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Abstract

Clinical trials of Delta-like 4 (Dll4) neutralizing antibodies (Dll4nAbs) in cancer patients are 

ongoing. Surprisingly, pulmonary hypertension (PH) occurs in 14-18% of patients treated with 

Dll4nAbs, but the mechanisms have not been studied. Here, PH progression was measured in 

mice treated with Dll4nAbs. We detected Notch signaling in lung tissues and analyzed pulmonary 

vascular permeability and inflammation. Notch target gene array was performed on adult human 

pulmonary microvascular endothelial cells (HPMECs) after inhibiting Notch cleavage. Similar 

mechanisms were studied in PH mouse models and PAH patients. The rescue effects of 

constitutively activated Notch1 in vivo were also measured. We observed that Dll4nAbs induced 

PH in mice as indicated by significantly increased right ventricular systolic pressure as well as 

pulmonary vascular and right ventricular remodeling. Mechanistically, Dll4nAbs inhibited Notch1 

cleavage and subsequently impaired lung endothelial barrier function and increased immune cell 
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infiltration in vessel walls. In vitro, Notch targeted genes’ expression related to cell growth and 

inflammation was decreased in HPMECs after the Notch1 inactivation. In lungs of PH mouse 

models and PAH patients, Notch1 cleavage was inhibited. Consistently, EC cell-cell junction 

was leaky, and immune cell infiltration increased in PH mouse models. Overexpression activated 

Notch1 attenuated the progression of PH in mice. In conclusion, Dll4nAbs led to PH development 

in mice by impaired EC barrier function and increased immune cell infiltration through inhibition 

of Notch1 cleavage in lung ECs. Reduced Notch1 cleavage in lung ECs could be an underlying 

mechanism of PH pathogenesis.

Summary

Consistently and robustly reduced Notch1 cleavage in pulmonary endothelial cells is a novel 

molecular mechanism of PH pathogenesis.

Keywords

Dll4 neutralizing antibody; pulmonary arterial hypertension; Dll4-Notch1 signaling; endothelial 
permeability; inflammation

Introduction

Cancer remains the second-leading cause of death in the United States. The 5-year relative 

survival rate for cancer patients has increased from 49% in 1975 through 1977, to 69% 

in 2008 through 20141. Improvement in survival reflects advances in chemotherapeutic 

cancer treatments; subsequent adverse effects on the cardiovascular system drives mortality 

in most cancer survivors 2. Investigating the long-term effects of cancer drugs, such as 

cardiovascular diseases, is essential for improving cancer patients’ life span and quality of 

life.

Targeting tumor angiogenesis has become a prominent strategy in cancer therapy. The Delta-

like 4 (Dll4)-Notch pathway is a well-recognized mechanism of sprouting angiogenesis. The 

Notch family consists of highly conserved trans-membrane proteins, including ligands (Dll1, 

Dll4, Jag1) and receptors (Notch1-4). In the canonical signaling pathway, a ligand binds to 

the Notch receptor to initiate a series of cleavages. The first cleavage by ADAM10/TACE 

generates the Notch transmembrane domain (NTM), which consists of a short extracellular 

juxtamembrane peptide, a transmembrane domain (TM), and an intracellular domain (N-

ICD). The second cleavage byγ-secretase releases the N-ICD, which translocates to the 

nucleus and binds to the recombination signal binding protein for immunoglobulin kappa J 

region (RBP-J, the transcriptional regulator of Notch signaling) and its coactivator MAM. 

This triggers the expression of target genes such as Hey and Hes3. Dll4-Notch signaling 

is upregulated in various human tumors4, 5. Inhibiting this pathway leads to an increase of 

non-functional sprouting angiogenesis and reduced tumor growth in human xenograft mouse 

models 6, 7.

Based on these findings, several pharmaceutical companies have developed Dll4 neutralizing 

antibodies (Dll4nAbs) as a cancer therapy to inhibit Notch activation and thus tumor 
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growth. In the Phase I or II clinical trials, Dll4nAbs have been used as a single agent or 

in combination with chemotherapy for patients with solid tumors, including breast, colon, 

ovarian, non-small cell lung and pancreatic cancer7–13. These results indicate Dll4nAbs as a 

promising therapeutic strategy for cancer in the future8, 14.

Increasing reports have raised concerns about the side effects of Dll4nAb, such as the 

occurrence of pulmonary hypertension (PH). PH is a progressive disease characterized by 

vasoconstriction, cell proliferation, and inflammation which leads to elevated pulmonary 

arterial pressure, often causing right heart failure and death15. Multiple phase I clinical trials 

demonstrated increased incidence of PH in Dll4nAb treated cancer patients9–13. These data 

suggest that prolonged high dose treatment of Dll4nAb may cause PH. Dll4 is a membrane 

bound Notch ligand restricted to endothelial cells (ECs) of small vessels in adult human and 

mouse lungs (LGEA web portal). The lung is the organ with the highest Dll4 expression 

(PubMed database, link), implying an essential role in lung EC function and pulmonary 

vascular diseases. We hypothesize that inactivation of Dll4-Notch1 signaling by Dll4nAbs in 

lung ECs will lead to the development of PH.

