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Direct thrombin inhibitors

as alternatives to heparin

to preserve lung growth

and function in a murine model
of compensatory lung growth
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Infants with congenital diaphragmatic hernia (CDH) may require cardiopulmonary bypass and
systemic anticoagulation. Expeditious lung growth while on bypass is essential for survival.
Previously, we demonstrated that heparin impairs lung growth and function in a murine model

of compensatory lung growth (CLG). We investigated the effects of the direct thrombin inhibitors
(DTIs) bivalirudin and argatroban. In vitro assays of lung endothelial cell proliferation and apoptosis
were performed. C57BL/6 J mice underwent left pneumonectomy and subcutaneous implantation
of osmotic pumps. Pumps were pre-loaded with normal saline (control), bivalirudin, argatroban,

or heparin and outcomes were assessed on postoperative day 8. Heparin administration inhibited
endothelial cell proliferation in vitro and significantly decreased lung volume in vivo, while bivalirudin
and argatroban preserved lung growth. These findings correlated with changes in alveolarization
on morphometric analysis. Treadmill exercise tolerance testing demonstrated impaired exercise
performance in heparinized mice; bivalirudin/argatroban did not affect exercise tolerance. On lung
protein analysis, heparin decreased angiogenic signaling which was not impacted by bivalirudin

or argatroban. Together, this data supports the use of DTIs as alternatives to heparin for systemic
anticoagulation in CDH patients on bypass. Based on this work, clinical studies on the impact of
heparin and DTIs on CDH outcomes are warranted.

Abbreviations

CD31 Cluster of differentiation 31

CDH Congenital diaphragmatic hernia

CLG Compensatory lung growth

DTI Direct thrombin inhibitors

ECMO Extracorporeal membrane oxygenation
EDTA Ethylenediaminetetraacetic acid

EGFR Epidermal growth factor receptor
ELISA Enzyme-linked immunosorbent assay
HPF High power field

HRP Horseradish peroxidase

H&E Hematoxylin and eosin

HMVEC-L  Human microvascular endothelial cells-lung
IHC Immunohistochemistry
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MAPK/ERK  Mitogen-activated protein kinase/extracellular signal-regulated kinase
NRP-2 Neuropilin-2

PBS Phosphate-buffered saline

PBST Phosphate-buffered saline with 0.05% Tween-20
PFT Pulmonary function testing

PVDF Polyvinyl difluoride

pEGFR Phosphorylated epithelial growth factor receptor
pVEGFR2 Phosphorylated vascular endothelial growth factor 2
PTT Partial thromboplastin time

RIPA Radioimmunoprecipitation assay

TBST Tris-buffered saline with Tween 20

TETT Treadmill exercise tolerance testing

TLC Total lung capacity

VEGF Vascular endothelial growth factor

Congenital diaphragmatic hernia (CDH) occurs as a result of a developmental defect in the diaphragm with
a prevalence of 1 to 4 cases per 10,000 live births"?. Mortality in CDH primarily arises from the resulting pul-
monary hypoplasia that occurs in both lungs**. Even following surgical repair, many patients require extended
periods of cardiopulmonary bypass through extracorporeal membrane oxygenation (ECMO) and systemic anti-
coagulation. Expeditious lung growth while on ECMO is necessary to improve the substantial mortality (up to
50%) observed in CDH as longer run times are associated with worse outcomes>.

Murine left pneumonectomy induces compensatory lung growth (CLG) in the remaining right lung®’. This
serves as an animal model for CDH and other hypoplastic lung diseases given similarities in lung alveolarization
and molecular signaling to human lung development®. We previously demonstrated that CLG is complete starting
on post-operative day (POD) 8 following left pneumonectomy®. In this model, exogenous heparin administration
resulted in decreased lung volumes, pulmonary function, and inhibition of pro-angiogenic signaling involving
the vascular endothelial growth factor (VEGF) pathway'®. Heparin is the most common choice of anticoagulant
utilized to maintain circuit patency in CDH patients requiring ECMO. Therefore, these data suggest that the
anticoagulation strategy for these patients requires reconsideration.

Bivalirudin and argatroban are synthetic peptide derivatives that exert their anticoagulant effects as direct
thrombin inhibitors (DTIs)'". DTIs are increasingly being utilized to maintain circuit patency during cardiopul-
monary bypass and ECMO'>', Initial studies from our laboratory suggest that anticoagulation with bivalirudin
does not affect CLG'**. This work was limited as dosing was via intermittent intraperitoneal injection rather than
continuous anticoagulation, and bivalirudin has a short half-life. Prior studies have demonstrated the successful
continuous delivery of argatroban using osmotic pumps in mice'®. However, no prior study, to our knowledge, has
evaluated the dosing required to achieve and maintain continuous systemic anticoagulation in the murine model.

In this study, we first evaluate the effects of bivalirudin, argatroban, and heparin on lung endothelial cells
in vitro. We then investigate the use of these anticoagulants with osmotic pumps to achieve continuous systemic
anticoagulation in mice. Following appropriate dose-response studies, we evaluate their effect on lung growth and
function using the murine model of CLG in vivo. Since DTIs have a more specific mechanism of action compared
to heparin, we hypothesized that DTT treatment, unlike heparin, would not impact lung growth and function.

Results

Heparin inhibited lung endothelial cell proliferation and increased apoptosis. The effects of
bivalirudin, argatroban and heparin on proliferation and apoptosis of human lung microvascular endothelial
cells (HMVEC-L) were evaluated. There was no significant effect on HMVEC-L proliferation with increas-
ing dosages of bivalirudin or argatroban (Fig. 1A,B). Heparin significantly inhibited HMVEC-L proliferation
(Fig. 1C) at the 0.5 TU/mL (0.78 £0.06-fold, P=0.008) and 1 ITU/mL dosages (0.84+0.06-fold, P=0.046). The
even higher 10 IU/mL heparin dose was also inhibitory but did not reach statistical significance (0.85+0.06-fold,
P=0.072).

Interestingly, bivalirudin consistently inhibited HMVEC-L cell apoptosis at all doses (Fig. 1D). Argatroban
increased apoptosis at the 25 ug/mL dose (Fig. 1E; 1.17 +0.05-fold, P=0.003) but the 250 pug/mL dose did not
affect apoptosis (P=0.83). Heparin increased apoptosis in a dose-dependent manner (Fig. 1F), with the 10 TU/
mL dose reaching statistical significance (1.18 £0.05-fold, P=0.006).

Continuous administration of bivalirudin and argatroban resulted in therapeutic anticoagula-
tion. Prior to pump implantation in CLG mice, we first evaluated the dosing required to achieve and main-
tain continuous systemic anticoagulation (Supplementary Fig. S1). Different concentrations and rates of drug
delivery were trialed. Increasing drug dosages consistently increased the level of anticoagulation (Supplemen-
tary Fig. S1A) as measured by the partial thromboplastin time (PTT). Bivalirudin resulted in supratherapeutic
anticoagulation compared to saline-treated controls at the 50 pg/hr dose (105+6.3 vs. 35.4+5.8 s, P=0.03) while
argatroban-treated mice consistently achieved supratherapeutic levels at the 50 pg/hr (143+6.7 vs. 35.4+5.8 s,
P=0.002) and 100 pg/hr (150+10.5 vs. 35.4+5.8 s, P=0.001) dosages. Heparin contributed to supratherapeu-
tic anticoagulation at the 2.5 IU/hr (194+6.2 vs. 35.4+5.8 s, P=0.0001) and 5 IU/hr (>200+0 vs. 35.4+5.8 s,
P<0.0001) dosages.

