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Background: Pulmonary arteriovenous malformations (PAVMs) are common sequelae
of palliated univentricular congenital heart disease, yet their pathogenesis remain poorly
defined. In this preliminary study, we used paired patient blood samples to identify
potential hepatic factor candidates enriched in hepatic vein blood.

Methods: Paired venous blood samples were collected from the hepatic vein (HV)
and superior vena cava (SVC) from children 0 to 10 years with univentricular and
biventricular congenital heart disease (n = 40). We used three independent protein
analyses to identify proteomic differences between HV and SVC blood. Subsequently,
we investigated the relevance of our quantified protein differences with human lung
microvascular endothelial assays.

Results: Two independent protein arrays (semi-quantitative immunoblot and
quantitative array) identified that soluble vascular endothelial growth factor receptor 1
(sSVEGFR1) is significantly elevated in HV serum compared to SVC serum. Using ELISA,
we confirmed the previous findings that sVEGFR1 is enriched in HV serum (n = 24,
p < 0.0001). Finally, we studied the quantified HV and SVC serum levels of sVEGFR1
in vitro. HV levels of sVEGFR1 decreased tip cell selection (p = 0.0482) and tube
formation (fewer tubes [p = 0.02486], shorter tube length [p = 0.0300]) in vitro compared
to SVC levels of sSVEGFR1.

Conclusions: Based on a small heterogenous cohort, sVEGFR1 is elevated in HV
serum compared to paired SVC samples, and the mean sVEGFR1 concentrations in
these two systemic veins cause pulmonary endothelial phenotypic differences in vitro.
Further research is needed to determine whether sVEGFR1 has a direct role in pulmonary
microvascular remodeling and PAVMs in patients with palliated univentricular congenital
heart disease.

Keywords: congenital heart disease, single ventricle, vascular remodeling, pulmonary arteriovenous malformation
(AVM), Glenn, vascular endothelial growth factor
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FIGURE 1 | Serum protein arrays quantifying protein targets in paired patient samples from the hepatic vein (HV) and superior vena cava (SVC). (A) Immunoblot array
quantifying serum protein levels of circulating proteins involved in microvascular remodeling. Protein concentrations in paired patient samples are expressed as relative
(Continued)
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FIGURE 1 | expression (HV/SVO) after Log2 transformation. Boxes indicate median and interquartile range; whiskers indicate 95% confidence intervals; n = 10.
*indicates p < 0.05, ** indicates p < 0.01. (B) Heatmap from the quantitative serum protein array (440 target proteins) showing raw log2 fold change of serum
proteins with FDR <0.2; n = 7. Positive log2 fold change (red) indicates greater HV serum concentration. (C) Bar graph showing average log2 fold change of serum
proteins with FDR <0.2 and absolute average log2 fold change >2. (D) Paired circulating sVEGFR1 levels quantified using sandwich ELISA (Abcam; n = 24).

0.26, SVC: 3.30 £ 0.76, p = 0.0246, Figure 3B) and tube
length (HV: 149 + 041, SVC: 435 £+ 0.88, p = 0.0300,
Figure 3C), but non-significantly decreased the number of
nodes (HV: 1.21 £ 0.24, SVC: 1.97 £ 0.35, p = 0.1982,
Figure 3A). Treatment with sVEGFRI alone (10 or 60 ng/ml)
without simultaneous VEGF-A stimulation again showed no
difference in tube formation between the different sVEGFRI
concentrations (Figures 3A-D). Altogether, these results show
that the quantified sSVEGFR1 concentrations in HV and SVC
serum differentially influence lung microvascular tube formation
in vitro. Thus, based on in vitro tube formation with lung
microvascular endothelial cells, sSVEGFR1 concentrations in SVC
serum led to uninhibited angiogenesis compared to sVEGFRI
concentrations in HV serum.

DISCUSSION

Using three independent assays, our data demonstrate that
circulating sVEGFR1, also known as soluble fms related receptor
tyrosine kinase 1 (sFLT1), is enriched in HV serum compared
to SVC serum of children with univentricular and biventricular
CHD. sVEGFR1 is known to sequester free VEGF-A to prevent
endothelial VEGF signaling. Thus, sVEGFR1 has a possible role
as hepatic factor because VEGF-A and VEGFR2 expression are
increased in lung biopsies of children with CHD-associated
PAVMs (9), and supplemental sVEGFR1 can prevent brain AVMs
in a mouse model of AVMs (16). In fact, others have even
hypothesized that a circulating VEGF inhibitor may be the
unidentified hepatic factor (17). Thus, we propose that sVEGFR1
is a provisional hepatic factor candidate.

Elevated levels of sVEGFRI are associated with preeclampsia
(18, 19), a life-threatening obstetrical condition with systemic
hypertension and renal dysfunction. Compared to recent studies,
our HV levels of sVEGFRI (quantitative protein array: 101.26
[90.12, 179.49] ng/ml; ELISA: 62.43 £ 10.97 ng/ml) are similar
to peripheral venous levels of sVEGFRI from mothers with
preeclampsia (~80ng/ml) (20) and are higher than peripheral
venous levels in healthy adult controls (~0.1-10 ng/ml) (20, 21).
These comparisons suggest that elevated levels of sVEGFRI1
in HV serum may have a functional role in the downstream
pulmonary capillary bed.