We demonstrate that mice treated with Dll4nAb developed PH by specifically inhibiting 

Notch1 cleavage in lung ECs. Given that reducing Notch1 cleavage could be a common 

mechanism of PH pathogenesis, we generated PH mouse models and observed decreased 

Notch1 cleavage in lungs of PH mice and confirmed evidence for decreased Notch1 

cleavage in PAH patients. In addition, overexpressing N1-ICD in lung ECs in vivo using 

Adeno-Associated Virus (AAV) attenuated the progression of PH in mice.

Methods

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. Besides sections below, other methods paragraphs are available in 

the Data Supplement.

Human subjects

Paraffin-embedded lung sections from patients with PAH at lung transplant and control 

samples from unused donor lungs were provided by Dr. R. James White in the Department 

of Pulmonary and Critical Care Medicine. Normal lung tissue slides were purchased 

from Novus Biologicals (NBP2-30182). Informed consent to use the tissue for research 

purposes was previously obtained. Samples were deidentified. Lungs from both patients with 

idiopathic PAH (5 subjects) and healthy donors (unused donor lungs without evidence for 

pulmonary disease from 6 individuals) were studied.

Animal models

All experimental procedures involving animals were in accordance with the guidelines 

of the National Institutes of Health and American Heart Association for the care and 

use of laboratory animals and approved by the University of Rochester Committee on 

Animal Resources and Tongji University School of Medicine. For Dll4nAb injections, we 

divided 8-week-old male C57 mice into two groups, each containing 20 mice, maintained 

under normoxic conditions. C57 mice were injected with Dll4nAb (anti-mouse Dll4 
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antibody generated in Armenian Hamster, HMD4-2) or Armenian Hamster IgG once/

week (BioXCell, intraperitoneal injection, i.p.,10μg/g body weight) for 1-4 weeks. At the 

endpoint, Dll4nAb and placebo carrier-treated mice were euthanized for hemodynamic 

measurements and gene expression analysis.

For PH animal models, we generated two PH mouse models (C57, 8-12w): sugen+hypoxia, 

SuHx (SU5416 was subcutaneously injected once/week at 20mg/kg for 3w in conjunction 

with Hx exposure) and chronic hypoxia, Hx (chronic Hx for 5w). Mice were exposed to 

either room air (Normoxia, Nx) or chronic normobaric hypoxia in a ventilated plexiglass 

chamber in which nitrogen was injected to maintain O2 concentration of 10%. CO2 was 

monitored and ventilation adjusted so as to not exceed 0.5%. Ammonia was removed 

by ventilation and activated charcoal filtration through an air purifier. PH mouse models 

were humanely euthanized, and tissues were harvested for western blot, qRT-PCR16, 17, 

and immunofluorescence staining (IF). DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-

phenylglycine t-butyl ester, a γ-secretase inhibitor (GSI) Millipore, dissolved in ethanol), or 

vehicle alone (ethanol) were administered subcutaneously at 25 mg/kg per pup at P3 and 

P4. Pups were humanely euthanized twenty-four hours after DAPT injection (at P5), and 

lung tissues were harvested for western blot. We only used male mice to avoid variable PH 

responses often observed in experimental females.

Isolation and en face staining of mouse small pulmonary arteries

We isolated approximately 100-μm-diameter small pulmonary arteries from Hx, Dll4nAb, 

SuHx and control mice. We harvested whole lungs (without lung perfusion) and submerged 

them in 4% PFA on ice for 2-3 mins. The fat and connective tissue around and below the 

small pulmonary artery was gently removed using scissors and forceps under a dissecting 

microscope. The arteries were separated and split longitudinally to expose the endothelium. 

Each vessel was fixed with 4% PFA for 10 mins on ice, then washed with PBS for 5 mins. 

Vessels were immediately double IF stained with cleaved Notch1 and VE-Cadherin, with the 

entire vascular wall imaged by confocal microscopy.

The administration of AAV-N1-ICD and AAV control in PH mouse models

AAV-N1-ICD and AAV control were generated by VectorBuilder, which include the 

endothelial-specific AAV2-QuadYF vectors18 that encoded an intracellular fragment of 

mouse Notch1 (1749–2293aa, lacking the C-terminal PEST domain)19, a T2A self-cleaving 

peptide sequence, and enhanced GFP (EGFP) under the control of endothelial-specific 

Tie1 gene promoter (AAV2-QuadYF-mN1ICD-EGFP) or control vectors carrying the CMV 

promoter and EGFP (AAV2-QuadYF-EGFP). Mice (C57, 6-8w) were anesthetized and 

injected retro-orbitally at a dose of 2 × 1012 vg/mice in a total volume of 100μl. Two 

weeks following AAV vectors injection, mice were exposed to either room air or chronic 

normobaric hypoxia chambers for 5 weeks. At the endpoint, mice were euthanized for 

hemodynamic measurements and gene expression analysis.