The lowest dose of each anticoagulant resulting in supratherapeutic anticoagulation was then selected for
longitudinal studies (Supplementary Fig. S1B-D). Both bivalirudin and argatroban maintained their antico-
agulation effect assessed at various time-points during the eight day study. Heparin-treated mice were noted to
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Figure 1. Lung endothelial cell proliferation and apoptosis. Bivalirudin (A) and argatroban (B) did not

affect human lung microvascular endothelial cell (HMVEC-L)-L proliferation at various dosages. Heparin,
however, inhibited proliferation of HMVEC-L cells in a dose-dependent manner (C). Bivalirudin consistently
inhibited apoptosis (D). Argatroban increased apoptosis at a single dose (25 ug/mL) while remaining doses of
argatroban did not impact apoptosis (E). Increasing doses of heparin increased HMVEC-L apoptosis (F). Each
anticoagulant dose was performed in technical quadruplicate and the experiments were repeated up to 3 times.
Comparisons were done using a one-way analysis of variance (ANOVA) with Dunnett’s adjustment for multiple
comparisons. Shown are mean + standard error. *P<0.05; **P<0.01; **P<0.001.

have decreasing PTTs, reaching comparable levels to controls starting on day 4 (Supplementary Fig. S1D). These
mice received an additional daily intraperitoneal injection of heparin (0.5 IU/g)!° to maintain therapeutic anti-
coagulation during the remainder of the study. To ensure that heparinized mice were adequately anticoagulated
on POD 8 following pneumonectomy, anti-factor Xa levels were compared across the groups at that time point
(Supplementary Fig. S1E). Anti-factor Xa activity is used clinically to evaluate the anticoagulation effects of hepa-
rin and is a surrogate marker for plasma heparin concentration. The heparin group had significantly increased
anti-factor Xa levels compared to controls (0.86+0.20 vs. 0.23+0.017 IU/mL, P=0.001). Given that bivalirudin
and argatroban act downstream in the coagulation cascade, these anticoagulants should not increase anti-factor
Xa levels. We did not observe any significant change in anti-factor Xa levels in these groups (P=0.98, P=1.00,
respectively). The study groups and final anticoagulant dosing regimens utilized in this study are provided in
Supplementary Table S1.

Heparin decreased lung volume while bivalirudin and argatroban did not affect lung growth
and function. Lung growth and pulmonary function testing (PFT) were assessed at POD 8 following left
pneumonectomy and pump implantation (Fig. 2). Bivalirudin (42.6+0.7 vs. 44.6+2.1 uL/g, P=0.70) or arga-
troban (45.3+ 1.7 vs. 44.6 2.1 uL/g, P=0.98) did not significantly change lung volume. Heparinized mice dem-
onstrated significantly decreased lung volume (Fig. 2A) compared to controls (38.5+1.1 vs. 44.6+2.1 pL/g,
P=0.02). There were no significant differences in total lung capacity (TLC) between the four groups (Fig. 2B).
Although heparin significantly affected lung growth, there were no differences in pulmonary compliance across
the four experimental groups (Fig. 2C).

Bivalirudin and argatroban, but not heparin, preserved lung alveolarization following compen-
satory lung growth. Formalin-fixed and paraffin-embedded lungs stained were examined at 200 x magni-
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Figure 2. Lung growth and pulmonary function testing. Heparin administration impaired compensatory
lung growth, as demonstrated by significantly decreased lung volume compared to controls (A). Lung volume
was not different in the bivalirudin or argatroban groups. Total lung capacity was lowest for heparinized mice,
although there were no significant differences between groups (B). Although heparin affected lung growth, there
were no differences in pulmonary compliance across all four groups (C). Statistical analysis of the experimental
groups was done using analysis of variance (ANOVA), with Dunnett’s adjustment for multiple comparisons.
TLC and lung volumes were normalized to mouse body weight. Shown are mean + standard error. *P <0.05.
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Figure 3. Lung tissue morphometric analysis. Parenchymal volume was lowest for heparin-treated mice
compared to the remaining groups, although not reaching statistical significance (A). Alveolar volume was
significantly lower in the heparin group compared to controls (B). Bivalirudin-treated mice also demonstrated
lower alveolar volume. Septal surface area, which represents the area available for gas exchange, was significantly
lower in heparin mice (C). Bivalirudin and argatroban did not significantly impact septal surface area. Alveolar
density was significantly lower in the heparin and argatroban groups compared to controls (D). Bivalirudin

did not significantly change alveolar density. Representative micrographs of hematoxylin and eosin-stained
lung sections at 200 x magnification (E) demonstrate the decrease in alveolarization in heparin-treated mice
compared to the control, bivalirudin, and argatroban groups. Statistical analysis of the experimental groups was
done using analysis of variance (ANOVA), with Dunnett’s adjustment for multiple comparisons. Shown are
mean + standard error. *P<0.05; ***P<0.001.

fication for pulmonary morphometric analysis (Fig. 3). There were no significant differences in parenchymal
volume across the four groups (Fig. 3A), although heparin-treated mice had the lowest measurement compared
to controls (34.0+1.9 vs. 39.2+2.8 uL/g, P=0.19). Alveolar volume (Fig. 3B) was lower in bivalirudin-treated
(17.5£0.6 vs. 21.4+ 1.0 uL/g, P=0.01) and heparin-treated (15.5+1.1 vs. 21.4+ 1.0 uL/g, P=0.0005) mice. Sep-
tal surface area (Fig. 3C), which represents the area available for gas exchange, was lower in the heparin group
compared to controls (16.7 vs. 21.2 cm?/g, P=0.04). Bivalirudin and argatroban did not significantly change
septal surface area (P=0.33, P=1.00, respectively). Finally, alveolar density (Fig. 3D) was significantly lower in
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the argatroban (3.41+0.17 x 107 vs. 4.08 +0.22 x 107 alveoli per mm?®, P=0.03) and heparin (3.37+0.05x 107 vs.
4.08£0.22x 107 alveoli per mm?®, P=0.02) groups. Bivalirudin-treated mice had similar alveolar density com-
pared to controls (3.82+£0.16 x 107 vs. 4.08 £ 0.22 x 107 alveoli per mm?®, P=0.54).

Representative micrographs obtained at 200 x magnification highlight the preserved alveolarization in the
bivalirudin and argatroban, but not heparin groups in comparison to saline-treated controls (Fig. 3E).

Heparin, but not bivalirudin or argatroban, decreased lung vascularization. Lung vasculariza-
tion was assessed with immunohistochemistry (IHC) by utilizing the CD31 endothelial cell marker, as pre-
viously described'®". There were no significant differences in CD31 staining in the bivalirudin (P=0.12) or
argatroban (P=0.06) groups although argatroban-treated mice trended towards lower CD31 staining compared
to controls (Figs. 4A,B). Heparin treatment resulted in a significant reduction in CD31 staining compared to
saline-treated control mice (0.79 vs. 0.97 antibody/stained nuclei, P=0.02).

Heparin-treated mice had reduced exercise tolerance; bivalirudin and argatroban did not
impact exercise performance. Mice underwent baseline treadmill exercise tolerance testing (TETT)
prior to pneumonectomy and results were compared to repeat testing on POD 8; each mouse thus served as
its own control (Fig. 5). All four groups had similar baseline exercise performance assessed by the distance run
(P=0.79) and time spent running (P=0.77) (data not shown). Heparin-treated mice had significant percent
reduction from baseline in the distance run (Fig. 5A) and running time (Fig. 5B) compared to controls (dis-
tance: — 68.6+8.0 vs. — 12.4+18.0%, P=0.02; time: — 52.8+7.3 vs. — 9.9+ 11.6%, P=0.01). There were no sig-
nificant differences observed in exercise performance in the bivalirudin (distance: — 38.5+10.3%, P=0.32; time:
—26.7£8.4%, P=0.40) or argatroban (distance: — 29.1+10.3%, P=0.65; time: — 19.3+6.5%, P=0.79) groups.

