevated ADAMTS-13 levels; and 2) decreased
endothelial release of vVWF into the pulmonary cir-
culation due to absent pulmonary pulsatility.

VvWF levels are closely linked to angiopoietin-2
levels (7,9,36). Therefore, it is not surprising that
reduced vWF multimers were accompanied by
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elevated angiopoietin-2 levels in both IVC and PA
plasma versus controls. These findings are consistent
with data from an experimental Glenn model in ro-
dents in which angiopoietin-2 gene expression and
pulmonary microvessel density increased signifi-
cantly (2,49).

Angiopoietin-1, an important stabilizer of blood
vessel formation produced in the liver, was signifi-
cantly reduced in both IVC and PA plasma versus
controls as well as in PA versus IVC plasma within
Glenn patients. We speculate that exclusion of he-
patic venous effluent from the pulmonary circulation
reduces available angiopoietin-1 in pulmonary arte-
rial plasma. This finding is consistent with data from a
porcine unidirectional Glenn model in which
abnormal levels of the angiopoietin-1/Tie-2 (angio-
poietin-1receptor) complex were observed in the lung
connected to the SVC but not the contralateral, con-
trol lung (50). There is also direct evidence that
exclusion of hepatic effluent from the liver alters the
profile of multiple other pro- and antiangiogenic
factors in the lungs as well as indirect evidence for a
“hepatic factor” responsible for pulmonary AVMs in
Glenn patients — pulmonary AVMs typically regress
after the Fontan operation in which the IVC is con-
nected to the PA thereby reintroducing hepatic
venous effluent into the pulmonary circulation (3,51).
Our findings further highlight a major role for the
liver in pulmonary vascular signaling.

Furthermore, angiopoietin-1 from the liver is
important for normal lung development in vivo (52).
Therefore, reduced angiopoietin-1 in the pulmonary
circulation may destabilize angiogenesis in pediatric
lungs, increase pulmonary microvessel density, and
contribute to the formation of pulmonary AVMs (1).
The observation that patients with macroscopic AVMs
exhibited significantly lower levels of angiopoietin-1
supports this hypothesis.

In addition to angiopoietin-1, significant differ-
ences in CXCL16 and LIF were observed in Glenn IVC
versus PA plasma. CXCL16, a chemokine involved in
chemotaxis of immune cells, is not known to be
involved in angiodysplasia. In contrast, LIF, a cyto-
kine that inhibits cell differentiation, may be
involved in brain AVM formation (53). It is concep-
tually appealing that LIF may play an ancillary role in
angiodysplasia by inhibiting vascular cell differenti-
ation. Further investigation is needed to test this
hypothesis.

STUDY LIMITATIONS. This study does not establish
causality between abnormalities in vWF-angiopoietin
signaling and pulmonary AVMs in patients with Glenn
circulation. However, these data do suggest pathways
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that may be important in the genesis of angiodys-
plasia in patients with a Glenn circulation. Additional
experimental and clinical studies are needed to
further clarify these complex relationships.

AVMs are a poorly understood manifestation of
dysregulated angiogenesis in which abnormal blood
vessels form. Models of in vitro angiodysplasia do not
exist. Although this study focused on angiodysplasia
and clinical AVMs, our cell culture experiments
measured in vitro angiogenesis. There are important
distinctions between normal (physiologic) angiogen-
esis, pathologic angiogenesis in response to tissue
injury, and dysregulated angiogenesis that results in
angiodysplasia or clinical AVMs. This is a limitation of
existing models for the study of angiogenesis versus
angiodysplasia.

A potential limitation was the small number of
patients studied. There is a risk that observed effects
could be driven by chance findings from a few sam-
ples (type I statistical error). Encouragingly, patients
showed consistent and robust biological changes
across multiple overlapping assays, which suggest
that this was not the case. However, with a small
sample size, we may have failed to detect important
effects (type II statistical error). Borderline statisti-
cally significant p values for the formation of VWF
fragments (PA p = 0.06; IVC p = 0.08) and the rela-
tionship between angiopoietin-1 levels and pulmo-
nary AVMs in PA plasma (n = 4; p = 0.13) suggested
that this may have been the case.