Statistical analysis

All values are expressed as mean ± SEM from three to eight samples. Data was assessed 

using the Student’s t test, and p < 0.05 was considered statistically significant. The data 
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distribution was analyzed using SPSS software. Because the sample size is between three 

and eight, we used the Shapiro-Wilk test.

Results

Dll4nAb induces PH in mice

To investigate the role of Dll4nAb in the development of PH, mice were injected with 

Dll4nAb or IgG control intraperitoneally (i.p., 10μg/g) once/week for up to 4 weeks. This 

dose was the lowest dose still effective to inhibit Notch signaling as used in other mouse 

studies 20–22. The occurrence of PH in 4-week Dll4nAb treated mice compared with IgG 

control mice was demonstrated by a significant increase of RV systolic pressure from 23.0 

± 1.1 to 31.1 ± 1.7 mmHg (Figure 1A), an increase of RV remodeling (Fulton index, Figure 

1B) from 0.21 ± 0.01 to 0.27 ± 0.01, and selective, substantial increased muscularization 

of smaller, distal (<40μm in diameter, ~14-fold) pulmonary arteries (Figure 1C–D). These 

results indicate that Dll4nAb caused the development of PH in mice.

Dll4nAb specifically inhibits Notch1 signaling in mice

Notch signaling changes in lung after Dll4nAb treatment had not been investigated. In mice 

treated with Dll4nAb, we found significant decrease of N1-ICD protein (cleaved Notch1 

intracellular domain) after 1w (Figure S1A–B in the online-only Data Supplement) and 

4w. Compared to IgG control, Notch2-4 ICD proteins in lungs were not changed (Figure 

2A–B) and the expression of full length Notch1-4 protein was comparable (quantified data 

not shown). Protein expression of Hes1, one of the highly conserved transcription factors 

that are direct Notch target genes, was decreased in the lungs of Dll4nAb treated mice 

(Figure 2A–B and Figure S1A–B). To confirm the decrease of N1-ICD expression in lung 

ECs after Dll4nAb injection, we performed IF staining of N1-ICD on mouse lung tissues 

and co-stained with ETS-related gene (ERG, an EC-specific nuclear marker). In IgG control 

mouse lungs, N1-ICD colocalized with ERG-positive ECs (Figure 2C). In contrast, N1-ICD 

expression in ECs of Dll4nAb injected mice was barely detectable. Therefore, Dll4nAb 

mainly decreases EC N1-ICD expression in lung tissues.

Inhibition of Notch1 cleavage induces Notch1 target genes dysregulation in HPMECs

Our in vivo studies indicated that EC N1-ICD expression in lung tissue was significantly 

decreased by Dll4nAb. According to single cell sequence of adult human lung tissue 

(LungMAP database, link), Notch1 and Notch4 are highly expressed in adult human lung 

ECs whereas Notch2 and Notch3 expression is extremely low (Figure S2A). We treated 

HPMECs with DAPT for 12h to mimic the Notch1 cleavage inhibition without affecting 

total Notch1 expression. N1-ICD and downstream target gene Hes1 protein expression were 

decreased by 84.4% and 49.5%, respectively, while Notch1-FL (full length), N4-ICD and 

Notch4-FL were not affected (Figure S2B–C). Notch target gene expression was analyzed 

using the Human Notch Signaling Pathway PCR Array and summarized in Figure 2D. The 

majority of gene expression was decreased by DAPT, including DLL4, JAG1, HES1, HEY2, 

MFNG, RFNG, NCSTN, MAML1, NFKB2, CCNE1, and POFUT1. RBPJL, CDKN1A, and 

IL2RA were significantly increased in HPMECs by DAPT. These findings were consistent 

with other groups that showed depletion of Notch1 enhanced inflammation and decreased 
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human ECs proliferation 23, 24. To confirm the finding in vivo, we measured these target 

genes’ expression in lungs of Dll4nAb treated mice by qPCR. Hey2 and Dll4 expression 

were significantly decreased after 1w Dll4nAb treatment (Figure 2E) while other genes’ 

expression showed no significance. These findings suggest that Dll4nAb predominantly 

decreased Notch1 cleavage and Notch1 target gene expression.

Increased EC permeability and inflammation in Dll4nAb injected mice

Dll4-dependent proteolytic activation of Notch1 exposes the transmembrane domain (TM). 

The TM without N1-ICD attached forms a complex with vascular endothelial cadherin 

(VE-cadherin) to stabilize EC junctions 25. We proposed that EC barrier function will be 

impaired by Dll4nAb treatment. As expected, en face staining of VE-cadherin on pulmonary 

arteries (approximately 100 μm) showed discontinuous cell-cell junctions and formed holes 

in Dll4nAb treated mice but not in IgG control mice (Figure 3A). Substantial N1-ICD 

was localized in nuclei of ECs in IgG treated mice but significantly decreased in Dll4nAb 

injected mice (Figure 3A). The predominant Notch receptors in EC are Notch1 and Notch4. 