Bivalirudin and argatroban, but not heparin, preserved angiogenic signaling. Lung tissue pro-
tein homogenates from each group were analyzed via immunoblotting to evaluate for effects of anticoagula-
tion treatment on angiogenic and proliferative signaling pathways (Fig. 6). Endogenous VEGF expression was
higher in bivalirudin-treated mice (Fig. 6A,F) compared to controls (P=0.048). There were no significant dif-
ferences in VEGF expression in the argatroban or heparin groups. Activation of the VEGF receptor (VEGFR2)
was decreased 0.41-fold in heparinized mice compared to controls (P=0.02) as demonstrated by the ratio of
phosphorylated to total VEGFR2 (Figs. 6A,G). There was no significant difference in VEGFR2 activation for
the bivalirudin (P=0.25) and argatroban (P=0.17) groups. Neuropilin-1 (NRP-1) and Neuropilin-2 (NRP-2)
are co-receptors for VEGF involved in VEGFR2 signaling'®'®. There were no significant differences in NRP-1
(Fig. 6B,H) or NRP-2 (Fig. 6B,I) across the four groups.

Despite decreased VEGFR2 activation in heparinized mice, there were no significant differences in the acti-
vation of the downstream MAPK/ERK effector pathway in the anticoagulated groups (Fig. 6C,]). However,
heparinized mice had increased activation of the downstream mediator Akt (Fig. 6D,K) as demonstrated by the
1.99-fold higher expression of phosphorylated to total Akt compared to controls (P=0.04). There were no signifi-
cant differences in Akt activation in bivalirudin- or argatroban-treated mice. Activation of the epithelial growth
factor receptor (EGFR) was not significantly affected the anticoagulants examined in this study (Fig. 6E,L).

Discussion

Heparin remains the most used anticoagulant to maintain circuit patency in neonates with CDH or other hypo-
plastic lung diseases who require cardiopulmonary bypass through ECMO. Our group has previously demon-
strated that therapeutic and subtherapeutic heparin impair pulmonary growth and development in the murine
CLG model'*!. These studies also demonstrated that intermittent bivalirudin dosing did not affect lung growth
and function. In our current study, we expand on these previous findings through the use of continuous antico-
agulant dosing, by reporting on additional anticoagulants (argatroban), and by presenting additional mechanistic
and immunohistochemistry data in the CLG model designed to advance our current understanding.

In an effort to identify suitable alternatives to heparin, we evaluated the effects of the direct thrombin inhibi-
tors bivalirudin and argatroban in vitro on HMVEC-L cells and in vivo utilizing the CLG model. We have dem-
onstrated that, unlike heparin, bivalirudin and argatroban preserved cell proliferation, lung growth, pulmonary
alveolarization and vascularization, murine exercise tolerance, and angiogenic signaling.

Initial in vitro studies were first performed on HMVEC-L cells to assess the effects of the anticoagulants
on cell proliferation and apoptosis. Microvascular endothelial cells are important in lung growth given prior
studies demonstrating their role in pulmonary development and downstream proliferation of alveolar epithelial
cells?®-23. The dose range chosen for each anticoagulant was based on prior reports in the literature to approximate
anticoagulation in vivo'®*!. Heparin consistently inhibited HMVEC-L cell proliferation and increased apoptosis
(Fig. 1C,F), findings which are consistent with the previously described antiangiogenic effects of heparin'®%.
Both bivalirudin and argatroban did not affect HMVEC-L proliferation (Fig. 1B,C). Interestingly, bivaliru-
din had a protective effect by decreasing HMVEC-L cell apoptosis ~ 0.8-fold (Fig. 1E) across all five dosages
(3.125-250 pg/mL). The mechanism for the inhibition of endothelial apoptosis requires further investigation,
but one recent study suggests that bivalirudin has a protective effect on endothelial cells by blocking thrombin-
induced hyperpermeability?.

We then utilized subcutaneously implanted osmotic pumps to provide continuous anticoagulation over the
course of the eight-day experiment. Dosing was determined by initial dose-response and maintenance studies
(Supplementary Fig. 1). The protocol used in the evaluation of anticoagulation function was based on prior
studies in mice?’. Supratherapeutic anticoagulation was utilized in this study to best approximate the clinical
scenario of maintaining bypass circuit patency where high levels of anticoagulation are desired*. No prior study,
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Figure 4. Immunohistochemistry. Representative micrographs at 200 x magnification of co-stained lung tissue
for the endothelial cell marker CD31 (green) and nuclear marker DAPI (blue) at postoperative day 8 following
left pneumonectomy (A). Based on quantification, CD31 was decreased in heparin-treated mice compared

to controls (B). There was no significant difference in CD31 staining in the bivalirudin or argatroban groups.
Statistical analysis of the experimental groups was done using analysis of variance (ANOVA), with Dunnett’s
adjustment for multiple comparisons. Shown are mean + standard error. *P <0.05.
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Figure 5. Treadmill exercise tolerance testing (TETT). Mice underwent baseline exercise testing prior

to pneumonectomy followed by repeat testing at postoperative day 8. Exercise tolerance was decreased in
heparinized mice compared to controls, as measured by the percent change from baseline in distance run
(A) and time spent running (B). There were no significant differences observed in TETT outcomes for the
bivalirudin or argatroban groups. Statistical analysis of the experimental groups was done using analysis of
variance (ANOVA), with Dunnett’s adjustment for multiple comparisons. Shown are mean + standard error.
*P<0.05; **P<0.01.

to our knowledge, has evaluated the effects of continuous anticoagulation in mice and with the use of osmotic
pumps. However, clinically, patients are frequently anticoagulated through continuous dosing and intermittent
dosing may not adequately reflect the effects of DTIs which have a shorter half-life compared to heparin (30-45
vs. 60-90 min). An important limitation of our prior work on anticoagulants in the CLG model has been the use
of intermittent rather than continuous dosing'®', which does not completely recapitulate the clinical scenario
of CDH patients on bypass. Furthermore, while argatroban has been previously used with osmotic pumps®**,
these studies did not evaluate anticoagulant activity. Finally, this is the first description regarding the effective
delivery of bivalirudin in the induction and maintenance of anticoagulant activity. These results can thus be
useful in future anticoagulation studies utilizing the murine model.

Anticoagulated mice underwent lung growth and functional assessment at POD 8 following left pneumo-
nectomy. This time-point was chosen based on prior studies demonstrating CLG completion at that time®.
Heparinized mice had decreased lung growth compared to controls, while bivalirudin and argatroban did not
significantly affect CLG, as evaluated through lung volume measurements (Fig. 2A). Interestingly, there were no
significant differences in TLC across the four groups (Fig. 2B). This discrepancy can be explained by considering
limitations with the TLC measurement itself. Unlike lung volume, which is measured through water displace-
ment, TLC measurements rely on pressure-volume curves generated following complete alveolar collapse during
pulmonary function testing. These measurements can be affected by several uncontrollable variables such as leaks
within the system or incomplete degassing. Based on this, and considering prior work'*, lung volume measure-
ment through water displacement is considered the most reliable and reproducible indicator for lung growth.