In addition to absolute differences in sVEGFRI concentration
between HV and SVC serum, our data demonstrate that the
observed HV and SVC concentrations of sVEGFR1 differentially
impact primary human pulmonary microvascular endothelial
cells in vitro. Using short-term in vitro read-outs, we observed
that VEGF-stimulated pulmonary microvascular endothelial cells
were uninhibited by SVC-related sVEGFR1 concentration. In
contrast, HV-related sVEGFR1 concentration decreased tip cell
selection (Figure 2) and tube formation (Figure 3). It is unknown
if these differences are directly relevant to CHD-associated

PAVMs, though these processes are consistent with previously
published data. Using a rat model of superior cavopulmonary
circulation (classic Glenn palliation), Tipps et al. (22) reported
increased expression of the tip cell marker ESMI1 in CHD-
associated PAVMs, which is similar to our data that the lower
sVEGFRI1 concentration found in SVC serum leads to increased
CD34 population in vitro. Thus, prolonged exposure of the
pulmonary vascular bed to exclusive SVC blood flow (i.e.,
superior cavopulmonary circulation) may lead to uninhibited
tip cell selection. As a potential mechanism, we speculate that
when liver-derived sVEGFR1 cannot perfuse the pulmonary
microvasculature, the normal angiogenic balance in the lung
microenvironment is lost. This angiogenic imbalance predisposes
to pathologic angiogenesis with abnormal vascular connections
and AVMs. We do not know if systemic levels of VEGF-A are
part of this process, as opposed to local tissue VEGF-A levels.

To our knowledge, this study includes the broadest proteomic
comparison (>440 proteins) of HV and SVC serum from
children with univentricular and biventricular CHD. The
unbiased quantitative serum protein array in this study
permits data-driven consideration of alternative hepatic
factor candidates, as well as analysis of SVC serum. For
example, our quantitative array preliminarily indicates that
SVC serum may be enriched in pro-inflammatory cytokines
(IFNy, TNEFB), angiogenic factors (BDNF), and lymphatic
growth factors (VEGF-C). AVM pathogenesis in patients with
hereditary predisposition to AVMs (i.e., hereditary hemorrhagic
telangiectasia; HHT) appears to require a two-hit process
for AVM development (23). Proposed second hits include
mechanical trauma, inflammation, and angiogenic cues. It
is unknown if two-hits are necessary for development of
CHD-associated PAVMs (loss of hepatic factor, AND hypoxia,
non-pulsatile pulmonary blood flow, inflammation, etc.). Given
that our proteomic array preliminarily identified that several
pro-inflammatory cytokines are enriched in SVC blood, the
contribution of SVC blood to PAVM pathophysiology may be
under-recognized. In fact, the presence of pro-inflammatory
cytokines in SVC serum may help explain the previous findings
that SVC blood increases pulmonary microvascular endothelial
cell apoptosis in vitro, but it is unclear whether this addresses
the previous surprising finding that HV serum increases tube
formation in vitro compared to SVC serum (5). Regardless, in
this study, our quantitative protein array demonstrates that
HV and SVC serum samples contain a mix of proteins with
diverse functions.

Both our semi-quantitative immunoblot and quantitative
protein array also confirm the recent finding (7) that BMP9 is
not elevated in HV blood. These data collectively indicate that
CHD-associated PAVMs appear to develop independent of the
upstream signaling pathway involved in HHT-associated PAVMs
(BMP9-ALK1 signaling). Importantly, we cannot rule-out
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FIGURE 2 | Fluorescence-activated cell sorting analysis of tip cell marker CD34. (A) Scatter plot of HPMECs showing a distribution of CD34+ and CD34- HPMECS
with exclusion of intermediate HPMECs. (B) Histogram comparison of cell surface VEGFR2 fluorescence between CD34+ and CD34- HPMECs. (C) Scatter dot plot
with bars quantifying CD34+ HPMECs after treatment with control or VEGF-A treatment showing a dose response of CD34+ cells to greater VEGF-A concentration

(Continued)

Frontiers in Pediatrics | www.frontiersin.org

June 2021 | Volume 9 | Article 679572


https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Spearman et al. Hepatic Factor Candidate Screening