To investigate the effect of decreased N1-ICD expression on EC barrier function, we 

treated HPMECs (adult) with DAPT for 12h to mimic the decrease of N1-ICD without 

affecting total Notch1 expression and Notch4 cleavage. HPMECs monolayers were grown 

to confluence in the upper chamber of a trans-well and assayed for trans-endothelial cell 

resistance (TEER)26 and peri-cellular permeability after DMSO or DAPT treatment. DAPT 

significantly reduced TEER in HPMECs compared with DMSO group (−50.25 ± 8.78 vs 

5.50 ± 9.29 mΩ, Figure 3B) while increasing peri-cellular permeability by 66.6% (Figure 

3C).

Depletion of Notch1 in induced pluripotent stem cell (iPSC) derived human EC and mouse 

aortic ECs increases inflammation 24. We hypothesized that immune cell infiltration will 

increase in lungs of Dll4nAb treated mice. Immune cells in vessel walls were detected 

by pan-leukocyte antigen CD45, and their location was visualized by co-staining of ERG 

and α-smooth muscle-actin (Acta2). Similar to other groups’ findings in PAH patients or 

MCT-induced rat PH model 27, 28, CD45+ cells in the vessel walls of small arteries(≤ 40μm) 

significantly increased in Dll4nAb injected mice compared with the IgG group (IgG group 

vs. Ab group: 0.32 ± 0.07 vs. 2.28 ± 0.15, Figure 3D–E). Few CD45+ cells appeared in the 

vessel walls of medium and large vessels (≥ 200 μm) and were comparable between two 

groups (data not shown). We also measured chemokine and cytokine levels important for 

PH pathogenesis by qPCR (Figure 3F and Figure S1C). Monocyte chemoattractant protein 

1 (MCP1) showed a 1.2-fold increase in lungs of 4w Dll4nAb injected mice compared 

with IgG controls. Interleukin 1β (IL-1β) and IL-6 showed a trending increase but no 

significance. These findings indicate that decreasing EC N1-ICD expression by Dll4nAb 

increases EC permeability and immune cell infiltration.

Decrease of N1-ICD expression in PH mouse models and PAH patients

We successfully generated two PH mouse models (SuHx or Hx) (Figure S3). To detect 

Notch activation during PH progression, total Notch and N-ICD protein expression in lungs 

of SuHx or Hx mice and their littermate controls was measured by western blot (Figure 

4A, B, D, Figure S4A–B). We found sustained decrease of N1-ICD in lungs of PH mice 
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over time compared to control lungs. HEY1 mRNA, a specific Notch target gene in ECs, 

decreased during PH progression (Figure 4C). Total Notch1 expression showed a trending 

increase but no significant difference in lungs of SuHx (1w) and Hx (1w and 5w) mice, 

which may be a compensational effect of decreased Notch1 cleavage (Figure 4D). N3-ICD 

was unchanged in the early stages but significantly increased in 3w SuHx mice, while 

increased across all time points of Hx mice (Figure S4A–C). Consistent with previous 

findings29, total Notch3 expression significantly increased after 1w Hx treatment that lasted 

until 5w. Due to the lack of an anti-mouse antibody for detecting N2-ICD, we used N2-

NTM to determine Notch2 cleavage in lungs of mouse models. Although we observed a 

slight decrease of N2-NTM in the late stage in Hx mice (indicative of increased N2-ICD 

expression), this change was not significant (Figure S4A–C). Dll4 was highly expressed in 

lungs of all groups but remained unchanged throughout PH progression (Figure 4A). Dll1 

and Jag1 expression was much lower than Dll4 although they showed significant decrease in 

lungs of 5w Hx mice. Dll1 significantly increased in 3w SuHx mice while Jag1 showed no 

change in SuHx mice (Figure S4A–C), implying that Dll1 and Jag1 were unlikely to have 

contributed to the decreasing N1-ICD expression. Hence, we focused on Notch1 due to its 

sustained and substantial inactivation in PH and significant clinical relevance.

To confirm the decrease of N1-ICD expression in PAH patients, we performed IF staining 

of N1-ICD on PAH and non-PAH patients’ lung tissues and co-stained with Acta2. In non-

PAH patients, N1-ICD predominantly localized in EC nuclei. In contrast, in lungs of PAH 

patients, vessel wall thickness substantially increased and N1-ICD was rarely detectable 

(Figure 4E). We also confirmed this finding in PH mouse models by IF staining of N1-ICD 

and co-stained with the EC nuclear marker, ERG. We observed that N1-ICD predominantly 

colocalized with ERG in the nucleus (Figure 4F) in control groups. Comparably, in PH 

mouse models, N1-ICD was hardly observed in ECs labeled by ERG nuclear staining. The 

number of ERG positive ECs were comparable between normoxia and PH models in mice 

(data not shown), suggesting that impaired Notch1 cleavage in pulmonary ECs was not due 

to a decrease of total EC numbers. Thus, these findings indicate that decreased N1-ICD 

expression in ECs is associated with progression of PH.

Increased EC permeability and inflammation in PH mouse models

Decreased N1-ICD expression causes impaired integrity of EC in Dll4nAb treated mice. 