Prior studies have demonstrated a correlation between lung growth measured by water displacement and pul-
monary morphometric measures such as parenchymal volume and alveolar volume*"*2. On tissue morphometric
analysis, heparin decreased alveolarization as demonstrated by decreased parenchymal volume, alveolar volume,
septal surface area, and alveolar density (Fig. 3A-D). Alveolar volume was significantly lower in the bivalirudin
group, while argatroban-treated mice had decreased alveolar density. Bivalirudin and argatroban did not impact
the remaining morphometric outcomes. To reconcile these findings, it is important to consider alveolarization
as a composite of these four morphometric outcomes®” and only heparin consistently negatively affected each of
these outcomes. Representative micrographs further highlight that bivalirudin and argatroban, unlike heparin,
preserved overall alveolarization (Fig. 3E), which correlated with the effect on lung growth. Heparin-treated mice
also demonstrated decreased vascularization assessed by staining for the CD31 endothelial cell marker (Fig. 4).
This finding is consistent with the previously described link between alveolarization and vascularization during
lung development and growth®.

The protective effects of DTIs on lung growth and alveolarization correlated with exercise performance
(Fig. 5). The use of TETT as a functional measurement of lung growth in murine models is well established'”>"*2,
Heparin resulted in a significant decline in exercise tolerance, as demonstrated by the percent change from
baseline in distance run (- 68.6%, P=0.01) and time spent running (- 52.8%, P=0.006). These findings suggest
that the negative effects of heparin on lung growth correlate with decreased functional capacity. Importantly,
there were no significant differences in TETT outcomes in the bivalirudin or argatroban groups compared to
saline-treated controls.

Heparin is known to affect molecular processes implicated in angiogenesis, wound healing, and inflammation,
among others®* . At the tissue level, heparin interacts with extracellular matrix proteins and angiogenic growth
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Figure 6. Lung tissue immunoblots. Pulmonary VEGF expression was higher in the bivalirudin group
compared to controls (A,F) while there were no significant differences in the heparin and argatroban groups.
Activation of VEGFR2 (phosphorylated/total receptor VEGFR2) was significantly lower in heparin-treated
mice (G). There were no significant differences in the expression of the co-receptors neuropilin-1 (NRP-

1) or neuropilin-2 (NRP-2) in then bivalirudin, argatroban, or heparin groups (B,H,I). Activation of the
downstream proliferation marker ERK (phosphorylated/total receptor ERK) was not significantly different in
the anticoagulated groups (C,J). Heparin-treated mice demonstrated increased activation of the downstream
mediator Akt (phosphorylated/total Akt; D,K). Activation of an alternative pathway involving the epithelial
growth factor receptor (phosphorylated/total EGFR) was lower in the argatroban and heparin groups, although
not reaching statistical significance (E,L). Uncropped blots are provided in Supplementary Information Files
1,2. The B-actin for each membrane is displayed below the corresponding antibodies and was used to normalize
the expression patterns. Each lane represents a sample from a different mouse. Statistical analysis of protein
expression was done using analysis of variance (ANOVA), with Dunnett’s adjustment for multiple comparisons.
Results are expressed as mean + standard error. *P<0.05.
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factors including VEGF*7*. Heparin also binds to endothelial angiogenic modulators such as von-Willebrand
factor (v-WF) competing with endogenous growth factors*. One human prospective cohort study in fact dem-
onstrated that patients treated with heparin had decreased levels of circulating angiogenic peptides compared
to those who received bivalirudin®’.Given this complex array of interactions, it is not surprising that heparin
derivatives have been established as potential anti-angiogenic modulators*'. We hypothesized that bivalirudin
and argatroban, given their more specific mechanism of action through direct thrombin inhibition, would not
impact angiogenic processes involved in lung growth.

In this study, protein analysis of lung tissue (Fig. 6) confirmed decreased angiogenic signaling in heparinized
mice as demonstrated by the 0.41-fold (P=0.02) reduction in the activation of VEGFR2; an important receptor
implicated in angiogenesis*. Bivalirudin and argatroban did not significantly affect activation of VEGFR2. Inter-
estingly, bivalirudin significantly upregulated upstream expression of VEGE, which considering the inhibition of
apoptosis in bivalirudin-treated HMVEC-L cells in vitro, suggests a possible positive effect on lung endothelial
cell signaling. The mechanism by which bivalirudin induces these effects warrant further investigation but is
beyond the scope of the current study.

Changes in VEGF and VEGFR2 activation did not correlate with changes in the downstream proliferative
MAPK/ERK effector pathway (Fig. 6C,J). Furthermore, heparin increased activation of Akt (Fig. 6D,K). One
possible explanation for these findings is that alternative pathways involved in lung growth become involved
in response to the heparin-mediated inhibition of VEGF signaling. The lung tissue in the heparin group may
also reflect an earlier proliferative stage of CLG due to the overall attenuation of lung growth. It is important
to consider that protein samples are taken from a single time-point (POD 8) and may fail to fully recapitulate a
dynamic continuous process. Regardless, since lung growth is heavily dependent on angiogenic signaling, these
findings correlate with the structural and functional outcomes described in this paper.

The use of DTIs in cardiopulmonary bypass is evolving but studies have consistently demonstrated their
safety and efficacy. Clinically, bivalirudin was shown to have substantial improvements over heparin in hos-
pital mortality in adult patients on bypass'®. In fact, many centers are now transitioning infants with CDH and
pulmonary hypoplasia to bivalirudin anticoagulation during ECMO. Bivalirudin anticoagulation protocols have
demonstrated both safety and efficacy in CDH patients*’. The findings in this paper demonstrating decreased
lung growth in the CLG model with heparin but not bivalirudin/argatroban provide further pre-clinical justifica-
tion. Clinical studies comparing anticoagulation with DTT compared to heparin on clinical outcomes in CDH
are necessary to confirm these findings.

There are several important limitations in this study. CLG is a continuous dynamic process and we have
examined a single time-point (POD 8) in the evaluation of functional and structural outcomes. This time-point
was selected as CLG is known to be complete based on prior work but this limits interpretation of in vivo sign-
aling pathways®. An additional limitation is related to the CLG animal model which has important differences
compared to human infants with CDH or pulmonary hypoplasia. While pneumonectomy-induced CLG shares
molecular signaling with neonatal lung development®, it is not representative of the true anatomic defect in CDH
or pulmonary hypoplasia. Furthermore, complex global genetic deficiencies with poorly understood mechanisms
are increasingly recognized as important in the pathophysiology of CDH?; these processes are not necessarily
recapitulated in the CLG model. Within these limitations, the murine CLG model has important similarities to
developmental alveolarization as it relates to the formation of new septa, which suggests activation of develop-
mental programming to induce alveolarization***. Finally, we did not examine the concurrent use of heparin
and bivalirudin/argatroban and their effect on lung growth and function in the CLG model. Future investigations
should examine this scenario, as even when DTTs are used, patients may still be exposed to heparin for additional
clinical indications (e.g. as a line lock solution).

In conclusion, heparin impaired lung growth, alveolarization, vascularization, exercise tolerance, and angio-
genic signaling in an established murine model of CLG following left pneumonectomy. Bivalirudin and arga-
troban did not impact these key outcome measures. These data further support the use of direct thrombin
inhibitors for systemic anticoagulation on ECMO in CDH in which expeditious lung growth is essential for
survival. Based on this work, clinical studies on the impact of heparin and DTIs on CDH outcomes are warranted.

Methods

Cell culture and molecular assays.  Proliferation and apoptosis assays. Human microvascular lung en-
dothelial cells (HMVEC-L) (Lonza, Morristown, NJ) were plated at 30% confluence in gelatin-coated 96-well
plates and starved overnight at 37 °C in basal medium [EGM-2 growth medium +0.5% fetal bovine serum (Lon-
za, Morristown, NJ)]. Cells were then washed and treated with increasing concentrations of heparin (0-10 IU/
mL), bivalirudin (0-250 ug/mL), or argatroban (0-250 pg/mL), followed by incubation at 37 °C for 72 h. Cell
viability was assessed with a Cell Counting Kit-8 (Dojindo Molecular Technologies, Rockville, MD) and apop-
tosis was then determined using the Caspase-Glo 3/7 assay (Promega, Madison, WI) per the manufacturer’s in-
structions. The FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, Germany) was used to measure
colorimetric and luminescence signals, respectively for each assay.