Patients underwent angiography to identify pul-
monary AVMs. Angiography is not the most sensitive
method to diagnose pulmonary AVMs, especially
small and subclinical AVMs. The observation that 4 of
22 patients showed angiographic evidence of macro-
scopic AVMs likely underestimates the true incidence
of pulmonary angiodysplasia, which has been re-
ported in 60% of Glenn patients with bubble echo-
cardiography and may be a universal phenomenon in
patients with a Glenn circulation (4,54).

Control blood was collected from healthy children
without known congenital heart disease, hypoxia, or
cardiovascular pathology. The purpose of the control
group was to establish normal levels of angiogenic
and inflammatory peptides, vVWF metabolism, angio-
poietins, and in vitro angiogenesis to understand how
this physiology differs in Glenn patients. As such,
control samples from normal children showed repre-
sentative normal plasma values and normal angio-
genic responses, which set the basis for comparison
versus Glenn plasma. Values were measured from
peripheral venous blood and not from the IVC or PA of
control children.
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AVMs typically regress after the Fontan operation
(3). Samples were not collected from Fontan patients.
It will be important to determine whether surgical
construction of a Fontan circulation, which reintro-
duces hepatic venous effluent into the pulmonary
circulation, reverses the abnormal findings observed
in Glenn patients in this study.

CONCLUSIONS

In children with a Glenn circulation, global angio-
genic and inflammatory signaling, vWF metabolism,
angiopoietin levels, and angiogenesis are abnormal
versus normal, control children. Within Glenn pa-
tients, angiogenesis is different in plasma from the
PAs versus the IVC. Angiopoietin-1 (which stabilizes
blood vessel formation) is significantly lower in the
Glenn pulmonary circulation than in the Glenn sys-
temic circulation. Angiopoietin-1 levels are signifi-
cantly lower in children who develop pulmonary
AVMs versus children who do not. These findings
suggest a potential mechanism of AVM formation in
which a combination of global angiogenic and in-
flammatory imbalance, reduced vWF and elevated
angiopoietin-2, (which destabilizes blood vessel
formation) plus low angiopoietin-1 levels in the pul-
monary circulation dysregulate angiogenesis and
thereby promote pulmonary angiodysplasia and AVM
formation. Decreased VEGF suggests that the mech-
anism of pulmonary angiodysplasia in patients with
Glenn circulation may be independent of VEGF.
These findings support the novel hypothesis that
abnormalities in vVWF metabolism and angiopoietin
signaling superimposed on unbalanced pro- and
antiangiogenic and inflammatory signaling contribute
to dysregulated angiogenesis in patients with a Glenn
circulation. Angiopoietin-1 may play a specific role in
the genesis of pulmonary AVMs. Additional studies
may lead to insights into whether targeting the
vWF-angiopoietin axis may correct angiogenic
imbalance in Glenn patients, for whom no targeted
therapies exist. The findings of this study may also
have important implications for other patient pop-
ulations with abnormal vWF metabolism and angio-
genesis such as those with congenital von Willebrand
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disease, Heyde’s syndrome, and nonpulsatile LVAD
support.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Improved
management of infants with complex congenital heart disease
has produced an emerging population of patients with adult
congenital heart disease. To improve long-term outcomes,
mechanistic understanding and targeted management of pa-
thologies that develop early in these patients are needed. In a
clinical study, we observed dysregulated angiogenic and in-
flammatory signaling, VWF metabolism, angiopoietin levels,
and in vitro angiogenesis in infants with a bidirectional Glenn
circulation. These findings support the novel hypothesis that
abnormal vVWF metabolism and angiopoietin signaling super-
imposed on a background of deranged angiogenic and inflam-
matory signaling dysregulate angiogenesis in infants with a
Glenn circulation. Resultant angiodysplasia may contribute to
pulmonary AVM formation, which can cause clinical deteriora-
tion and affect outcomes.

TRANSLATIONAL OUTLOOK: In infants with a Glenn circu-
lation, the development of pulmonary AVMs is common. Tar-
geted therapies designed to preserve VWF multimers, normalize
levels of plasma angiopoietins, and correct angiogenic imbalance
may normalize angiogenesis and potentially reduce the incidence
of pulmonary AVMs.
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