To confirm this finding in PH mouse models, we performed en face staining of N1-

ICD and VE-cadherin on pulmonary arteries from PH and control mice as described 

in 3.3. We observed N1-ICD predominantly localized in nuclei of ECs in Nx mice but 

significantly decreased in 1w Hx mice (Figure 5A) as well as in SuHx mice (Figure 

S5). Additionally, discontinuous cell-cell junctions revealed gaps between ECs in Hx mice 

(Figure 5A). Infiltration of CD45-positive immune cells increased in the vessel walls of 

small arteries from 1w PH mouse lung tissues compared with control group (Figure 5B), 

indicating enhanced inflammation in PH. The in vivo data above suggests that decreased 

N1-ICD expression in ECs causes increased EC permeability and inflammation which may 

contribute to the progression of PH.
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EC specific AAV N1-ICD mitigates PH development in PH mice

We found a significant decrease of N1-ICD in lung ECs during the progression of 

PH and we speculate that inhibition of Notch1 activation may lead to PH. To test 

this hypothesis, we performed gain-of-function experiments. The continuous activated 

Notch1(AAV-N1-ICD) and AAV control were generated using AAV2-QuadYF vector, 

which exhibits strong tropism to ECs and facilitates transduction to the vasculature after 

systemic administration18, and administrated to control and PH mice. We observed that 

AAV-N1-ICD treatments attenuated the progression of PH in mice compared to the AAV 

control group. The effects of AAV-N1-ICD were demonstrated by a significant decrease of 

RVSP from 37.5 ± 1.2 to 33.3 ± 1.0 mmHg (Figure 6C), a decrease of RV remodeling 

(Fulton index, Figure 6D) from 0.40 ± 0.01 to 0.32 ± 0.01, and a selective reduction in 

the number of muscularized smaller, distal arteries (<40μm in diameter, ~53.6%) (Figure 

6E–F). There were no significant effects of the exogenous N1-ICD on normoxia treated 

mice. The successful delivery of AAV N1-ICDs to lung ECs was detected by IF staining 

of N1-ICD co-stained with the EC specific marker Von Willebrand Factor (VWF) and was 

detected by western blot. We observed that EGFP predominantly colocalized with VWF 

in the cytoplasm of mouse lung ECs (Figure 6A) and observed an abundant expression 

of the exogenous N1-ICD by western blot in the lungs of AAV-N1-ICD injected mice 

(using the antibody that specifically recognizes Leu1745 to Lys1770 of murine N1-ICD) 

compared to AAV control lungs. Thus, these findings demonstrated that restoration of 

N1-ICD functionality partially attenuated the progression of hypoxic PH in male mice.

Discussion

The major finding of this study is that robustly reduced Notch1 cleavage in pulmonary 

ECs is a novel molecular mechanism of PH pathogenesis. We found that a specific 

decrease of EC N1-ICD expression (reduced Notch1cleavage) by Dll4nAb treatment in 

mice led to the progression of PH through impaired EC junction integrity and increased 

inflammation. N1-ICD expression is consistently and robustly decreased in lung tissues of 

PAH patients and mouse models during the progression of PH. This N1-ICD reduction 

impairs EC barrier function and enhances infiltration of inflammatory cells. EC-specific 

N1-ICD overexpression attenuated PH in mice.

Impaired Notch1 cleavage in pulmonary ECs is an important molecular mechanism for PH 

pathogenesis. The results from preclinical studies and clinical trials support our findings. 

Dll4nAb treatment increased pulmonary vascular remodeling in monkeys and rats30, 31. 

Phase I clinical trials demonstrated increased incidence of PH in Dll4nAb treated cancer 

patients9–11. As a single agent, Demcizumab (OMP-21M18) 2.5mg/kg once weekly or 

10 mg/kg once every other week resulted in PH in two of five or one of ten patients, 

respectively9. Enoticumab (REGN421) caused the development of grade II or III PH in 14% 

of patients10. Navicixizumab (OMP-305B83)-related pulmonary hypertension occurred in 

18.2% of patients and the patients experienced more severe symptoms at a higher dose of 

7.5 to 12.5 mg/kg12. Consistently, we demonstrated that Dll4nAb treatment resulted in PH 

development by specifically decreasing N1-ICD expression but not Notch2-4. Moreover, the 

dose we used in mice is the lowest dose used in clinical trials of cancer patients, suggesting 
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PH occurrence increases by systemic and prolonged high dose treatment of Dll4nAb in 

cancer patients 32. A localized treatment of Dll4nAb in cancer patients to disrupt tumor 

angiogenesis should be considered in future clinical application.

The role of Notch signaling in PH progression is very controversial. Notch1 is enriched in 

EC of adult human and mouse lungs23. Depletion of Notch1 in human lung EC increases 

cell apoptosis 23. Two groups demonstrated enhanced inflammatory gene expression after 

depletion of Notch1 in human induced pluripotent stem cell (iPSC)-derived endothelial cells 

(ECs) or specific knock down of EC Notch1 in mice 24, 33. Polacheck et al revealed the non-

canonical Notch1 signaling pathway affects EC barrier function through releasing cleaved 

transmembrane domain (TMD) to stabilize the EC barrier by binding to VE-cadherin 25. 