Animal experiments.  All experiments involving animals were carried out according to the guidelines and
regulation of the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the use of
Laboratory Animals was approved by the Institutional Animal Care and Use Ethics Committee (Boston Chil-
dren’s Hospital). This study was carried out in compliance with the ARRIVE guidelines. Eight to ten-week-old
C57BL/6 ] male mice (Jackson Laboratories, Bar Harbor, ME) weighing approximately 25 g were utilized in this
study.
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Assessment of anticoagulant dosing and function.  Alzet osmotic pumps (Models 2001/2002, Cuper-
tino, CA) were filled under sterile conditions with normal saline (control), heparin, bivalirudin, or argatroban.
Pharmaceutical grade anticoagulants were utilized in this study. For the initial dose-response, different concen-
trations and/or rates of drug delivery (0.5 pL/hr or 1 uL/hr) were trialed (Supplementary Fig. S1). These values
were based on prior reports in the literature'®*>°. Pumps were first primed overnight according to the manufac-
turer’s instructions. The following day, mice were anesthetized with isoflurane (induction: 2-4%, maintenance:
1-3% with 1 L/min oxygen) and received subcutaneous buprenorphine extended-release (3.25 mg/kg; Fidelis
Animal Health, North Brunswick, NJ) for pain management. Pumps were then implanted subcutaneously via an
incision located midway between the scapulae. Mice were monitored until sternal and ambulatory. Animals were
sacrificed 24 h following pump implantation, and blood was collected via inferior vena cava venous puncture in
1:10 dilution of 3.2% trisodium citrate?”. Plasma was separated by centrifugation (1500 X g, 15 min) and coagula-
tion function was assessed through measurement of partial thromboplastin time (PTT)%. Coagulation testing
was performed by the core hematology laboratory at Boston Childrens Hospital.

The lowest dose of each anticoagulant that resulted in supratherapeutic anticoagulation consistently was
then selected for longitudinal studies to ensure systemic anticoagulation throughout the 8-day experiment (Sup-
plementary Fig. SIB-D). Separate cohorts of mice underwent subcutaneous pump implantation as per above
and were sacrificed at the following additional time-points: POD 2, 4, and 8. Blood was again collected through
inferior vena cava puncture for PTT testing. Based on these results, heparin-treated mice received additional
daily intraperitoneal injection of heparin (0.5 IU/g) starting at post-operative day 4 to maintain therapeutic
anticoagulation throughout the later time-points of the study. The additional heparin dosing was validated in
previous studies from our group’’. The remaining groups received isovolumetric normal saline (vehicle) intra-
peritoneal injection for the same frequency/duration.

Surgical animal model. C57BL/6 ] mice were anesthetized with ketamine (80-100 mg/kg) and xylazine
(5-10 mg/kg) via intraperitoneal injection. Animals were then intubated under direct visualization with a
22-gauge angiocatheter (Critikon, Tampa, FL) and attached to a rodent ventilator (MiniVent Ventilator; Harvard
Apparatus, Holliston, MA) set to deliver 180 breaths/min. A left pneumonectomy was then performed as previ-
ously described’, followed by subcutaneous placement of Alzet pumps through a mid-scapula incision. Animals
were randomized to four experimental groups: normal saline (control), bivalirudin, argatroban, or heparin and
received pumps that were pre-loaded with the respective anticoagulant depending on group assignment and
dosing plan (Supplementary Table S1). One milliliter of normal saline was subcutaneously administered to pro-
vide fluid resuscitation and a single dose of subcutaneous buprenorphine extended-release (3.25 mg/kg; Fidelis
Animal Health) was given for postoperative analgesia. Animals were recovered on a heating pad and monitored
continuously until sternal and ambulatory. Mice in all experimental groups were sacrificed on POD 8, as CLG
is known to be complete at this timepoint®. At sacrifice, one cohort of animals underwent pulmonary function
testing, lung volume measurement, and lung fixation for staining, while a separate cohort underwent treadmill
exercise tolerance testing (TETT) followed by tissue harvest for immunoblot analysis.

Pulmonary function testing. Mice were deeply anesthetized with ketamine (100 mg/kg) and xylazine
(10 mg/kg). The trachea was exposed and a tracheostomy was performed with a 20-gauge hollow needle. Mice
were then paralyzed with pancuronium (0.8 mg/kg) and connected to the Flexivent system (SCIREQ, Montreal,
Canada) for PFT measurements as previously described'. This system utilizes a forced oscillation maneuver
and single compartment model to determine pulmonary compliance (C) and inspiratory capacity. TLC is then
measured by ventilating the animal with 100% oxygen for 5 min. After this time, the tracheal tube is completely
occluded and the lungs are degassed as the oxygen diffuses into the surrounding tissue and circulation. During
this process, the alveoli completely collapse, and the animal is euthanized. TLC is then measured through pres-
sure-volume curves that are generated from three rounds of lung inflation to 35 cm H,O followed by deflation
to — 10 cm H,0. TLC was normalized to mouse body weight.

Lung volume and morphometric analysis. The remaining right lung was removed and inflated with
10% formalin at 35 cm H,O. Lung growth was evaluated by measuring lung volume using the water displace-
ment method*® and normalized to body weight. Inflated lung specimens were then formalin-fixed for 24 h at
4 °C and transferred to 70% ethanol. Specimens were paraffin embedded for histologic analysis. Lung sections
were stained with hematoxylin and eosin (H&E) for quantitative microscopy (N =5 per group). In total, 17 lung
fields per section were selected at 200 x magnification via systematic uniform random sampling®*. For each field,
a 42-point lattice with grid line was used for quantitative microscopy based on the principles of lung stereology
as previously described*”*. This technique yields important measurements such as alveolar volume, septal sur-
face area, and mean septal thickness. Volume and area measurements were normalized to mouse body weight.
In addition, 10 random sections at 400 x magnification were selected and the number of alveolar units were
counted by a masked observer (MM]).

Immunohistochemistry. Paraffin-embedded lung sections (N=3 per group) from each group were
assessed for CD31 expression (endothelial cell marker) using immunofluorescence as previously described".
Briefly, Histo-clear II (ThermoFisher Scientific, Waltham, MA) was used for deparaffinization followed by pro-
gressive rehydration with decreasing concentrations of ethanol and then water. Epitope retrieval was achieved by
incubating in a citrate-based unmasking solution (Vector Laboratories, Burlingame, CA) at 120 °C in a pressur-
ized chamber (Decloaking Chamber, Biocare Medical, Pacheco, CA). Sections were permeabilized with 0.05%
Tween-20 in phosphate-buffered saline (PBST) for 30 min, and blocked in 5% donkey serum (Abcam, Cam-

Scientific Reports |

(2022) 12:21117 | https://doi.org/10.1038/s41598-022-25773-3 nature portfolio



www.nature.com/scientificreports/

bridge, UK) for 1 h. Slides were incubated overnight with anti-CD31 (Cell Signaling Technology, Danvers, MA)
at 4 °C. Following overnight incubation, slides were washed with phosphate buffered saline (PBS) and PBST
and incubated with Alexa-Fluor-conjugated donkey anti-rabbit secondary antibody (ThermoFisher Scientific,
Waltham, MA) for 2 h at room temperature. Sections were counterstained and mounted using Fluoroshield™
with DAPI (Sigma-Aldrich, St. Louis, MO). Specimens were examined using confocal microscopy (LSM 880,
Zeiss, Jena, Germany) at 200 x magnification and random 25-tiled high-power fields (HPF) spanning the entire
lung were captured for analysis. Image] v1.53a (National Institutes of Health, Bethesda, MD) was used to quan-
tify signal intensity.