FIGURE 2 | (p = 0.0048; one-way ANOVA with Tukey multiple comparison test). (D) Quantification of cell surface VEGFR2 median fluorescent intensity between
CD34+ and CD34- HPMECs for each individual VEGF-A treatment and overall combined (p < 0.0001, t-test). (E) Scatter dot plot with bars quantifying CD34+
HPMECs after treatment with control, sSVEGFR1 alone (10 or 60 ng/ml), VEGF-A alone (20 ng/ml), or VEGF-A (20 ng/ml) + sVEGFR1 (10 or 60 ng/ml). VEGF-A
stimulated HPMECs had significantly fewer CD34+ cells with HV-related sVEGFR1 treatment (60 ng/ml) compared to SVC-related sVEGFR1 treatment (10 ng/ml)
(o = 0.0482; one-way ANOVA with Tukey multiple comparison test). Mean + SEM. HPMECs- human pulmonary microvascular endothelial cells.
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FIGURE 3 | In vitro tube formation assay. (A-C) Scatter dot plots with bars quantifying the tube formation with various treatments: control, VEGF-A alone (1, 10, or
20ng/ml), sVEGFR1 alone (10 or 60 ng/ml), or VEGF-A (20 ng/ml) + sVEGFR1 (10 or 60 ng/ml). Tube formation (nodes, tubes, and tube length) increased with
increasing VEGF-A concentration. There was no difference in tube formation with the different sSVEGFR1 treatments alone. VEGF-A stimulated HPMECs had
significantly fewer nodes (o = 0.0065), fewer tubes (p = 0.0001), and shorter tube length (p = 0.0038) after HV-related sSVEGFR1 treatment (60 ng/ml). VEGF-A
stimulated HPMECs were uninhibited by SVC-related sVEGFR1 treatment (10 ng/ml) (nodes: p = 0.7548; tubes: p = 0.3966; tube length: p = 0.9848) (one-way
ANOVA with Tukey multiple comparison test). (D) Representative images of tube formation for each treatment. Scale bar indicates 100 pm. Mean + SEM. HPMECs-
human pulmonary microvascular endothelial cells.

overlap in PAVM pathogenesis in the downstream signaling. In ~ VEGF-A monoclonal neutralizing antibody, provides therapeutic
fact, HHT animal models indicate that VEGF inhibition can  benefit for patients with HHT (27, 28). Altogether, these data
partially reverse AVM pathology (24-26), and bevacizumab, a  further support that sVEGFR1 may have a role in PAVM
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pathophysiology given that sVEGFRI sequesters VEGF-A to
decrease VEGF-A bioavailability and signaling.

Two recent studies have also reported that Angiopoietin-2 is
elevated in patients with palliated univentricular CHD compared
to patients with biventricular CHD (6, 29). Angiopoietin-2 is
associated with vascular remodeling, but these studies found
no difference in ANG-2 levels in HV blood compared to
paired SVC blood. Shirali et al. (6) even concluded that ANG2
elevation is likely unrelated to PAVM formation. Similarly,
our quantitative array found similar levels of ANG2 in HV
and SVC serum (HV: 5265.91 [2189.98, 7908.51] pg/ml, SVC:
3981.83 [2511.55, 7467.13] pg/ml). On the other hand, ANGI1
is associated with promoting vascular homeostasis. Bartoli et
al. (29) reported decreased levels of ANGI1 in SVC plasma
compared to HV plasma and compared to healthy controls. Our
quantitative array showed contradictory results with increased
ANGTI levels in SVC serum compared to HV serum (HV: 1774.20
[665.51, 2251.92] pg/ml, SVC: 5755.66 [3237.47, 7933.60] pg/ml;
Figure 1C, Supplementary Table 1), although these data are
from a small sample (n = 7). Finally, an important note is that
sVEGFRI was not quantified in either of these recent studies.

Our preliminary findings are fundamentally limited by our
overall small, heterogenous cohort, which may predispose to
sample bias. We included patients with univentricular and
biventricular anatomy under the premise that hepatic factor
is present in all patients regardless of ventricular anatomy;
however, patients with biventricular anatomy may have differing
physiology impacting pulmonary vascular status and serum
protein levels, which may ultimately skew results. Additionally,
blood samples were collected in the cardiac catheterization
lab to identify constituents of specific venous blood sources,
but multiple procedure-related factors may influence blood
composition. For example, general anesthesia, pre-procedure
fasting, or other confounding factors may directly or indirectly
alter venous blood compared to normal physiologic conditions.
Validation of our findings with an independent, larger cohort
with longitudinal sample collection and longer-term follow-up
is needed. Also, because traditional in vitro assays are relatively
insensitive, we used a standard in vitro concentration of VEGEF-
A (20 ng/ml) to elicit a quantifiable and reproducible endothelial
cell response. This concentration of VEGF-A was much greater
than our quantified circulating level of VEGF-A (~40 pg/ml;
Supplementary Table 1), which limits the physiologic relevance
of our endothelial cell read-outs. Finally, our analyses of HV
and SVC serum are limited to protein arrays because hepatic
factor has previously been hypothesized to be a singular
circulating protein; however, we acknowledge that multiple
factors (including non-protein factors) may interact to fulfill
the function of the unidentified hepatic factor. The potential
interaction of multiple factors may help explain the apparent
discrepant findings from our previous study that HV serum
increases EC tube formation in vitro, whereas in this study, we
report that sSVEGFRI is enriched in HV serum and decreases EC
tube formation in vitro.

In conclusion, our data indicate that sVEGFRI is enriched in
HV serum compared to SVC serum. The observed differences
in sVEGFR1 serum concentrations also lead to pulmonary

microvascular endothelial phenotypic differences in vitro.
Further investigation is needed to experimentally determine
whether sVEGFRI has a direct role in CHD-associated PAVMs.
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