Human genetic mutations in Dll4 or Notch1 (causing Notch1 haploinsufficiency) lead to 

Adams-Oliver Syndrome (AOS), and PAH is one of the manifestations, suggesting Dll4-

Notch1 signaling may play a critical role in the pathogenesis of PAH 34–38. Miyagawa 

et al demonstrated that deletion of endothelial Notch1 exacerbates hypoxia-induced PH 

in mice39, which supports the key role of Notch1 in PH. However, opposite effects of 

Notch1 in PAH have also been reported. Dabral et al demonstrated that Notch1 expression is 

restricted to adult lung EC and Notch1 activation (Notch1 cleavage, N1-ICD) increases 

in lungs of PAH patients and a rat PH model23. Notch2, 3 activation was increased 

during the PAH progression, and mice with PH that were treated with the γ-secretase 

inhibitor showed reversal of the disease29, 40–42. We believe the discrepancies between 

some literature and our data can be explained by the following. 1) Differences in antibody 
specificity. We and other groups verify the specificity of N1-ICD antibody (CST, #4147) 

(Figure S6) 25, 33, 43–45. Dabral et al measured N1-ICD with a different antibody from 

Santa Cruz (S-6014), but the data sheet states that it detects Notch1 transmembrane 

domain (NTM)23. When Notch1 is activated, the NTM is cleaved and NTM expression 

decreases. Their data showing increased amounts of NTM actually indicates decreased 

N1-ICD expression, making it consistent with our findings. In addition, their in vitro data 

determined that increased N1-NTM expression induced EC proliferation via upregulation of 

p21 and inhibited EC apoptosis via Bcl-2 and Survivin, supporting our finding of decreased 

N1-ICD expression inducing EC arrest in PH and Dll4nAb treated mice. 2) Treatment 
with γ-secretase inhibition (GSI) and Dll4nAb may have differential impact on Notch 
signaling. Dabral et al analyzed the impact of Notch signaling on EC proliferation, finding 

that GSI significantly reduced the RVSP and right heart hypertrophy in SuHx rats23. Our 

findings demonstrated that Dll4nAb specifically blocks Notch1 cleavage while Li et al 
showed GSIs block cleavage of Notch3 in lungs29. 3) Differences in time of treatment. 
Li et al showed that injecting mice with DAPT for 2w after 2w hypoxia exposure (and 

thus observing mice at 4w Hx) ameliorates PH 29. According to our data, Notch1 activation 

is high in normal conditions and decreases during PH progression. Notch1 activation is 

extremely low after 2w hypoxia whereas Notch3 activation is increased after 2w hypoxia 
29. Therefore, DAPT injection had minimal effects on Notch1, mainly reducing Notch3 

activation with therapeutic benefits. However, the role of DAPT on PH progression in 

normal mice was not investigated nor Notch1 activation measured.
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Decreased Notch1 cleavage in ECs affects pulmonary vascular functions through Notch 

canonical and non-canonical pathways (Figure S7). 1) Canonical pathway. We detected 

Notch target genes regulated by inhibiting Notch1 activation (DAPT treatment) in ECs. 

Consistent with the role of N1-ICD as a transcriptional coactivator, the majority of gene 

expression was decreased after inhibiting Notch1 activation. Significantly changed genes 

were related to cell cycle regulation, vessel network formation, and inflammation. Recent 

evidence indicates that senescence plays a role in the pathobiology of PAH 46. Knockdown 

of Hes1 blocks the inhibitory effect of Jagged1-Notch activation on cellular senescence 

in mesenchymal stem cells 47. Thereby, dysregulation of Notch target genes in EC may 

contribute to PAH progression by increasing cell senescence characterized by inhibition 

of cell proliferation and cell cycle arrest. Although depletion of Notch1 in human lung 

ECs increases cell apoptosis in vitro23, we did not observe a significant increase in EC 

apoptosis in lung tissues of Dll4nAb or the PH mouse model in vivo (data not shown). 

This is possibly attributable to the missing time point at which this occurs. In addition, Dll4-

Notch1 canonical pathway can also inhibit EC transcytosis, the transport of macromolecules 

larger than 3nm via transcellular pathways48. EC permeability includes transcellular and 

paracellular pathways48. In a mouse retinal hypertension model, Yang et al reported that 

increase of Notch1 target gene, VEGFR2 and BREBP1, contribute to EC transcytosis-

mediated vascular leakage 49. 2) Non-canonical pathway. Polacheck et al revealed that 

activation of Notch1 releases the transmembrane domain in ECs, which subsequently forms 

a complex with VE-cadherin to stabilize EC junctions 25. EC Notch1 deficient mice have 

augmentation of EC permeability compared with littermate controls 25. In our study, in 
vitro inhibition of Notch1 cleavage robustly decreased TEER and increased permeability 

in HPMECs. In vivo, en face staining simultaneously showed the impaired EC barrier 

function and decreased N1-ICD expression in small pulmonary arteries of both the PH 

mouse model and Dll4nAb treated mice, which indicated deactivation of this non-canonical 

Notch1 pathway destroys EC junctions during PAH progression. Moreover, we measured 

the lung masses of IgG or Dll4nAb treated mice for 4 weeks (Figure S1D). No obvious 

differences were observed, suggesting that increased RVSP in Dll4nAb-treated mice is not 

due to pulmonary edema but instead is related to the identified muscularization. We also 

observed increased infiltration of inflammatory cells in vessel walls of the PH mouse model 

and Dll4nAb treated mice. Although hyperpermeability was first observed in MCT-induced 

rat PH model50, the contribution of endothelial hyperpermeability to PH progression has 

perhaps been underappreciated.