Treadmill exercise tolerance testing. A separate cohort of mice in each group underwent treadmill
exercise tolerance testing. TET T was used as a metric of functional outcome following pneumonectomy as previ-
ously described®. Mice were individually placed on a stationary treadmill with an attached shock grid (Exer 3/6
Treadmill, Columbus Instruments, Columbus, OH) and acclimated to the apparatus for five minutes at 6 m/min.
After acclimation, the velocity was set to increase at a rate of 2 m/min. Mice were exercised until exhaustion,
defined as remaining on the shock grid for more than 5 s.

TETT was performed two days prior to pneumonectomy for baseline measurement, and again at POD 8. Dis-
tance run and time spent running were compared in each mouse pre- and post- pneumonectomy, and reported
as a percent change compared to baseline. This was done in order to account for behavioral and intrinsic physi-
ologic differences between mice. Following TETT, the exercised mice were euthanized. At sacrifice, blood was
collected via inferior vena cava venous puncture in 1:10 dilution of 3.2% trisodium citrate. Plasma was separated
by centrifugation (1500 x g, 15 min) and anti-factor Xa level was measured by the core hematology laboratory at
Boston Children’s Hospital to ensure that additional heparin dosing resulted in maintained anticoagulation. At
sacrifice, the remaining right lung was also harvested for molecular analyses as described below.

Western immunoblot. Approximately 40 pg of lung tissue from each group was suspended in Tissue
Protein Extraction Reagent with added protease and phosphatase inhibitors (T-PER™; ThermoFisher Scientific,
Waltham, MA). Samples were homogenized and centrifuged for 10 min at 12,000 rpm (13,523 xg) and 4 °C.
The supernatant was collected and the protein concentration was determined using the Bradford assay (BioRad,
Hercules, CA). Protein samples were suspended in 1 x Laemmli buffer (Boston Bioproducts, Mildford, MA) and
separated on an SDS 4-10% PAGE gel. Samples were then transferred to polyvinyl difluoride (PVDF) mem-
branes (Merck Millipore, Darmstadt, Germany). Membranes were blocked in 5% nonfat milk in tris-buffered
saline with Tween 20 (TBST) for one hour and incubated in 1:500 to 1:1000 dilution of primary antibodies in 5%
nonfat milk-TBST at 4 °C overnight. Primary antibodies included anti-p-Y1175-VEGFR2, -VEGFR2, -NRP]I,
-NRP2, -pT202/Y204-ERK, -ERK, -p-S473-AKT, AKT, -p-Y1068-EGFR, -EGFR (Cell Signaling Technology,
Danvers, MA), and anti-VEGF ;64 (R&D Systems, Minneapolis, MN). After washing with TBST, membranes
were incubated with horseradish peroxidase (HRP)-conjugated secondary (anti-rabbit or anti-goat) antibody
(R&D Systems, Minneapolis, MN) for one hour at room temperature (1:2000 dilution). Blots were normal-
ized by probing with HRP-conjugated B-actin antibody (Sigma-Aldrich, St. Louis, MO). Immunoblots were
developed using enhanced chemiluminescence reagents (Bio-Rad, Hercules, CA) on a ChemiDoc Touch System
Imager (Bio-Rad, Hercules, CA). Signals were quantified with Image Lab Software v6.1.0 (Bio-Rad, Hercules,
CA).

Statistical analysis. Comparison across the four groups for the various outcomes in this study was done
using a one-way analysis of variance (ANOVA) with Dunnett’s adjustment for multiple comparisons. The nor-
mal saline group served as the control group in all analyses. Results are expressed as mean + standard error (SE).
The SE was selected in this study to describe the variation of the population of samples, an approach justified by
the prior work of Festing and Altman®. For all analyses, P<0.05 was considered statistically significant. Statisti-
cal analyses were performed on GraphPad Prism v9 (La Jolla, CA) and confirmed by our biostatistician (PDM).

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
(MP) on reasonable request.

Received: 5 October 2022; Accepted: 5 December 2022
Published online: 07 December 2022

References

1. McGivern, M. R. et al. Epidemiology of congenital diaphragmatic hernia in Europe: A register-based study. Arch. Dis. Child Fetal.
Neonatal. Ed. 100, F137-144. https://doi.org/10.1136/archdischild-2014-306174 (2015).

2. Burgos, C. M. & Frenckner, B. Addressing the hidden mortality in CDH: A population-based study. J. Pediatr. Surg. 52, 522-525.
https://doi.org/10.1016/j.jpedsurg.2016.09.061 (2017).

3. Kardon, G. et al. Congenital diaphragmatic hernias: From genes to mechanisms to therapies. Dis. Model Mech. 10, 955-970. https://
doi.org/10.1242/dmm.028365 (2017).

4. Chandrasekharan, P. K., Rawat, M., Madappa, R., Rothstein, D. H. & Lakshminrusimha, S. Congenital diaphragmatic hernia—A
review. Matern. Health Neonatol. Perinatol. 3, 6. https://doi.org/10.1186/s40748-017-0045-1 (2017).

5. Seetharamaiah, R., Younger, J. G., Bartlett, R. H., Hirschl, R. B., Congenital Diaphragmatic Hernia Study, G. Factors associated
with survival in infants with congenital diaphragmatic hernia requiring extracorporeal membrane oxygenation: a report from the
Congenital Diaphragmatic Hernia Study Group. J. Pediatr. Surg. 44, 1315-1321. https://doi.org/10.1016/j.jpedsurg.2008.12.021
(2009).

Scientific Reports |

(2022) 12:21117 | https://doi.org/10.1038/s41598-022-25773-3 nature portfolio


https://doi.org/10.1136/archdischild-2014-306174
https://doi.org/10.1016/j.jpedsurg.2016.09.061
https://doi.org/10.1242/dmm.028365
https://doi.org/10.1242/dmm.028365
https://doi.org/10.1186/s40748-017-0045-1
https://doi.org/10.1016/j.jpedsurg.2008.12.021

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

. Voswinckel, R. et al. Characterisation of post-pneumonectomy lung growth in adult mice. Eur. Respir. J. 24, 524-532. https://doi.

0rg/10.1183/09031936.04.10004904 (2004).

. Sakurai, M. K., Greene, A. K., Wilson, ], Fauza, D. & Puder, M. Pneumonectomy in the mouse: Technique and perioperative

management. J. Invest. Surg. 18, 201-205. https://doi.org/10.1080/08941930591004485 (2005).

. Hsia, C. C. Signals and mechanisms of compensatory lung growth. J. Appl. Physiol. 1985(97), 1992-1998. https://doi.org/10.1152/

japplphysiol.00530.2004 (2004).

. Sakurai, M. K. ef al. Vascular endothelial growth factor accelerates compensatory lung growth after unilateral pneumonectomy.

Am. ]. Physiol. Lung Cell. Mol. Physiol. 292, L742-747. https://doi.org/10.1152/ajplung.00064.2006 (2007).

Dao, D. T. et al. Heparin impairs angiogenic signaling and compensatory lung growth after left pneumonectomy. Angiogenesis 21,
837-848. https://doi.org/10.1007/s10456-018-9628-3 (2018).

Di Nisio, M., Middeldorp, S. & Buller, H. R. Direct thrombin inhibitors. N. Engl. J. Med. 353, 1028-1040. https://doi.org/10.1056/
NEJMra044440 (2005).

Veale, J. J., McCarthy, H. M., Palmer, G. & Dyke, C. M. Use of bivalirudin as an anticoagulant during cardiopulmonary bypass. J.
Extra Corpor. Technol. 37, 296-302 (2005).