In summary, we discovered Dll4nAb treatment in mice led to the development of PH by 

specifically inhibiting EC Notch1 cleavage, indicating that Dll4nAb in cancer patients may 

be mechanistically attributable to reduced N1-ICD mediated signaling in the pulmonary 

endothelium. We believe that this mechanistic data could provide an opportunity to titrate 

the dose to reduce toxicity or perhaps to avoid using the drug in more vulnerable patients. 

Localized application of Dll4nAb may be optimal to potentially reduce the risk of PH. 

In addition, PH animal models phenotypically resemble Dll4nAb treated mice, which 

suggests that the decrease of EC Notch1 cleavage could be a common mechanism of 

PH pathogenesis. This mechanism is further confirmed in tissue from PAH patients with 
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advanced disease. Thus, our findings detailing the importance of N1-ICD mediated signaling 

in the pulmonary endothelium may apply broadly to lung health and disease.

Perspectives

Dll4nAb treatment in mice led to the development of PH by specifically inhibiting Notch1 

cleavage, indicating that systemic usage of Dll4nAb in cancer patients will increase the risk 

of PH. The necessity for a localized treatment of Dll4nAb in cancer patients has tremendous 

clinical significance. Resembling Dll4nAb treated mice, Notch1 cleavage was sustained and 

robustly inhibited in lung ECs of PH animal models and PAH patients. Specific enhancing 

Notch1 cleavage could be a potential therapeutic strategy for PH.
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Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What Is New?

• Dll4nAb led to the progression of PH in mice by specifically inhibiting 

Notch1 activation through impairing EC barrier function and increasing 

immune cell infiltration in the vessel wall.

• A sustained and significant inhibition of Notch1 activation occurred in 

lung ECs of PH mouse models and PAH patients. EC-specific N1-ICD 

overexpression can reverse PH in PH mouse models.

• Inhibition of Notch1 cleavage could be a common mechanism of PH 

pathogenesis.

What Is Relevant?

• Specific decrease of EC N1-ICD expression (reduced Notch1cleavage) by 

Dll4nAb treatment in mice led to the progression of PH.

• N1-ICD expression consistently and robustly decreased in lung tissues of 

PAH patients and mouse models during the progression of PH.

• Inhibition of Notch1 cleavage in lung ECs impaired EC barrier function and 

increased infiltration of immune cells which promotes pulmonary vascular 

remodeling during the progression of PH.
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Figure 1. Dll4nAb treatment induces PH in mice.
(A-B) RVSP (A) and Fulton index (B) in Dll4nAb and control IgG injected mice (n=15). 

(C-D) Increased muscularization in Dll4nAb injected mice compared with control IgG 

mice. (C) Representative micrographs of immunofluorescence staining with anti-α-smooth 

muscle-actin (Acta2) (red) and (D) quantification of muscularized pulmonary arterial 

vessels. Arrows, muscularized distal pulmonary arterial vessels. Scale bars: 50μm. Nuclei 

were counterstained by DAPI (blue). Data shown as Mean±SEM; P values were calculated 

using the Student’s t-test, and *P<0.05; **P<0.01; ***, P<0.001 compared with control 

group. ns, not significant.
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Figure 2. Decrease of N1-ICD expression by 4w Dll4nAb treatment in mice lung tissues and 
inhibition of Notch1 cleavage induces Notch1 target genes dysregulation in ECs.
(A-B) N1-ICD, Notch1, Hes1, N2-NTM, Notch2, N3-ICD, Notch3, N4-ICD, and Notch4 

were detected in lungs of Dll4nAb and control IgG injected mice by western blot (A) 
and quantified (B) (n=15). Proteins normalized to β-actin. (C) Double immunofluorescence 

staining of N1-ICD (red) and ERG (green) on lungs of Dll4nAb and control IgG injected 

mice(n=5). Arrows indicate N1-ICD staining. Scale bars: 20μm. Nuclei were counterstained 

by DAPI (blue). (D) EC specific Notch target genes were measured by PCR Arrays(n=3). 
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(E) EC specific Notch target genes were measured in lungs of 1w Dll4nAb injected mice 

and control mice (n=6) by qPCR. Data shown as Mean±SEM; P values were calculated 

using the Student’s t-test, and *P<0.05; **, P<0.01; ***, P<0.001 vs control IgG group. ns, 

not significant.
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Figure 3. Enhanced EC permeability and inflammation by Dll4nAb treatment in normal mice 
lung tissues.
(A) En face staining of N1-ICD (red) and VE-cadherin (green) on ECs of pulmonary 

arteries of Dll4nAb injected mice. Arrows, impaired adherent junction integrity (n=3 per 

group). Nuclei were counterstained by DAPI (blue). Scale bars: 10 μm. (B) Quantification 

of trans-endothelial electrical resistance (TEER) and (C) paracellular permeability in 

confluent cultures of adult HPMECs monolayers in the absence or presence of DAPT 

(10μM) treatment for 12h(n=4). (D) Triple immunofluorescence staining of CD45 (green), 
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ERG (blue) and Acata2 (red) on lungs of Dll4nAb and control IgG injected mice(n=5). 

The green staining indicates CD45-positive leukocyte cells. Arrows indicate infiltrated 

inflammatory cells adjacent to the pulmonary arteriolar compartment. Scale bars: 20 μm. 

(E) Quantification of infiltrated CD45-positive cells in both groups (mean±SEM). (F) 
Inflammatory chemokine and cytokine related genes were measured in lungs of Dll4nAb 

injected mice and control mice (n=7) by qPCR. Data shown as Mean±SEM; P values were 

calculated using the Student’s t-test, and *P<0.05; **, P<0.01; ***, P<0.001 compared with 

control group.
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Figure 4. Decrease of N1-ICD expression in PAH patients and PH mouse models.
(A-D) N1-ICD, Notch1 and Dll4 were detected in lungs of SU5416 + hypoxia (SuHx)-PH 

mice, hypoxia (Hx)-PH mice(n=15) and control groups by western blot (A) and N1-ICD 

quantification (B). Proteins normalized to Notch1. (C) Hey1 was detected in lungs of SuHx-

PH, Hx-PH (4w, n=5 and 5w, n=4) and control mice by qPCR. (D) Quantification of Notch1 

in lungs of SuHx-PH, Hx-PH and control mice (A). Proteins normalized to β-actin. Data 

shown as Mean±SEM; P values were calculated using the Student’s t-test, and *, P<0.05. 

**, P<0.01. ***, P<0.001 compared with control group. (E) Double immunofluorescence 
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staining of N1-ICD (green) and Acta2 (red) on adult PAH or non-PAH patients’ lungs(n=3). 

Arrows indicate N1-ICD staining and asterisks indicate vascular remodeling. Scale bars: 50 

μm. (F) Double IF staining of N1-ICD (red) and ERG (green) on adult mouse lungs (n=4). 

Arrows indicate merged staining. Dotted line indicates enlarged areas. Scale bars: 50 μm and 

10μm, respectively. Nuclei were counterstained by DAPI (blue). N1-ICD, cleaved Notch1 

intracellular domain. FL, full length. Nx, normoxia. SuHx, SU5416 + hypoxia. Hx, hypoxia.
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Figure 5. Decrease of N1-ICD expression in PH increased EC permeability and induced 
inflammation in vivo.
(A) En face staining of N1-ICD (red) and VE-cadherin (green) on ECs of pulmonary 

arteries after 1w hypoxia treatment. Arrows, impaired adherent junction integrity. (n=3 

per group). Nuclei were counterstained by DAPI (blue). Scale bars: 10 μm. (B) Triple 

immunofluorescence staining of CD45 (green), ERG (blue) and Acta2 (red) on lungs 

of 1w PH and control mice(n=3). The green staining indicates CD45-positive leukocyte 
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cells. Arrows indicate infiltrated inflammatory cells adjacent to the pulmonary arteriolar 

compartment. Scale bars: 20 μm. Nx, normoxia. SuHx, SU5416 + hypoxia. Hx, hypoxia.
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Figure 6. AAV- N1-ICD attenuated the progression of PH in mice.
(A) Double IF staining of GFP (green) and VWF (red) on ECs of pulmonary arteries 

after 5w normoxia or hypoxia treatment (7weeks post injection of AAV, n=5-10 per 

group). Arrows indicate merged staining. (B) The exogenous N1-ICD was detected in 

lungs of 5wNx AAV ctrl (n=6), 5wNx AAV N1-ICD (n=9), 5wHx AAV ctrl (n=5) and 

5wHx AAV N1-ICD (n=10) by western blot. Proteins normalized to β-actin. (C) RVSP 

and (D) Fulton index in AAV-N1-ICD and AAV control injected mice. (E-F) Decreased 

muscularization in AAV-N1-ICD injected mice compared with AAV control mice. (E) 
Representative micrographs of IF staining with anti-α-smooth muscle-actin (Acta2) (red) 

and (F) quantification of muscularized pulmonary arterial vessels. Arrows, muscularized 

distal pulmonary arterial vessels. Scale bars: 50μm. Nuclei were counterstained by DAPI 

(blue). Data shown as Mean±SEM; P values were calculated using the Student’s t-test, and 

*P<0.05; ***P<0.001; ****, P<0.0001 compared with control group. ns, not significant. Nx, 

normoxia. Hx, hypoxia.
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