Seelhammer, T. G., Bohman, J. K., Schulte, P. J., Hanson, A. C. & Aganga, D. O. Comparison of bivalirudin versus heparin for
maintenance systemic anticoagulation during adult and pediatric extracorporeal membrane oxygenation. Crit. Care Med. 49,
1481-1492. https://doi.org/10.1097/CCM.0000000000005033 (2021).

Yu, L. J. et al. Effects of systemic anticoagulation in a murine model of compensatory lung growth. Pediatr. Res. https://doi.org/10.
1038/541390-022-02323-1 (2022).

Asanuma, K. et al. Thrombin inhibitor, argatroban, prevents tumor cell migration and bone metastasis. Oncology 67, 166-173.
https://doi.org/10.1159/000081004 (2004).

Wang, D. et al. Inmunohistochemistry in the evaluation of neovascularization in tumor xenografts. Biotech. Histochem. 83,
179-189. https://doi.org/10.1080/10520290802451085 (2008).

Tsikis, S. T. et al. Lipopolysaccharide-induced murine lung injury results in long-term pulmonary changes and downregulation
of angiogenic pathways. Sci. Rep. 12, 10245. https://doi.org/10.1038/s41598-022-14618-8 (2022).

Gelfand, M. V. et al. Neuropilin-1 functions as a VEGFR2 co-receptor to guide developmental angiogenesis independent of ligand
binding. Elife 3, 03720. https://doi.org/10.7554/eLife.03720 (2014).

Favier, B. et al. Neuropilin-2 interacts with VEGFR-2 and VEGFR-3 and promotes human endothelial cell survival and migration.
Blood 108, 1243-1250. https://doi.org/10.1182/blood-2005-11-4447 (2006).

Woik, N. & Kroll, . Regulation of lung development and regeneration by the vascular system. Cell. Mol. Life Sci. 72, 2709-2718.
https://doi.org/10.1007/s00018-015-1907-1 (2015).

Takahashi, T., Yamaguchi, S., Chida, K. & Shibuya, M. A single autophosphorylation site on KDR/Flk-1 is essential for VEGF-A-
dependent activation of PLC-gamma and DNA synthesis in vascular endothelial cells. EMBO J. 20, 2768-2778. https://doi.org/
10.1093/emb0j/20.11.2768 (2001).

Franke, T. E, Kaplan, D. R. & Cantley, L. C. PI3K: Downstream AKTion blocks apoptosis. Cell 88, 435-437. https://doi.org/10.
1016/s0092-8674(00)81883-8 (1997).

Ding, B. S. et al. Endothelial-derived angiocrine signals induce and sustain regenerative lung alveolarization. Cell 147, 539-553.
https://doi.org/10.1016/j.cell.2011.10.003 (2011).

Schulze, E. B. et al. The thrombin inhibitor Argatroban reduces breast cancer malignancy and metastasis via osteopontin-dependent
and osteopontin-independent mechanisms. Breast Cancer Res. Treat. 112, 243-254. https://doi.org/10.1007/s10549-007-9865-4
(2008).

Kim, J. Y. et al. Antiangiogenic and anticancer effect of an orally active low molecular weight heparin conjugates and its application
to lung cancer chemoprevention. J. Control Release 199, 122-131. https://doi.org/10.1016/j.jconrel.2014.12.015 (2015).

Ye, H. et al. Bivalirudin attenuates thrombin-induced endothelial hyperpermeability via SIP/S1PR2 category: Original articles.
Front. Pharmacol. 12, 721200. https://doi.org/10.3389/fphar.2021.721200 (2021).

Brake, M. A. et al. Assessing blood clotting and coagulation factors in mice. Curr. Protoc. Mouse Biol. 9, e61. https://doi.org/10.
1002/cpmo.61 (2019).

Hamzah, M., Jarden, A. M., Ezetendu, C. & Stewart, R. Evaluation of bivalirudin as an alternative to heparin for systemic antico-
agulation in pediatric extracorporeal membrane oxygenation. Pediatr. Crit. Care Med. 21, 827-834. https://doi.org/10.1097/PCC.
0000000000002384 (2020).

Mihara, M. et al. Inhibition of thrombin action ameliorates insulin resistance in type 2 diabetic db/db mice. Endocrinology 151,
513-519. https://doi.org/10.1210/en.2009-0661 (2010).

Kassel, K. M., Sullivan, B. P, Cui, W., Copple, B. L. & Luyendyk, J. P. Therapeutic administration of the direct thrombin inhibitor
argatroban reduces hepatic inflammation in mice with established fatty liver disease. Am. J. Pathol. 181, 1287-1295. https://doi.
org/10.1016/j.ajpath.2012.06.011 (2012).

Dao, D. T. et al. Vascular endothelial growth factor accelerates compensatory lung growth by increasing the alveolar units. Pediatr.
Res. 83, 1182-1189. https://doi.org/10.1038/pr.2018.41 (2018).

Ko, V. H. et al. Roxadustat (FG-4592) accelerates pulmonary growth, development, and function in a compensatory lung growth
model. Angiogenesis https://doi.org/10.1007/s10456-020-09735-9 (2020).

Alvira, C. M. Aberrant pulmonary vascular growth and remodeling in bronchopulmonary dysplasia. Front. Med. (Lausanne) 3,
21. https://doi.org/10.3389/fmed.2016.00021 (2016).

Chiodelli, P,, Bugatti, A., Urbinati, C. & Rusnati, M. Heparin/Heparan sulfate proteoglycans glycomic interactome in angiogenesis:
Biological implications and therapeutical use. Molecules 20, 6342-6388. https://doi.org/10.3390/molecules20046342 (2015).

Li, J. P. & Vlodavsky, I. Heparin, heparan sulfate and heparanase in inflammatory reactions. Thromb. Haemost. 102, 823-828.
https://doi.org/10.1160/ TH09-02-0091 (2009).

Olczyk, P.,, Mencner, L. & Komosinska-Vassev, K. Diverse roles of heparan sulfate and heparin in wound repair. Biomed. Res. Int.
2015, 549417. https://doi.org/10.1155/2015/549417 (2015).

Zhao, W,, McCallum, S. A., Xiao, Z., Zhang, E & Linhardt, R. J. Binding affinities of vascular endothelial growth factor (VEGF)
for heparin-derived oligosaccharides. Biosci. Rep. 32, 71-81. https://doi.org/10.1042/BSR20110077 (2012).

Rao, L. et al. HB-EGF-EGFR signaling in bone marrow endothelial cells mediates angiogenesis associated with multiple myeloma.
Cancers (Basel) 12, 173. https://doi.org/10.3390/cancers12010173 (2020).

Ishihara, J. et al. The heparin binding domain of von Willebrand factor binds to growth factors and promotes angiogenesis in
wound healing. Blood 133, 2559-2569. https://doi.org/10.1182/blood.2019000510 (2019).

Kapur, N. K. et al. Distinct effects of unfractionated heparin versus bivalirudin on circulating angiogenic peptides. PLoS ONE 7,
€34344. https://doi.org/10.1371/journal.pone.0034344 (2012).

Norrby, K. 2.5 kDa and 5.0 kDa heparin fragments specifically inhibit microvessel sprouting and network formation in VEGF165-
mediated mammalian angiogenesis. Int. J. Exp. Pathol. 81, 191-198. https://doi.org/10.1046/j.1365-2613.2000.00150.x (2000).
Yu, L. J. et al. Investigation of the mechanisms of VEGF-mediated compensatory lung growth: The role of the VEGF heparin-
binding domain. Sci. Rep. 11, 11827. https://doi.org/10.1038/s41598-021-91127-0 (2021).

Scientific Reports |

(2022) 12:21117 | https://doi.org/10.1038/s41598-022-25773-3 nature portfolio


https://doi.org/10.1183/09031936.04.10004904
https://doi.org/10.1183/09031936.04.10004904
https://doi.org/10.1080/08941930591004485
https://doi.org/10.1152/japplphysiol.00530.2004
https://doi.org/10.1152/japplphysiol.00530.2004
https://doi.org/10.1152/ajplung.00064.2006
https://doi.org/10.1007/s10456-018-9628-3
https://doi.org/10.1056/NEJMra044440
https://doi.org/10.1056/NEJMra044440
https://doi.org/10.1097/CCM.0000000000005033
https://doi.org/10.1038/s41390-022-02323-1
https://doi.org/10.1038/s41390-022-02323-1
https://doi.org/10.1159/000081004
https://doi.org/10.1080/10520290802451085
https://doi.org/10.1038/s41598-022-14618-8
https://doi.org/10.7554/eLife.03720
https://doi.org/10.1182/blood-2005-11-4447
https://doi.org/10.1007/s00018-015-1907-1
https://doi.org/10.1093/emboj/20.11.2768
https://doi.org/10.1093/emboj/20.11.2768
https://doi.org/10.1016/s0092-8674(00)81883-8
https://doi.org/10.1016/s0092-8674(00)81883-8
https://doi.org/10.1016/j.cell.2011.10.003
https://doi.org/10.1007/s10549-007-9865-4
https://doi.org/10.1016/j.jconrel.2014.12.015
https://doi.org/10.3389/fphar.2021.721200
https://doi.org/10.1002/cpmo.61
https://doi.org/10.1002/cpmo.61
https://doi.org/10.1097/PCC.0000000000002384
https://doi.org/10.1097/PCC.0000000000002384
https://doi.org/10.1210/en.2009-0661
https://doi.org/10.1016/j.ajpath.2012.06.011
https://doi.org/10.1016/j.ajpath.2012.06.011
https://doi.org/10.1038/pr.2018.41
https://doi.org/10.1007/s10456-020-09735-9
https://doi.org/10.3389/fmed.2016.00021
https://doi.org/10.3390/molecules20046342
https://doi.org/10.1160/TH09-02-0091
https://doi.org/10.1155/2015/549417
https://doi.org/10.1042/BSR20110077
https://doi.org/10.3390/cancers12010173
https://doi.org/10.1182/blood.2019000510
https://doi.org/10.1371/journal.pone.0034344
https://doi.org/10.1046/j.1365-2613.2000.00150.x
https://doi.org/10.1038/s41598-021-91127-0

www.nature.com/scientificreports/

43. Snyder, C. W, Goldenberg, N. A., Nguyen, A. T. H., Smithers, C. J. & Kays, D. W. A perioperative bivalirudin anticoagulation
protocol for neonates with congenital diaphragmatic hernia on extracorporeal membrane oxygenation. Thromb. Res. 193, 198-203.
https://doi.org/10.1016/j.thromres.2020.07.043 (2020).

44. Ackermann, M. et al. Sprouting and intussusceptive angiogenesis in postpneumonectomy lung growth: Mechanisms of alveolar
neovascularization. Angiogenesis 17, 541-551. https://doi.org/10.1007/s10456-013-9399-9 (2014).

45. Ysasi, A. B. et al. Remodeling of alveolar septa after murine pneumonectomy. Am. J. Physiol. Lung Cell. Mol. Physiol. 308, L1237-
1244. https://doi.org/10.1152/ajplung.00042.2015 (2015).

46. Scherle, W. A simple method for volumetry of organs in quantitative stereology. Mikroskopie 26, 57-60 (1970).

47. Muhlfeld, C. & Ochs, M. Quantitative microscopy of the lung: A problem-based approach. Part 2: stereological parameters and
study designs in various diseases of the respiratory tract. Am. J. Physiol. Lung Cell. Mol. Physiol. 305, L205-221. https://doi.org/10.
1152/ajplung.00427.2012 (2013).

48. Ochs, M. & Muhlfeld, C. Quantitative microscopy of the lung: A problem-based approach. Part 1: basic principles of lung stereol-
ogy. Am. ]. Physiol. Lung Cell. Mol. Physiol. 305, L15-22. https://doi.org/10.1152/ajplung.00429.2012 (2013).

49. Festing, M. E. & Altman, D. G. Guidelines for the design and statistical analysis of experiments using laboratory animals. ILAR J.
43, 244-258. https://doi.org/10.1093/ilar.43.4.244 (2002).

Acknowledgements
The authors acknowledge the neurodevelopmental behavior core at Boston Children’s Hospital CHB IDDRC,
1U54HD090255.

Author contributions

Conceptualization: S.T.T., M.P; Data curation: S.T.T., TL.H., S.C.E, A.P., M.M.],, A.D,; Formal analysis: S.T.T.,
P.M.; Funding acquisition: S.T.T., M.P; Investigation: S.T.T., TL.H., S.C.E, A.P,, H.K., KM.G.; Methodology:
S.T.T., KM.G., M.P; Project administration: A.P; Supervision: M.P; Writing-original draft: S.T.T; Writing-review
&editing: S.T.T., T1.H., S.C.E, A.P, M.M.],, A.D,, PM., HK,, KM.G., M.P. All authors reviewed and approved
the final manuscript.

Fundin

This projgct was supported by, National Institutes of Health 2T32DK007754-22(STT), 5T32HL007734 (SCF),
5T32HL007734 (TIH), and 5T35HL110843 (MM]), Richard and Sandra Cummings Research Fellowship of the
Beth Israel Deaconess Medical Center Department of Surgery (SCF), The Boston Children’s Vascular Biology
Program, and The Boston Children’s Hospital Surgical Foundation.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-25773-3.

Correspondence and requests for materials should be addressed to M.P.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:21117 | https://doi.org/10.1038/s41598-022-25773-3 nature portfolio


https://doi.org/10.1016/j.thromres.2020.07.043
https://doi.org/10.1007/s10456-013-9399-9
https://doi.org/10.1152/ajplung.00042.2015
https://doi.org/10.1152/ajplung.00427.2012
https://doi.org/10.1152/ajplung.00427.2012
https://doi.org/10.1152/ajplung.00429.2012
https://doi.org/10.1093/ilar.43.4.244
https://doi.org/10.1038/s41598-022-25773-3
https://doi.org/10.1038/s41598-022-25773-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Direct thrombin inhibitors as alternatives to heparin to preserve lung growth and function in a murine model of compensatory lung growth
	Results
	Heparin inhibited lung endothelial cell proliferation and increased apoptosis. 
	Continuous administration of bivalirudin and argatroban resulted in therapeutic anticoagulation. 
	Heparin decreased lung volume while bivalirudin and argatroban did not affect lung growth and function. 
	Bivalirudin and argatroban, but not heparin, preserved lung alveolarization following compensatory lung growth. 
	Heparin, but not bivalirudin or argatroban, decreased lung vascularization. 
	Heparin-treated mice had reduced exercise tolerance; bivalirudin and argatroban did not impact exercise performance. 
	Bivalirudin and argatroban, but not heparin, preserved angiogenic signaling. 

	Discussion
	Methods
	Cell culture and molecular assays. 
	Proliferation and apoptosis assays. 

	Animal experiments. 
	Assessment of anticoagulant dosing and function. 
	Surgical animal model. 
	Pulmonary function testing. 
	Lung volume and morphometric analysis. 
	Immunohistochemistry. 
	Treadmill exercise tolerance testing. 
	Western immunoblot. 
	Statistical analysis. 

	References
	Acknowledgements


